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Vaccination against Salmonella Typhi using the Vi capsular polysaccharide, a T-cell

independent antigen, can protect from the development of typhoid fever. This implies that

antibodies to Vi alone can protect in the absence of a T cell-mediated immune response;

however, protective Vi antibodies have not been well-characterized. We hypothesized

that variability in the biophysical properties of vaccine-elicited antibodies, including

subclass distribution and avidity, may impact protective outcomes. To interrogate the

relationship between antibody properties and protection against typhoid fever, we

analyzed humoral responses from participants in a vaccine efficacy (VE) trial using a

controlled human infection model (CHIM) who received either a purified Vi polysaccharide

(Vi-PS) or Vi tetanus toxoid conjugate (Vi-TT) vaccine followed by oral challenge with live

S. Typhi. We determined the avidity, overall magnitude, and vaccine-induced fold-change

in magnitude from before immunization to day of challenge of Vi IgA and IgG subclass

antibodies. Amongst those who received the Vi-PS vaccine, Vi IgA magnitude (FDR

p = 0.01) and fold-change (FDR p = 0.02) were significantly higher in protected

individuals compared with those individuals who developed disease (“diagnosed”). In the

Vi-TT vaccine group, the responses of protected individuals had higher fold-change in Vi

IgA (FDR p = 0.06) and higher Vi IgG1 avidity (FDR p =0.058) than the diagnosed Vi-TT

vaccinees, though these findings were not significant at p < 0.05. Overall, protective

antibody signatures differed between the Vi-PS and Vi-TT vaccines, thus, we conclude
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that although the Vi-PS and Vi-TT vaccines were observed to have similar efficacies,

these vaccines may protect through different mechanisms. These data will inform studies

on mechanisms of protection against typhoid fever, including identification of antibody

effector functions, as well as informing future vaccination strategies.

Keywords: typhoid fever, Salmonella Typhi (S. Typhi), Vi polysaccharide, correlates of protection (CoP), humoral

immunity, vaccination, antibody, avidity

INTRODUCTION

The bacterial pathogen Salmonella enterica serovar Typhi (S.
Typhi) is the leading cause of enteric fever world-wide and is

responsible for nearly 20 million infections and∼200,000 deaths

annually. Infection predominantly affects travelers and citizens

from low-income countries, where children under 5 years of age
face the highest disease burden (1, 2). Historically, antibiotics

have been the standard treatment for infection. However,

antibiotic resistance among S. Typhi clones has dramatically
increased in endemic regions including the emergence and
spread of an extensively drug resistant (XDR) clone throughout
Pakistan in 2018 (3, 4). This has sparked concern for continued
spread of XDR S. Typhi internationally, therefore, vaccination
efforts against typhoid fever have become the primary focus for
prevention (5).

The live-attenuated Ty21a vaccine and the subunit Vi
polysaccharide (Vi-PS) vaccine constitute two of the most widely
used typhoid fever vaccines worldwide. Both Ty21a and Vi-PS
exhibit moderate efficacy of ∼50–55% in the first year (6, 7),
but neither is suitable for use in infants and young children.
Ty21a is limited to use in children over 5 years of age due to
formulation in large oral capsules that are difficult to swallow.
Vi-PS is non-immunogenic in children under 2 years of age (8, 9)
due to the nature of the Vi polysaccharide as a T-cell independent
antigen that does not engage the T cell pool or stimulate
germinal center reactions in young children (9, 10). Conversely,
the Vi polysaccharide capsule confers bacterial resistance to
complement deposition and phagocytosis (11–13), allowing the
bacterium to disseminate systemically; therefore, Vi remains a
major target for vaccination efforts against typhoid fever.

In light of this, typhoid protein-polysaccharide conjugate
vaccines (TCVs) have been developed which may improve
immune responses in early childhood and help combat this
illness (14). In particular, a Vi-tetanus toxoid (Vi-TT) conjugate
vaccine, which has recently undergone WHO prequalification,
has been shown to be more immunogenic in adults than
the Vi-PS vaccine (15). Vi-TT was evaluated for efficacy in
the recent Vaccines against Salmonella Typhi (VAST) trial, in
which healthy adult volunteers were vaccinated with either Vi-
PS or Vi-TT and then orally challenged with live S. Typhi
bacteria. Following challenge, participants exhibiting a positive
S. Typhi blood culture and/or prolonged fever of ≥38◦C for
≥12 h were defined as diagnosed. Interestingly, the attack rate,
defined as the proportion of participants diagnosed with typhoid
fever, was similar between vaccine groups, with 37% of Vi-
PS vaccinees being diagnosed with typhoid fever and 35% of

Vi-TT vaccinees being diagnosed (15). The lack of increased
efficacy of the conjugate vaccine compared with the purified
polysaccharide vaccine highlights the need for determining and
better understanding the characteristics which confer protective
immunity to typhoid fever.

For many years, research on immune mechanisms of
protection against typhoid fever have been greatly hindered
due to S. Typhi restriction to human hosts (11). However,
regardless of similar attack rates between the Vi-PS and Vi-
TT vaccines, the VAST trial, which used a controlled human
infection model (CHIM) to measure efficacy, provides a direct
approach to investigate the human immune response and
identify immunological correlates of protection against typhoid
fever. Despite higher immunogenicity of the Vi-TT vaccine, a
significant difference in Vi total IgG titers between diagnosed
and protected individuals was only observed in the Vi-PS group
(15). Moreover, when comparing IgG1, IgG2, and IgG3, only
Vi IgG2 subclass titers predicted protection in the Vi-PS group.
While there were no correlations with Vi IgG subclass titer and
protection in the Vi-TT group, Vi-TT vaccinees reported less
severe clinical symptoms and most diagnosed participants had
positive bacteremia with no reported fever whereas a higher
proportion of diagnosed Vi-PS vaccinees had both fever and
bacteremia (15). Given these differences in immune response
and patterns of protection, we hypothesized that variability in
the biophysical properties of antibodies induced by the Vi-PS
and Vi-TT vaccines, including antibody subclass distribution and
avidity, may impact protective outcomes. The Vi-PS vaccine,
which exhibits moderate efficacy over 3 years, demonstrates that
antibodies against Vi can impart protection in the absence of
a cell-mediated response (16, 17). However, the critical classes,
characteristics, and functional mechanisms of these protective
antibodies against typhoid fever have not been identified.

It is well-established that different isotypes (IgA vs. IgG)
and subclasses (IgG1 vs. IgG3) of antibodies have different
distributions throughout the body as well as different biophysical
characteristics that greatly influence antibody affinity (18,
19). These characteristics also determine success in antigen
binding, recruitment of effector cells, and subsequent antibody
Fc-mediated effector functions (20). Here we evaluate the
maturation level and magnitude of the circulating antibody
response to the Vi polysaccharide of S. Typhi and determine
whether these measures correlate with protection in a typhoid
fever CHIM. Determining the nature of the vaccine-elicited
antibody response including proportion of Ig subclasses and
affinity of those antibodies may be important in further
identifying which functional mechanisms play a role in
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protection. These insights on antibody biomarkers of protection
will pave the way for advances in vaccine design toward more
efficacious vaccines, allow comparative assessment of new Vi-
conjugates, and inform the use of Vi-conjugate vaccines in new
populations, with resulting improvements in health.

MATERIALS AND METHODS

VAST Trial
The VAST clinical trial (Clinicaltrials.gov ID: NCT02324751)
was conducted as previously described (15). Briefly, participants
provided written informed consent to receive either a single-dose
control meningococcal-conjugate vaccine, a Vi polysaccharide
(Typhim, Vi-PS) vaccine, or a Vi-tetanus toxoid conjugate
vaccine (Typbar TCV, Vi-TT) intramuscularly at day minus 28
(D-28) (pre-vaccination/baseline). At 4 weeks post-vaccination,
day 0 (D0), participants were challenged with S. Typhi by oral
ingestion and monitored for development of S. Typhi bacteremia
or persistent fever ≥38◦C for 12 or more h (diagnosed) or
lack thereof (protected). Immune responses to vaccination were
assessed in the Vi-PS (n = 35) and Vi-TT (n = 37) groups
at 4 weeks post vaccination (D0) as well as 3 and 6 months
post-challenge (D90, D180).

Binding Antibody Multiplex Assay- Avidity
Index (BAMA-AI)
The WHO international standard for Vi polysaccharide
(C. freundii, NIBSC, UK, Product Code: 12/244) (21) was
biotinylated by Innova Biosciences. Vi polysaccharide and
tetanus toxoid binding assays were modified from the binding
antibody multiplex assay (22, 23). Briefly, biotinylated Vi
polysaccharide (ViBiot) was conjugated to neutravidin-coupled,
magnetic, Luminex microspheres, and tetanus toxoid (Reagent
Proteins, USA) was conjugated by amine coupling with
EDC/NHS. Native Vi polysaccharide (nViPS) was conjugated
to polystyrene microspheres using an adipic acid dihydrazine
linker as previously described (24, 25). Antigen-coupled beads
were incubated with diluted vaccinee serum or plasma, followed
by incubation in PBS or dissociative pH=3 sodium-citrate
(CIT) buffer. Detection reagents include R-Phycoerythrin-
conjugated affiniPure goat anti-human IgA, alpha chain specific
(Jackson Immunoresearch, USA), mouse anti-human IgA1-
Biot (Southern Biotech, USA), mouse anti-human IgA2-Biot
(SouthernBiotech, USA), mouse anti-human IgG1 antibody
(BioLegend, USA), mouse anti-Human IgG2 (Biolegend, USA),
and mouse anti-Human IgG3 (Invitrogen, USA) followed by
goat anti-Mouse IgG, Human ads-PE (Southern Biotech, USA).
IgG4 Vi and TT levels were below the limit of detection (data
not shown). Fluorescence intensity (FI) was collected using the
Bio-Plex 200 Platform. Plots are representative of n= 2 technical
and experimental replicates. Positive controls included mouse
anti-Vi IgG1 monoclonal (lot 188L-8; Statens Serum Institute
Diagnostica A/S, DK) and WHO International Standard for
anti-typhoid capsular Vi polysaccharide human IgG (16/138
WHO typhoid IS, NIBSC, UK, Product Code: 16/138). Normal
human serum (NHS, Sigma, USA) and typhoid seronegative
serum samples were used as negative controls, and non-specific

binding to beads was controlled by subtracting FI reading of
blank beads. IgA isotype assays were performed on IgG depleted
serum or plasma. Magnitude of response was multiplied by
dilution factor. Fold-change was calculated as the ratio of
magnitude at D0, D90, or D180 to baseline (D-28). For MFI
below 100, MFI was truncated to 100 for magnitude and fold-
change calculations due to noise range of the instrument. Preset
criteria for positive vaccine response were: MFI∗Dilution > 95th
percentile of baseline (D-28), MFI > 100, and MFI∗Dilution
>3-fold over subject-specific baseline (D-28) MFI∗Dilution.
Avidity Index (AI), expressed as a percentage, was calculated

as AI =

[

FI−Bkgd (CIT)

FI−Bkgd (PBS)

]∗

100. Subclass specific standard curves

were included in every assay by conjugating the same primary
detection antibodies that were used to detect the vaccine
samples, including anti-human Ig (A, G2, G3), to beads via
amine coupling followed by titration of known concentrations
of purified Ig and detection with goat anti-human kappa-Biot
(Southern Biotech, USA) and streptavidin-PE (BD Pharmingen,
USA). The subclass standard curves utilized the exact same
capture antibody that was used to detect the subclass-specific
Vi antibodies in vaccinee sera/plasma, to ensure that the
capture of polyclonal vaccine antibodies had equal sensitivity
to that of the purified Ig capture in the subclass standard
curves. Antibody concentrations were reported from serum
dilutions in the linear range of the assays. For the IgG1 subclass
standard curve, the goat anti-human kappa was amine coupled
to bead, followed by titration of purified IgG1, and detected
with Mouse anti-Human IgG1 (BioLegend, USA) and Goat
anti-Mouse IgG, Human ads-PE (SouthernBiotech, USA), to
detect vaccine specific responses (22). The µg/ml concentration
of typhoid specific antibodies were calculated for positive vaccine
responders only (defined as MFI∗dilution >95th percentile of
the baseline (D-28), MFI > 100, and MFI∗Dilution >3-fold over
the subject-specific baseline).

Human Isotyping Immunoassay
The total concentration of antibody within 16/138WHO typhoid
IS was quantified using the Bio-Plex Pro Human Isotyping
Assay kit per manufacturer’s instructions (26). Briefly, anti-
human IgA, IgM, IgG1, IgG2, IgG3, and IgG4-conjugated
magnetic microspheres were incubated with titrated 16/138
WHO typhoid IS serum followed by primary and secondary
detection. Fluorescence intensity (FI) was collected using the
Bio-Plex 3D instrument (Bio-Rad, USA). The isotype and
subclass components of the international serum standard, 16/138
typhoid IS, were determined with this method (5.69 mg/ml
IgG1; 6.84 IgG2; 0.57 IgG3; 0.58 IgG4; 1.38 IgM; 0.96 IgA
mean mg/ml, of 6 technical replicate measurements). These
concentration units were utilized to calculate antibody subclass
concentration in µg/ml equivalents of 16/138 in vaccinee sera.
The 16/138 Typhoid IS IgA equivalents are noted for the non-IgG
depleted standard.

BioLayer Interferometry (BLI)
Polyclonal IgG fractions from vaccinees were purified from
serum and plasma by Protein G HP MultiTrapTM plates (GE
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Healthcare, USA) prior to analysis by BLI. Kinetics of polyclonal
antibody responses to Vi polysaccharide were analyzed by
BLI as previously described (27) with modifications. Briefly,
nViPS (5µg/mL) was immobilized to aminopropylsilane (APS)
biosensors via hydrophobic interaction. nViPS loaded sensors
were then washed with 10X Kinetics Buffer (ForteBio, USA)
in order to coat unoccupied sensor area and minimize non-
specific binding. A baseline time course was established in 1X
Kinetics Buffer, and then Ag-loaded sensors were dipped into
wells containing 100µg/mL (in 1X Kinetics buffer) purified
IgG from vaccine participants to monitor Ab association. The
dissociation step was monitored by dipping polyclonal Ab-bound
sensors back into the 1X Kinetics buffer wells used to collect
the baseline. Non-specific interactions were subtracted out using
parallel blank sensors that were also washed in 10X Kinetics
Buffer and dipped into polyclonal samples. The subtracted
binding curves were used to obtain antibody binding response
(nm) and dissociation rates (kd). Avidity score was calculated
based on [binding response (nm)/dissociation rate (s−1)].

Statistical Analyses
Comparisons between diagnosis status or between vaccine
groups (Vi-PS vs. Vi-TT) were conducted by non-parametric
Wilcoxon rank-sum tests. Paired comparisons between time
points were conducted using non-parametric Wilcoxon signed-
rank tests. Comparisons between ViBiot and nViPS antigens for
any measurement (magnitude, fold-change, avidity index) were
conducted using non-parametric Spearman rank correlation.
Multivariate analysis of all variables measured by BAMA and
BLI was performed using Principle Components Analysis (PCA).
Statistical analyses were performed using R statistical software
(version 3.5.1; R Foundation for Statistical Computing, AT). All
raw p-values were adjusted within isotype and antigen using
the Benjamini-Hochberg method to account for multiple testing;
adjusted p-values <0.05 were considered significant.

RESULTS

IgA Dominates the Vaccine-Elicited
Antibody Response to Vi Polysaccharide
Assessment of subclass-specific Vi antibody concentrations in
post-vaccination samples identified Vi IgG2 as the predominant
subclass (antibody median concentration of ∼10–20µg/ml)
(Figure 1A). However, after factoring in baseline responses (D-
28) to include only positive vaccine responders, as previously
defined in the methods section, Vi IgA antibodies were induced
most in response to vaccination (D0). Specifically, Vi IgA1
antibodies exhibited the highest fold-change from baseline
to day of challenge for both vaccine groups, followed by
Vi IgG2 (Figure 1C, Table 1B). IgG3 responses were almost
exclusively elicited in the Vi-TT vaccine group; however,
the concentration was very low (Figure 1A). No antibody
subclass was significantly boosted following oral challenge
(D90, D180) with live S. Typhi (Figure 1A). As expected,
the binding response to TT was only boosted in vaccinees
who received Vi-TT and boosting was primarily in the IgG1
subclass (Figure 1B, Table 1A). Response rate and magnitude
of IgA and IgG2 response to Vi by day of challenge (D0) was

significantly higher in Vi-TT individuals; however, IgA and
IgG2 median avidity was not significantly different between
vaccine groups (Table 1B, Table 3) despite a broader range
of IgA and IgG2 avidity in the Vi-TT group. To determine
the relationship between the immune responses elicited by
Vi-PS and Vi-TT vaccines, a principle components analysis
(PCA) was conducted (Figure 1D). Variables include binding
response magnitudes by BAMA and BLI for Vi and TT antigens
across all subclasses: total IgA, IgA1, IgA2, IgG1, IgG2, IgG3,
and total purified IgG (Figure 1D). At all the time points
measured, IgG4 subclass antibodies to Vi and TT were below
the limit of detection. Vi-TT vaccinees clustered away from
Vi-PS vaccinees on the basis of higher tetanus and higher Vi
antibody responses (Figure 1D), indicating that response to
tetanus was a substantial driver of the differences observed
between vaccine groups.

Higher Vi Polysaccharide-Specific IgA
Magnitude and Fold-Change in Protected
Vaccinees
To examine the question of whether pre-existing immunity
impacted vaccine responsiveness, we evaluated the levels of
baseline responses (D-28) across all antibody measurements
in this study. The only antibody responses with a detectable
measurement at baseline that showed a difference between
responders and non-responders was IgA to tetanus (median MFI
values of 563 and<100 at a 1:50 dilution, respectively). However,
there was no difference in baseline responses between diagnosed
vaccinees and protected vaccinees. Both the magnitude and fold-
change from baseline (D-28) of ViBiot IgA were significantly
higher in Vi-TT vaccinees at day of challenge (D0) and
3 months post-challenge (D90) when compared with Vi-
PS; however, there was no significant difference between
groups by 6 months post-challenge (D180) (Figures 2A,B,
Supplementary Material). ViBiot-specific IgA magnitude was
higher in protected compared with diagnosed Vi-PS vaccinees
(Figure 2C, Table 2), and IgA fold-change was higher in
protected compared with diagnosed Vi-TT vaccinees (Figure 2D,
Table 2), however these observations were not statistically
significant (Table 3, FDR p= 0.078, FDR p= 0.061). In addition,
anti-Vi IgA avidity was slightly higher in protected individuals
in the Vi-TT group, however this was not significant (Figure 2E,
Table 2, FDR p= 0.231).

To further characterize the antibody responses, we
utilized two available forms of Vi polysaccharide (i.e.,
nViPS and ViBiot) with slightly different antigenicity
profiles (Supplementary Material, Figure 1). Both magnitude
(Figure 3A, Table 2, FDR p = 0.01) and fold-change (Figure 3B,
p = 0.02) of nViPS IgA correlated with protection status in
the Vi-PS vaccine group. Similar to ViBiot IgA, fold-change of
nViPS IgA appeared higher in protected individuals of the Vi-TT
vaccine group, however this was not statistically significant
(Figure 3B, FDR p = 0.12). To determine whether there was
a protective threshold concentration of Vi-specific IgA and to
facilitate comparison across studies and trials, we calculated the
concentration of Vi-specific IgA in µg/ml equivalents of the
WHO typhoid Serum International Standard (NIBSC 16/138).
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FIGURE 1 | IgA dominates the vaccine-elicited antibody response to Vi polysaccharide. Concentration of antigen-specific, vaccine-induced IgA, IgG1, IgG2, and IgG3

to ViBIOT (A) and tetanus toxoid (B) by vaccine group, Vi-PS in black and Vi-TT in green, of positive vaccine responders only. Percent positive responders indicated

post-vaccination at D0. Vi-PS vaccinees exhibited no vaccine-induced tetanus toxoid response. Data points are representative of n = 2 independent experiments

(each with n = 2 technical replicates). Fold-change in magnitude of the response to Vi from Baseline to Day of Challenge across subclasses by vaccine group (C). A

principal components analysis with all tetanus and Vi responses included (D) with a scatter plot of the first (PC1) and second (PC2) principal components is shown.

Each measurement from a Vi-PS (n = 35 participants) or a Vi-TT (n = 37 participants) vaccinee is represented by a black or green dot, respectively. Ellipses represent

95% confidence regions.

The effect size of the difference in nViPS IgA antibody between
protected individuals of the Vi-PS group (median = 504µg/ml)
compared with diagnosed (median = 227µg/ml) was nearly 2-
fold. In the Vi-TT group, the effect size of the difference in nViPS
IgA between the protected Vi-TT group (median= 2,118µg/ml)
compared with diagnosed (median = 595µg/ml) was 3.5-
fold. However, there was no threshold above which 100%
of individuals were protected (Figure 3C) suggesting that
other immune mechanisms contribute to protection status.

The maturation of the vaccine-elicited IgA response, as
measured by IgA avidity index, was not significantly different
between protected and diagnosed individuals for either vaccine
group (Figure 3D).

Vi IgA1 and IgA2 Is Higher in Protected
Individuals
Since nViPS IgA correlated with protection in Vi-PS vaccinees
and was also higher in protected Vi-TT vaccinees, though not
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TABLE 1A | Antigen-specific magnitude by vaccine group at Day of challenge (D0).

Subclass Antigen Vaccine arm Response rate Median maga Median maga range

IgG1 ViBiot Vi-PS 23% (8/35) 3.82E4 1.00E4–4.88E6

Vi-TT 76% (28/37) 2.49E5 1.00E4–2.30E6

TT Vi-PS 0% (0/35) 2.60E5 5.30E4–5.72E6

Vi-TT 68% (21/31) 8.51E6 5.21E5–5.30E7

IgG2 ViBiot Vi-PS 29% (10/35) 6.25E4 4.00E3–5.44E6

Vi-TT 46% (17/37) 1.59E5 4.00E3–2.35E8

TT Vi-PS 0% (0/35) 4.00E3 4.00E3–4.19E4

Vi-TT 16% (6/37) 1.92E4 5.41E3–1.60E6

IgG3 ViBiot Vi-PS 31% (11/35) 5.00E3 5.00E3–3.55 E6

Vi-TT 78% (29/37) 1.31E4 5.00E3–3.17E5

TT Vi-PS 0% (0/34) 1.24E4 5.00E3–6.21E4

Vi-TT 25% (9/36) 3.60E4 1.61E4–5.64E5

IgA ViBiot Vi-PS 88% (30/34) 4.71E5 2.43E4–5.78E6

Vi-TT 97% (36/37) 1.05E6 9.78E4–1.86E7

TT Vi-PS 0% (0/35) 5.00E3 5.00E3–4.02E5

Vi-TT 22% (8/37) 1.01E5 5.00E3–9.83E5

aMagnitude calculated as MFI*Dilution.

TABLE 1B | Antigen-Specific Responses by Vaccine Group at Day of Challenge (D0).

Subclass Antigen Vaccine arm Median mag log fold changea AIb median AIb range

IgG1 ViBiot Vi-PS 0.52 18.5 0–102

Vi-TT 1.29 32 2–125

TT Vi-PS 0 0 0

Vi-TT 1.17 37 11–70

IgG2 ViBiot Vi-PS 0.91 27 2–74

Vi-TT 1.34 47 9–91

TT Vi-PS 0 0 0

Vi-TT 0.45 19.5 7–39

IgG3 ViBiot Vi-PS 0 9 1–50

Vi-TT 0.42 35 12–68

TT Vi-PS 0 0 0

Vi-TT 0.64 74 16–88

IgA ViBiot Vi-PS 1.62 38.5 8–63

Vi-TT 2.11 42 4–90

TT Vi-PS 0 0 0

Vi-TT 0.78 53 31–70

aFold Change from Baseline (D-28) to Day of Challenge (D0).
bAI, Avidity Index.

statistically significant, we determined whether this potentially
protective mechanism was driven by IgA1 or IgA2 subclass
responses. IgA1 magnitude (FDR p = 0.0070) and fold-change
(FDR p = 0.007) were significantly higher in the Vi-TT group
at day of challenge (D0) (Figure 4A). In contrast, nViPS IgA2
magnitude and fold-change were higher in the Vi-TT group
compared with the Vi-PS group, but were not significantly
different (Figure 4B). While there was no difference in IgA2
avidity between the vaccine groups, nViPS IgA1 avidity was
higher in the Vi-TT group, though not statistically significant

(Figure 4C, Table 3, FDR p = 0.14). Fold-change in nViPS
IgA1 and IgA2 was higher in protected individuals of both
vaccine groups; however, there was no significant difference
(Figure 4D). Neither IgA1 nor IgA2 avidity index was higher
in protected individuals of the Vi-PS vaccine group; however,
for Vi-TT vaccinees, both nViPS IgA1 (FDR p = 0.14) and
IgA2 (FDR p = 0.14) avidity index were higher in protected
individuals, though not statistically significant (Figure 4E). In
order to determine whether individuals with high IgA1 responses
were associated with high IgA2 responses, we conducted a
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FIGURE 2 | ViBIOT-specific total IgA magnitude, fold change, and avidity higher in protected individuals of both vaccine groups. ViBIOT-specific IgA magnitude (A) and

fold change (B) by vaccine group over time. ViBIOT-specific IgA magnitude (C) and fold change (D) by diagnosed/protected outcome at day of challenge. ViBIOT IgA

avidity index (E) by diagnosed/protected outcome at day of challenge. Diagnosed and protected individuals are represented by open and closed circles, respectively.

Data points are representative of n = 2 independent experiments (each with n = 2 technical replicates). n.s indicates non-significant FDR-corrected p values.

Spearman correlation of IgA1 and IgA2 response magnitude
(Figure 4F). There was a moderate correlation between IgA1 and
IgA2 magnitude (Spearman correlation=0.611, p < 0.001), but
not all individuals with high IgA1 exhibited high IgA2 overall
suggesting a greater degree of subclass specificity in the response
to Vi.

IgG1 Avidity to Vi Polysaccharide Is Higher
in Protected Individuals
Given that the addition of protein carriers, such as tetanus toxoid,
to a polysaccharide vaccine allows for T cell engagement and
avidity maturation (14, 28), we determined whether the Vi-
TT vaccine improved Vi antibody avidity, and whether avidity
maturation was associated with protection. Overall, the median
avidity to Vi polysaccharide was higher in the Vi-TT group
across all subclasses (IgA, IgG1, IgG2, IgG3); however, the only
significant difference in avidity between vaccine groups was

for ViBiot IgG3 (Tables 1B, 3), where Vi IgG3 avidity was 4-
fold higher in Vi-TT (median AI: 35%) vaccinees than Vi-PS
vaccinees (median AI: 9%). However, IgG3 magnitudes in the
Vi-PS group were very low. In the Vi-PS group, Vi IgG2 and
IgG1 antibodies exhibited the highest avidity, with IgA1 and
IgA2 in between, and IgG3 exhibiting the lowest avidity. In
contrast, for the Vi-TT group, Vi IgG2 and IgG3 antibodies
exhibited the highest avidity followed by IgG1, and the IgA
subclasses exhibited the lowest (Table 1B). While there was no
significant difference between Vi-PS and Vi-TT in ViBiot IgG1
avidity at any time point (Figure 5A), ViBiot IgG1 avidity was
higher in protected individuals in the Vi-TT group, however
this did not meet statistical significance at p < 0.05 (Figure 5B,
FDR p = 0.058). The Vi-PS group was not tested for statistical
differences among vaccine groups for IgG1 avidity due to low
numbers of positive responders. To determine if the avidity of
the vaccine-elicited IgG response further increased following
oral challenge with live S. Typhi, we examined responses at
3 and 6 months post-challenge (D90, D180) compared to D0.
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TABLE 2 | Vi Polysaccharide responses by protection status at day of challenge (D0).

Subclass Vaccine arm Protection status Response rate Median maga Median mag log fold changeb AIc median

IgG1 Vi-PS Diagnosed 1/13 (8%) 3.54E4 0.43 10 (10–10)

Protected 7/22 (32%) 4.09E4 0.61 27 (0–102)

Vi-TT Diagnosed 11/13 (85%) 2.63E5 1.09 22 (2–44)

Protected 17/24 (71%) 2.38E5 1.33 46 (2–125)

IgG2 Vi-PS Diagnosed 4/13 (31%) 8.62E4 0.87 25.5 (2–68)

Protected 6/22 (27%) 4.98E4 0.98 35 (6–74)

Vi-TT Diagnosed 6/13 (46%) 1.59E5 1.34 26.5 (15–81)

Protected 11/24 (46%) 1.77E5 1.38 50 (9–91)

IgG3 Vi-PS Diagnosed 2/13 (15%) 5.00E3 0 3 (1–5)

Protected 9/22 (41%) 5.00E3 0 18 (1–47)

Vi-TT Diagnosed 9/13 (69%) 1.09E4 0.34 35 (18–49)

Protected 20/24 (83%) 1.36E4 0.44 37.5 (21–68)

IgA Vi-PS Diagnosed 11/13 (85%) 2.92E5 1.35 38 (8–63)

Protected 19/21 (90%) 5.36E5 1.76 39 (11–59)

Vi-TT Diagnosed 12/13 (92%) 8.09E5 1.87 33.5 (4–90)

Protected 24/24 (100%) 2.32E6 2.44 46 (19–84)

aMagnitude calculated as MFI*Dilution.
bFold Change from Baseline (D-28) to Day of Challenge (D0).
cAI, Avidity Index.

There were no significant differences when compared with day of
challenge (D0), of the median off-rate (s−1) of vaccinee purified
polyclonal IgGs to nViPS by BLI analysis (Table 4). However, the
median IgG1 avidity index modestly increased in the diagnosed
group but not in the protected group at 3 and 6 months post-
challenge (Figure 5C).

Vi-PS and Vi-TT Vaccines Elicit Differential
Immune Responses Associated With
Protection
To better understand what factors are associated with protection
in Vi-PS vs. Vi-TT vaccinees, we examined data collected
across all antibody subclasses. In Vi-PS vaccinees, protection
was significantly associated with Vi IgA magnitude and fold-
change, and protected subjects had over 5-fold higher Vi
IgA2 magnitude and fold-change compared with diagnosed
vaccinees (Figure 6A). In Vi-TT vaccinees, there were no
significant associations with protection, but distinct trends were
observed for higher anti-Vi IgG1 avidity as well as total IgA
fold-change, IgA1 fold change, and IgA2 avidity in protected
individuals (Figure 6B).

DISCUSSION

Although moderately efficacious vaccines against S. Typhi
have been licensed for decades, identification of mechanistic
correlates of protection (mCoP), which could be used to
improve vaccine design, have not been identified. This is
because S. Typhi is a human restricted pathogen, thus limiting
insights into the pathogenesis of typhoid fever and the
host response (11). The establishment of a CHIM for the
evaluation of the WHO prequalified Vi-tetanus tetanus (Vi-TT)

conjugate vaccine has provided a platform with which to
directly characterize vaccine-elicited Vi antibodies obtained
from protected and diagnosed individuals. This is difficult
to accomplish in field efficacy trials, as it requires post-
vaccine blood samples being available from tens of thousands
of participants and prolonged observation for cases to occur
naturally. Following oral challenge with live S. Typhi, both
the Vi-PS and Vi-TT vaccines exhibited similar attack rates
at 37 and 35%, respectively, despite higher immunogenicity
of the Vi-TT vaccine. In addition, a significant difference in
anti-Vi IgG titers between diagnosed and protected individuals
was only observed in the Vi-PS group, particularly for the
IgG2 subclass, yet Vi-TT vaccinees exhibited attenuated clinical
outcomes compared with Vi-PS vaccinees (15). Based on these
data, since there are no currently known direct cell-mediated
effector mechanisms generated by PS or conjugate vaccines,
we hypothesized that the Vi-PS and Vi-TT vaccines may
elicit antibody responses with distinct biophysical properties
including subclass distribution and avidity that may influence
protective outcomes.

In this study, we sought to evaluate the effect of the tetanus
carrier protein on the quality of the immune response, which
may play a role in affinity maturation and isotype switching of
antibodies via engagement of the T cell pool. In addition, we
aimed to identify characteristics of vaccine-elicited antibodies
that correlated with protection in the CHIM study. To evaluate
and compare host responses between vaccine groups and
protection status, we characterized the antibody (IgA, IgA1,
IgA2, IgG1, IgG2, and IgG3) response pre-vaccination, post-
vaccination, and up to 6 months post-challenge. We observed
that among antibody types tested, the highest concentration of
antibody belonged to the IgG2 subclass, consistent with studies
showing that IgG2 is the predominant IgG subclass response
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TABLE 3A | Primary statistical analysis of IgA responses to Vi at day of challenge (D0).

Isotype Measure Analyte Comparison raw.p FDR.p

IgA Magnitude Vi-Biot Vaccine 0.0002 0.0017

Diagnosis Vi-PS 0.0241 0.0785

Diagnosis Vi-TT 0.3528 0.4992

nViPS Vaccine 0.0016 0.0088

Diagnosis Vi-PS 0.0021 0.0098

Diagnosis Vi-TT 0.1159 0.2314

Fold Change Vi-Biot Vaccine 0.0028 0.0118

Diagnosis Vi-PS 0.0503 0.1348

Diagnosis Vi-TT 0.0179 0.0610

nViPS Vaccine 0.0028 0.0118

Diagnosis Vi-PS 0.0058 0.0230

Diagnosis Vi-TT 0.0397 0.1190

Avidity Index Vi-Biot Vaccine 0.1087 0.2314

Diagnosis Vi-PS 0.7465 0.7998

Diagnosis Vi-TT 0.1108 0.2314

nViPS Vaccine 0.1018 0.2314

Diagnosis Vi-PS 0.4562 0.6051

Diagnosis Vi-TT 0.2359 0.3539

IgA1 Magnitude nViPS Vaccine 0.0011 0.0066

Diagnosis Vi-PS 0.1363 0.2324

Diagnosis Vi-TT 0.2106 0.3224

Fold Change nViPS Vaccine 0.0012 0.0072

Diagnosis Vi-PS 0.1363 0.2324

Diagnosis Vi-TT 0.0362 0.1132

Avidity Index nViPS Vaccine 0.0498 0.1348

Diagnosis Vi-PS 0.6409 0.7395

Diagnosis Vi-TT 0.0503 0.1348

IgA2 Magnitude nViPS Vaccine 0.1278 0.2314

Diagnosis Vi-PS 0.1027 0.2314

Diagnosis Vi-TT 0.1660 0.2594

Fold Change nViPS Vaccine 0.1278 0.2314

Diagnosis Vi-PS 0.1027 0.2314

Diagnosis Vi-TT 0.1660 0.2594

Avidity Index nViPS Vaccine 0.5349 0.6800

Diagnosis Vi-PS 0.7379 0.7998

Diagnosis Vi-TT 0.0547 0.1416

Raw p values <0.005 and FDR-corrected p values <0.05 bolded. Raw p values <0.05 italicized. Vi-BIOT antigen data not collected for IgA1 and IgA2 subclasses.

to polysaccharide antigens (29). However, IgA dominated the
overall vaccine-elicited antibody response to Vi in both groups,
with the largest fold-change in IgA1, when only positive
responders were evaluated. This is consistent with results from
one study that detected higher frequencies of IgA antibody
secreting cells (ASCs) compared with IgG ASCs following
vaccination with Vi-PS (30). In addition, vaccination with
Vi-PS or another Vi-conjugate vaccine using Pseudomonas
aeruginosa recombinant exoprotein A (Vi-rEPA) demonstrated
that fold-change in total IgA was higher than total IgG, though
this study did not further classify by antibody subclass (8).
None of the subclasses examined were boosted in response

to challenge with live S. Typhi bacteria. This may have been
a result of challenging volunteers near the peak of their
post-vaccination antibody response when antibody titers were
very high. Instead, challenge likely induced immuno-dominant
responses to alternative antigens such as LPS and flagellin as has
been previously described, at least amongst those who developed
clinical or microbiological evidence of infection (31).

In evaluating antibody correlates of protection against
typhoid fever, we examined both antibody magnitude and
fold-change from baseline, as well as antibody avidity to Vi
antigen. We observed that magnitude (FDR p = 0.01) and
fold-change (FDR p = 0.02) from baseline of nViPS IgA
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TABLE 3B | Primary statistical analysis of IgG responses to Vi at Day of challenge (D0).

Isotype Measure Analyte Comparison raw.p FDR.p

IgG1 Magnitude Vi-Biot Vaccine 0.00008 0.0010

Diagnosis Vi-PS 1.0000 1.0000

Diagnosis Vi-TT 0.6717 0.7632

nViPS Vaccine 0.00002 0.0006

Diagnosis Vi-PS 0.1272 0.2314

Diagnosis Vi-TT 0.2908 0.4276

Fold Change Vi-Biot Vaccine 0.0004 0.0032

Diagnosis Vi-PS 0.7056 0.7899

Diagnosis Vi-TT 0.7417 0.7998

nViPS Vaccine 0.000002 0.0001

Diagnosis Vi-PS 0.0571 0.1429

Diagnosis Vi-TT 0.9875 1.0000

Avidity Index Vi-Biot Vaccine 0.1427 0.2365

Diagnosis Vi-PS Not tested Not tested

Diagnosis Vi-TT 0.0154 0.0576

nViPS Vaccine 0.000003 0.0001

Diagnosis Vi-PS 0.9303 0.9691

Diagnosis Vi-TT 0.6141 0.7197

IgG2 Magnitude Vi-Biot Vaccine 0.0162 0.0577

Diagnosis Vi-PS 0.9866 1.0000

Diagnosis Vi-TT 0.4223 0.5759

nViPS Vaccine 0.0003 0.0025

Diagnosis Vi-PS 0.1210 0.2314

Diagnosis Vi-TT 0.4598 0.6051

Fold Change Vi-Biot Vaccine 0.0021 0.0098

Diagnosis Vi-PS 0.4682 0.6055

Diagnosis Vi-TT 0.8384 0.8856

nViPS Vaccine 0.0006 0.0049

Diagnosis Vi-PS 0.1296 0.2314

Diagnosis Vi-TT 0.3695 0.5132

Avidity Index Vi-Biot Vaccine 0.1451 0.2365

Diagnosis Vi-PS Not tested Not tested

Diagnosis Vi-TT 0.1191 0.2314

IgG3 Magnitude Vi-Biot Vaccine 0.000047 0.0007

Diagnosis Vi-PS 0.5950 0.7084

Diagnosis Vi-TT 0.5758 0.7079

Fold Change Vi-Biot Vaccine 0.000045 0.0007

Diagnosis Vi-PS 0.5950 0.7084

Diagnosis Vi-TT 0.5758 0.7079

Avidity Index Vi-Biot Vaccine 0.0007 0.0049

Diagnosis Vi-PS NA NA

Diagnosis Vi-TT 0.2993 0.4316

Raw p values <0.005 and FDR-corrected p values <0.05 bolded. Raw p values <0.05 italicized. nViPS antigen data not collected for IgG2 avidity or the IgG3 subclass. “NA” indicates

that data was not collected. “Not tested” indicates insufficient data points for statistical testing.

correlated with protection status at day of challenge in the
Vi-PS vaccine group. We also noted higher ViBiot IgA fold-
change in the Vi-TT group (FDR p = 0.06), though not
statistically significant. Protected individuals in both vaccine
groups exhibited 2–3.5-fold higher concentrations of Vi-specific
IgA compared with diagnosed individuals (in µg/ml equivalents
of the 16/138 Typhoid IS Standard). Notably, the 16/138 Typhoid

IS standard was non-IgG depleted therefore, IgA equivalents
may be understated due to antigen-specific competition by IgG.
However, the IgA correlation with protection status suggests
that Vi IgA may serve as a surrogate marker that predicts
protection from disease following vaccination. Studies of other
infections have reported antibody titer and fold-rise as potential
non-mechanistic correlates of protection (nCoP) that may aid
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FIGURE 3 | nViPS-specific total IgA magnitude, fold change, and avidity higher in protected individuals of both vaccine groups. nViPS-specific IgA magnitude (A) fold

change (B) µg/mL equivalents of WHO typhoid IS 16/138 (C) and avidity index (D) by diagnosed/protected outcome at day of challenge. Data points are

representative of n = 2 independent experiments (each with n = 2 technical replicates). n.s indicates non-significant FDR-corrected p values. nt indicates not tested

for statistical significance.

in development and evaluation of vaccines (32–34); however,
these data may also be evidence of an underlying mCoP that
has yet to be identified. The Vi polysaccharide capsule, as the
main virulence factor of S. Typhi, limits complement deposition
and neutrophil chemotaxis which are essential in the immune
response against S. Typhimurium (11–13). The lack of these
innate immune responses to S. Typhi are what ultimately allow
the bacteria to establish systemic infection; therefore, pre-existing

Vi IgA may provide protection against S. Typhi infection via
Fc-dependent mechanisms. IgA may activate the complement
cascade via the lectin pathway and exhibit bactericidal activity
(35), or alternatively enhance neutrophil phagocytosis (ADNP),
as neutrophils express the highest levels of FcαR among
the phagocytic immune cells (20). Serum bactericidal activity
and high affinity opsonophagocytic antibodies remain the
accepted correlates of protection for meningococcal (36–38) and
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FIGURE 4 | nViPS IgA1 and IgA2 fold change higher in protected individuals in both vaccine groups. nViPS-specific IgA1 magnitude and fold change (A) and

nViPS-specific IgA2 magnitude and fold change (B) by vaccine group from baseline to day of challenge. nViPS IgA1 and IgA2 avidity index (C) by vaccine group at

day of challenge. IgA1 and IgA2 fold change from baseline to day of challenge by protected/diagnosed status (D) and IgA1 and IgA2 avidity index at day of challenge

(E) by protected/diagnosed status. Data points are representative of n = 2 independent experiments (each with n = 2 technical replicates). Spearman correlation

between nViPS IgA1 and IgA2 magnitude (F) at day of challenge. n.s indicates non-significant FDR-corrected p values.

pneumococcal (36, 39, 40) polysaccharide conjugate vaccines,
respectively. For typhoid fever, studies have shown enhanced
opsonophagocytosis of live S. Typhi using post-vaccination sera
from various typhoid fever vaccine constructs (41, 42), yet none
have done so with the Vi-PS or Vi-TT vaccines.

Further analysis of Vi IgA separated by IgA1 and IgA2
revealed that Vi IgA2 levels were 6-fold higher in protected
vs. susceptible Vi-PS vaccinees. IgA2 is present in higher
concentration in the mucosa than in serum (43). As such,
this may suggest a role for IgA2 in mediating a protective
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TABLE 4 | Dissociation rates of purified polyclonal IgGs to nViPS.

Days post

challenge

Vaccine

arm

Median

Off-rate (s−1)

Range (s−1)

D0 Vi-PS 1.44E-03 2.63E-02–1.00E-06

Vi-TT 8.13E-04 9.01E-03–1.00E-06

D90 Vi-PS 1.28E-03 2.21E-03–1.00E-06

Vi-TT 1.04E-03 4.36E-03–1.00E-06

D180 Vi-PS 2.12E-03 3.70E-03–2.65E-04

Vi-TT 1.28E-03 2.87E-03–1.20E-04

effect at the gut epithelium prior to bacterial entrance into
intracellular niches within the lymphatic system. It may also
suggest a functional role for Vi IgA2 in the serum, as many
studies have shown that anti-polysaccharide IgA responses are
associated primarily with IgA2 subclass unless conjugated to
a protein carrier (44, 45). In the Vi-TT group, anti-Vi IgA1
rather than IgA2 fold-change was 5-fold higher in protected
individuals. These diverging data suggest that although IgA
appears to predict protection in both vaccine groups, either
the functional mechanism of IgA-mediated protection differs
or IgA1 and IgA2 play redundant roles. A previous study on
the Vi-PS vaccine demonstrated that nearly 60% of Vi-specific
antibody secreting cells (ASCs) from human peripheral blood
expressed gut-homing marker α4β7 while nearly 80% expressed
systemic homing marker L-selectin (30). Therefore, it is still
unknown whether Vi-specific ASCs mediate protective function
at the mucosal or systemic level. Additional studies looking at
plasmablast phenotypes and probing the mucosal compartment,
including saliva Ig, may help determine whether the serum
antibody pool is recapitulated at the mucosal level and may help
to further elucidate the role of IgA, the most abundant class of
antibody in the mucosa.

Previous studies have reported that tetanus toxoid as a carrier
protein produces higher avidity antibodies against pneumococcal
and Haemophilus influenzae type b (Hib) polysaccharides
when compared with other licensed carrier proteins such as
meningococcal outer membrane protein complex (OPMC) or
diphtheria toxoid (28, 46, 47). Interestingly, the Vi-TT vaccine
did not significantly increase the avidity of the response for
any subclass other than IgG3 (FDR p = 0.005). However,
though not statistically significant, avidity of each antibody
subclass was higher in Vi-TT vaccinees compared with Vi-
PS vaccinees. Despite lower median avidity compared with its
IgG subclass counterparts, ViBiot IgG1 avidity was higher in
protected Vi-TT vaccinees compared with diagnosed, though
not statistically significant (FDR p = 0.058). IgG1 subclass
antibodies have greater affinity for FcÈRs compared with IgG2
(20), therefore, these data may suggest a role for IgG1 in Fc-
mediated protection against typhoid fever. IgG3 antibodies,
like IgG1, are also known to bind to FcÈRs with higher
affinity than IgG2 and IgG4; however, despite exhibiting
higher avidity to Vi in the Vi-TT group, the magnitude of
the IgG3 response was very low. In addition to Vi IgG1
avidity, Vi IgA2 avidity was 3-fold higher in protected vs.

diagnosed Vi-TT vaccinees. Interestingly, IgA2 exhibited the
lowest median avidity in the Vi-TT group yet showed the
largest difference between protected and diagnosed individuals.
This finding, along with the Vi IgG1 avidity, illustrates how
antibody-mediated protection may encompass not only affinity
for antigen but also distribution in the correct locations
throughout the body as well as ability to engage available
effector cells.

Unlike the Vi-TT group, there were no trends with avidity and
protection status in the Vi-PS vaccinees. The increase in avidity
of serum antibodies, expressed by avidity index and antibody
off-rate, in Vi-TT vaccinees suggests that the tetanus carrier
protein did stimulate germinal center reactions and affinity
maturation. However, the avidity index of Vi antibodies did
not exceed 50% post-vaccination, indicating that the antibodies
exhibited low to medium avidity at best, even with the conjugate
vaccine. In fact, most antibodies elicited by conjugate vaccines
have low affinity to their polysaccharide ligands. Nearly all
isolated polysaccharide monoclonal antibodies have micromolar
binding affinities which is orders of magnitude lower than
typical anti-protein antibodies (48–50). For example, in this study
the off-rate (kd) of purified polyclonal IgGs from vaccinated
individuals was on the order of 1e−3 s−1, whereas malaria-
naïve subjects receiving the malaria RTS,S vaccine develop
antibodies to circumsporozoite protein (CSP) with off-rates on
the order of 1e−4 s−1 or less, measured using the same BLI
method (27). However, these CSP antibodies underwent affinity
maturation over the course of three doses of vaccine, whereas
Vi-TT and Vi-PS vaccines were single dose. Additional studies
examining the phenotype and functional properties of the TT-
specific T cell pool may shed light on the low level of affinity
maturation observed in this trial. Similar to the magnitude of the
response, the avidity of Vi antibodies, across all subclasses, did
not increase post-challenge with live S. Typhi. This could suggest
that boosting at later time points is required for increased affinity
maturation to Vi.

Examining how the biophysical properties of Vi antibodies
relates to protection status has revealed that the Vi-PS and the
Vi-TT vaccines elicit different protective antibody signatures.
Trends in the protected group of Vi-PS vaccinees are dominated
by total IgA and IgA2 levels whereas in the Vi-TT group,
protected individuals appear to exhibit a signature consistent
with high IgA levels and higher avidity responses for IgA2
and IgG1. Interestingly, although both the Vi-TT and Vi-PS
vaccines exhibited a similar overall efficacy using stringent
diagnosis criteria, fewer Vi-TT diagnosed vaccinees reported
severe symptoms and fewer exhibited fever ≥ 38◦C (15). In
the VAST study, diagnostic criteria included prolonged fever
of ≥ 38◦C, S. Typhi bacteremia, or both together. In the Vi-
PS group, more participants exhibited both criteria, whereas
in the Vi-TT group, many exhibited bacteremia without fever
that may have self-resolved (15). In fact, in a post-hoc analysis
using the field definition of typhoid fever, which requires
both fever and positive bacteremia, the Vi-TT vaccine efficacy
was 87.1% and for Vi-PS only 52.3% (15). These improved
clinical manifestations seem to suggest that a combined IgA
response with higher affinity IgA and IgG1 antibody may provide
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FIGURE 5 | Vi polysaccharide IgG1 avidity higher in protected individuals. ViBIOT IgG1 avidity index at pH 3.0 in positive vaccine responders by vaccine group over

time (A) and by diagnosed/protected outcome at day of challenge (B). Avidity index in positive vaccine responses of anti-ViBIOT IgG1 over time (C) from 4 weeks

post-vaccination (D0) to 6 months post-challenge (D180) by vaccine group and protection status. Bolded lines indicate median avidity index and faint lines indicate

individual level data. Data points are representative of n = 2 independent experiments (each with n = 2 technical replicates). nt indicates not tested for statistical

significance.

FIGURE 6 | Different immune signatures of protection status for Vi-PS and Vi-TT. Variables in analysis of immune signatures between vaccine groups include

magnitude, fold-change, and avidity of IgA1, IgA2, IgG1, IgG2, and IgG3 to Vi-Biot and nViPS. Volcano plot of FDR-corrected p-value and fold difference by

diagnosed/protected outcome for Vi-PS vaccinees (A) and Vi-TT vaccinees (B). Red dots represent FDR-corrected p-values < 0.05, blue dots represent raw p-values

<0.05 or fold difference >3 (trending).

better protection and attenuate disease outcome. In a typhoid
endemic setting where pre-existing immunity, including IgA
and IgG1 is likely to be present, the further boost in antibody
maturation by vaccination (i.e., increasing antibody avidity), may
enhance the protective response by vaccination, with a more
pronounced boost in the Vi-TT group. Overall, the improved
immunological properties of the Vi-TT conjugate vaccine are
(i) higher IgG and IgA responses, (ii) immune responses in
children under 2 (51), (iii) induction of immunological memory,

and (iv) different pattern of antibody responses as shown
in our studies. Additional studies are needed to determine
if any of these responses relate to differences of VE in
the field.

The analyses in this study were limited by statistical
and ethical factors. Firstly, sample sizes in the CHIM were
small, with merely 13 diagnosed individuals per group, and
analysis of only positive vaccine responders and correcting for
multiple comparisons affected the statistical power of the study.
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Furthermore, in the context of the CHIM, participants were
treated immediately after identification of positive bacteremia
or prolonged fever. Therefore, this provides a model of
infection which differs from field trials in endemic settings
in which disease is detected, as only symptomatic patients
present to healthcare settings. In addition, considerations such
as challenge dose, timing of challenge, and challenge population
may all differ from natural infection. Importantly, the study
population in this CHIM was typhoid naïve adults, and
therefore, validation of these results in the target population,
children in typhoid endemic regions, will be critical. Finally,
we observed modest differences in the antigenicity of ViBiot
and nViPS antigens in which responses positively correlated
yet differed in statistical outcome. We believe that non-targeted
biotinylation of the nViPS molecule may result in epitope
changes that impact antigenicity, therefore, careful consideration,
and characterization of immunogens is necessary. Studies using
newly generated human monoclonal antibodies could help to
resolve the fine specificity of antibody forms to these antigens
elicited by typhoid fever vaccines.

Despite these limitations, the findings of this study
demonstrate the utility of CHIMs in understanding protective
immune responses to human-restricted pathogens and suggest
that higher magnitude and affinity IgA may be a potential target
for induction by typhoid fever vaccine strategies. This study
identifies Vi IgA as a biomarker of protective immunity against
typhoid fever and quantifies concentration of Vi IgA in vaccinees
using the 16/138 typhoid International Standard (NIBSC).
This standard could be used to compare vaccine-induced IgA
responses across studies of other TCVs currently in development,
such as the Vi-CRM197 and Vi-diphtheria toxin TCVs (52, 53),
aiding vaccine evaluation. Using standard measures to compare
across studies will allow careful consideration of which TCVs
to deploy for routine immunization in infants under 2 years
of age. Future work is required to understand the functional
role of Vi IgA and determine whether IgA represents a
mechanistic correlate of protection or a surrogate marker
of an underlying immune response. IgA is known to play
a critical role in mucosal immunity, and as S. Typhi is an
enteric pathogen, IgA may be providing protection at the site
of infection. Further studies are needed to determine whether
the mucosal antibody response recapitulates the systemic
compartment. More importantly, determining the potential
IgA Fc-mediated functions that correlate with protection
as well as further characterizing the epitope specificities of
protective antibodies will inform vaccine design for elicitation
of a more targeted and protective immune response against
typhoid fever.
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NOMENCLATURE

Controlled human infection model (CHIM); Vaccines against
Salmonella Typhi (VAST); typhoid conjugate vaccine (TCV).
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