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Summary

Background—Shigella is the third leading global cause of moderate or severe diarrhoea among 

children younger than 5 years globally, and is the leading cause in children aged 24–59 months. 

The mechanism of protection against Shigella infection and disease in endemic areas is uncertain. 

We aimed to compare the Shigella-specific antibody responses in individuals living in Shigella-

endemic and non-endemic areas, and to identify correlates of protection in a Shigella-endemic 

location.

Methods—We applied a systems approach to retrospectively analyse serological responses to 

Shigella across endemic and non-endemic populations. We profiled serum samples collected from 

44 individuals from the USA without previous exposure to Shigella and who were experimentally 

challenged with Shigella sonnei (non-endemic setting), and serum samples collected from 55 

Peruvian army recruits (endemic setting). In the endemic setting, a subset of 37 samples collected 

from individuals infected with culture-confirmed Shigella flexneri 2a were divided into two 

groups: susceptible, which included individuals infected within 90 days of entering the camp 

(n=29); or resistant, which included individuals infected later than 90 days after entering the camp 

(n=8). We analysed Shigella-specific antibody isotype, subclass, and Fc receptor binding profiles 

across IpaB, IpaC, IpaD, and lipopolysaccharide from S flexneri 2a, 3a, and 6, and S sonnei, 
and O-specific polysaccharide (OSP) from S flexneri 2a and 3a and S sonnei. We also evaluated 

antibody-mediated complement deposition and innate immune cell activation. The main outcome 

of interest was the detection of antibody markers and functionality associated with protection 

against shigellosis in a high-burden endemic setting.

Findings—Adults with endemic exposure to Shigella possessed broad and functional antibody 

responses across polysaccharide, glycolipid, and protein antigens compared with individuals from 

non-endemic regions. In a setting with high Shigella burden, elevated levels of OSP-specific 

Fcα receptor (FcαR) binding antibodies were associated with resistance to shigellosis, whereas 

total OSP-specific IgA was not, suggesting a potentially unique functionality. OSP-specific FcαR 

binding IgA found in resistant individuals activated bactericidal neutrophil functions including 

phagocytosis, degranulation, and production of reactive oxygen species. Moreover, IgA depletion 

from resistant serum significantly reduced binding of OSP-specific antibodies to FcαR and 

antibody-mediated activation of neutrophils and monocytes.

Interpretation—Our findings suggest that OSP-specific functional IgA responses contribute to 

protective immunity against Shigella infection in a high-burden setting. These findings will assist 

in the development and evaluation of Shigella vaccines.

Bernshtein et al. Page 2

Lancet Microbe. Author manuscript; available in PMC 2024 October 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Funding—US National Institutes of Health.

Introduction

Diarrhoeal diseases caused by enteric pathogens are a major cause of death in children 

younger than 5 years in low-income and middle-income countries.1,2 Attempts to develop 

effective vaccines against enteric pathogens have been impeded by both the breadth 

of pathogens involved, and incomplete understanding of both correlates and mediators 

of protective immunity against individual pathogens in endemic settings. Vaccines that 

have been protective against enteric pathogens, including rotavirus,3 Shigella,4 and Vibrio 
cholerae,5 in non-endemic settings have provided decreased protection when evaluated 

in endemic areas. Individuals living in Shigella-endemic regions are exposed to Shigella 
infection from childhood and develop partially protective immunity against shigellosis 

during the first years of life.6 However, our understanding of the immune response that 

evolves in these individuals is incomplete. Deciphering correlates of protection against 

enteric infection in endemic and non-endemic areas is key to informing efficacious vaccine 

development for use in endemic areas.

Shigella infection accounts for tens of thousands of deaths each year. It is the third leading 

global cause of moderate or severe diarrhoea among children younger than 5 years globally, 

and is the leading cause in children aged 24–59 months.2 Four pathogenic bacterial species 

cause shigellosis, defined by their O-specific polysaccharide (OSP): Shigella flexneri, 
Shigella sonnei, Shigella boydii, and Shigella dysenteriae. The majority of shigellosis in 

low-resource settings is caused by S flexneri, whereas S sonnei is the predominant cause 

of shigellosis in industrialised and transitioning countries.7 S flexneri exists as a number of 

serotypes, with S flexneri 2a, 3a, and 6 being among the most common globally.7 Several 

correlates of protection against shigellosis have been proposed. Lipopolysaccharide (LPS)-

specific IgG protects against natural Shigella infection in a serotype-specific manner,8–

10 whereas LPS-specific IgA is induced in response to infection in Shigella-endemic 

regions.11,12 In a controlled human challenge of individuals from the USA with S flexneri 
2a, pre-existing functional antibodies that recognised IpaB predicted protection against 

severe shigellosis,13 and in a separate S sonnei challenge study in which individuals 

from the USA were prescreened and excluded for S sonnei LPS-specific IgG (but not 

IgA) in their serum,14 Shigella LPS-specific IgA predicted protection from shigellosis 

following challenge. Overall, these data suggest that LPS-specific IgA and IgG and IpaB-

specific functional antibodies have the potential to protect against shigellosis; however, the 

mechanisms of protection are unclear. We thus applied a systems approach to compare 

the Shigella-specific antibody responses in individuals living in Shigella-endemic and non-

endemic areas, and to identify correlates of protection in a Shigella-endemic location.

Methods

Study design and participants

This study is an antibody profiling analysis, including functionality, using previously 

collected samples from experimental challenge and field studies. We compared Shigella-

specific antibody landscapes found in individuals living ina Shigella-endemic area in 
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Peru(endemic setting) to those in individuals living in the USA (non-endemic setting) 

to evaluate the extent of the difference in Shigella-specific humoral immune responses. 

Non-endemic serum samples were obtained from clinical studies performed through the 

Naval Medical Research Center (Silver Spring, MD, USA) at Cincinnati Children’s Hospital 

Medical Center (Cincinnati, OH, USA); details of this cohort were previously published.15 

Briefly, 44 healthy adults (aged 18–49 years) who had not travelled to Shigella-endemic 

countries in the previous 2 years, who had an anti-Shigella LPS-specific serum IgG 

geometric mean ELISA endpoint titre of less than 2500 at enrolment, and who were not 

pregnant or breastfeeding were recruited to a controlled human infection model study 

between Sept 12, 2016, and Dec 31, 2017 (NCT02816346). Participants were administered 

500 colony-forming units of S sonnei and followed up for 56 days with serum samples 

collected at −1, 14, 28, and 56 days post challenge.

Separately, endemic samples (serum and stool) were previously collected from Peruvian 

military recruits undergoing basic combat training near the Amazonian city of Iquitos in 

a collaboration between the Vargas-Guerra Army Base Health Post (Iquitos, Peru) and the 

Naval Medical Research Unit 6 (NAMRU-6; Lima, Peru).16 Male military recruits aged 18 

years or older were recruited between 2003 and 2011 and followed up until they left camp. 

Blood was drawn at entry to camp and every 3 months throughout the training period at the 

camp. Upon onset of diarrhoeal disease symptoms, stool culture was performed to determine 

the causal bacterial agent. In this current study, we first analysed samples from endemic 

individuals at entry to camp (n=55); additionally we analysed longitudinal serum samples 

from a subset (n=37) of individuals who had a confirmed S flexneri 2a infection from 

stool culture over the study period (2003–11) and available longitudinal serum samples. We 

divided the samples into two groups: susceptible, which included infections within 90 days 

of entering the camp (n=29), or resistant, which included infections later than 90 days after 

entering the camp (n=8). Finally, we compared immune responses in samples of resistant 

individuals (n=8) at baseline to those in the last sample before infection (3–12 months after 

entry to camp).

All serum samples were collected in challenge and field studies that had full approval 

from institutional review boards, and in which written informed consent was obtained 

from participants. Secondary, de-identified use for immunological evaluation was approved 

by the Walter Reed Army Institute of Research and the institutional review board of the 

Massachusetts General Hospital.

Procedures

Shigella-specific antibody subclass or isotype and Fcγ receptor (FcγR) binding levels were 

assessed using a 384-well-based customised multiplexed Luminex assay, as previously 

described (appendix 1 p 1).17,18 Phycoerythrin median fluorescent intensity (MFI) was 

reported as a readout for antigen-specific antibody titres.

Antibody-dependent monocyte phagocytosis (ADMP) and antibody-dependent neutrophil 

phagocytosis (ADNP) were conducted as previously described (appendix 1 p 1).19 

Antibody-dependent complement deposition (ADCD) was conducted using a 384-well-

based customised multiplexed assay. Protein antigens were coupled to magnetic 
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Luminex beads (Luminex Corp, Austin, TX, USA) by carbodiimide-NHS ester-coupling 

(Thermo Fisher, Waltham, MA, USA). OSP and LPS antigens were modified by 4-(4,6-

dimethoxy[1,3,5]triazin-2-yl)-4-methyl-morpholinium and conjugated to Luminex Magplex 

carboxylated beads.20 To form immune complexes, a mix of four antigen-coupled beads was 

incubated for 2 h at 37°C with diluted samples (1:10) and then washed to remove unbound 

immunoglobulins. Lyophilised guinea pig complement (Cedarlane, Burlington, ON, Canada) 

was resuspended according to manufacturer’s instructions and diluted in gelatin veronal 

buffer with calcium and magnesium (Boston BioProducts, Boston, MA, USA). Resuspended 

guinea pig complement was added to immune complexes and incubated for 20 min at 

37°C. Post incubation, C3 was detected with Fluorescein-Conjugated Goat IgG Fraction to 

Guinea Pig Complement C3 (Mpbio, Solon, OH, USA). All MFI and phagoscores were 

measured by flow cytometry, performed with an IQue (Intellicyt, Albuquerque, NM, USA), 

and analysis was performed on IntelliCyt ForeCyt (version 8.1) or using FlowJo (version 

10.7.1; FlowJo, Ashland, OR, USA).

IgA was depleted from human plasma samples using CaptureSelect IgA Affinity Matrix 

(Thermo Fisher, Waltham, MA, USA). The capture matrix was washed three times with 

phosphate-buffered saline (PBS) and incubated overnight with 1:5 diluted plasma samples 

in a MultiScreen filter plate (Millipore, Burlington, MA, USA) with low protein binding. 

Depleted plasma was recovered by centrifugation of the filter plate. For each sample, 

non-depleted plasma was treated similarly but without affinity matrix.

For secondary neutrophil assays, primary human cells were isolated from fresh blood of 

two healthy adult donors per experiment, who were HIV negative and aged 18 years 

or older, collected by the Ragon Institute of Mass General Hospital, MIT, and Harvard 

(Cambridge, MA, USA) between 2021 and 2023 with written informed consent. Neutrophils 

of healthy blood donors were isolated using the EasySep Direct Human Neutrophil Isolation 

Kit (StemCell Technologies, Cambridge, MA, USA). Neutrophils were stimulated with 

S flexneri 2a OSP-specific immune complexes and supernatants were collected after 4 

h. MPO, lactoferrin, and MMP9 were detected in undiluted supernatant using ELISA 

kits (Abcam, Waltham, MA, USA and R&D Systems, Minneapolis, MN, USA). Luminol 

(Sigma-Aldrich, Burlington, MA, USA) was diluted in dimethyl sulfoxide and added to 

neutrophils at the final concentration of 0⋅2 mg/mL. Cells with luminol were added to each 

well, and chemiluminescence was read immediately on a plate reader (Tecan, Männedorf, 

Switzerland) for around 2 h. Reactive oxygen species (ROS) release was quantified as 

chemiluminescence count per second.

Outcomes

The primary outcome of our analysis was the detection of antibody markers and 

functionality associated with protection against shigellosis in a high-burden endemic setting. 

Secondary outcomes included comparison of antibody immune profiles in endemic versus 

non-endemic cases of shigellosis.
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Data analysis

Data were pre-processed by scaling the raw MFI by the log10 function and subtracting the 

corresponding PBS values. The normalised MFI values were assigned to zero if they were 

negative.

A supervised multivariate analysis method of least absolute shrinkage and selection operator 

(LASSO)21 followed by partial least squares discriminant analysis (PLS-DA) was used to 

identify key antibody features that contribute to variation in the disease severity (appendix 

1 p 1). Before building the LASSO-PLS-DA model, all titre, Fc receptor (FcR), and ADCD 

measurements were log transformed and Z scored. These analyses were done using R 

packages glmnet (version 4.0.2)22 and ropls (version 1.20.0).23 To define a minimal set 

of biomarkers associated with each group, the LASSO algorithm eliminates co-correlated 

features and selects a minimal set of features that accounts for variation across individuals. 

The co-correlates of the LASSO-selected features could help identify overall antibody 

profiles that differ most in the response to Shigella across individuals living in endemic 

and non-endemic regions. Co-correlate networks were constructed based on the pairwise 

correlation between the top predictive features selected and all measured biophysical and 

functional features. Only correlations with an absolute Spearman correlation coefficient 

greater than 0⋅7 and p value of less than 0⋅01 after correction for multiple comparisons 

by Benjamini–Hochberg procedure were shown. Networks were generated using R package 

network (version 1.16.0).

Statistical analysis

Microsoft Excel 2021 (Microsoft 365) was used to compile and annotate experimental 

data. Violin plots, bar graphs, and x-y plots were generated in GraphPad Prism version 

8. Statistical differences between two groups were calculated using a two-sided Mann–

Whitney U test or Wilcoxon signed-rank test. To compare multiple groups, a Kruskal–Wallis 

test or Friedman test was used followed by the Dunn’s method correcting for multiple 

comparisons in GraphPad Prism version 8. Heat maps and correlation matrices were created 

using Morpheus or R version 1.4.1106. Spearman’s rank correlation coefficient was used in 

all analyses.

Role of the funding source

The funder of the study had no role in study design, data collection, data analysis, data 

interpretation, or writing of the report.

Results

We analysed serum samples from military recruits in Peru upon entry to a training camp16 

(n=55, male and age ≥18 years; endemic setting) and from individuals from the USA 

participating in a Shigella challenge study (n=44, male or female and age 18–49 years; non-

endemic setting).15 A LASSO was used to down-select a set of minimal antibody features 

(eight of 99 total) that differed most between the endemic and non-endemic groups, and a 

PLS-DA was used to visualise the data (figure 1A). Whereas samples from non-endemic 

regions were enriched with IgM and IgA antibodies against IpaC and S sonnei OSP, 
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antibodies of individuals living in Shigella-endemic regions harboured a mature antibody 

response underlined by expanded FcR binding of IpaC, IpaD, and OSP-specific antibodies 

and IpaC-specific IgG1. LASSO feature correlation network analyses revealed three 

correlation networks (Spearman correlation r>0⋅85, q<0⋅01; figure 1B). FcγR3b binding 

of IpaD-specific antibodies and FcγR2a binding of IpaC-specific antibodies correlated with 

each other and with IpaB, OSP, and LPS IgG1 and FcγR binding, showcasing the abundant 

and broad Shigella-specific class-switched IgG functional antibody response in individuals 

living in endemic settings. IgM specific to S sonnei OSP was enriched in non-endemic 

settings, and correlated with IgM specific to IpaB, IpaC, and S sonnei LPS, suggesting a 

non-class-switched immune response is differentially enriched in non-endemically-exposed 

individuals to both protein and glycolipid targets. Importantly, S sonnei OSP-specific IgA1 

responses correlated with S sonnei LPS-specific IgA1 levels, because these two antigens 

share the same OSP. IpaC, IpaB, and S flexneri 2a and S sonnei OSP-specific IgG1 and 

FcγR2a, 3a, 3b, and Fcα receptor (FcαR) binding antibodies were enriched in individuals 

living in endemic regions (appendix 1 p 1). Collectively, these data suggest that individuals 

who live in a Shigella-endemic region harbour a more IgG-class-switched, mature, and 

broad Shigella-specific antibody response than individuals living in a non-endemic setting.

In the controlled S sonnei challenge study (n=44; figure 2A), 17 individuals developed 

shigellosis symptoms and 27 showed no or mild symptoms. Study participants were 

prescreened for S sonnei LPS-specific IgG, yet some individuals had increased levels of 

S sonnei OSP-specific IgA compared with other participants of the study.15 Individuals that 

had increased levels of OSP-specific IgA1 at baseline were protected from shigellosis;24 

however, OSP-specific IgA2 and IgG1 were not augmented in these protected individuals 

(figure 2B). Although ADCD is often used as a measure of antibody functionality and 

protection against bacterial infection,25 baseline levels of complement deposition mediated 

by S sonnei OSP-specific antibodies did not correlate with protection (figure 2B). IpaC and, 

more pronouncedly, IpaB-specific FcR binding antibodies increased rapidly after S sonnei 
challenge (appendix 1 p 3). IpaB-specific IgG1 remained significantly higher at 56 days 

post challenge compared with pre-challenge, as did binding of IpaB antibodies to FcγR3b, 

whereas IpaC-specific antibodies did not remain significantly augmented at that timepoint. 

OSP-specific IgG1 antibodies appeared quickly, as early as day 14 after challenge. Binding 

to FcαR was specifically robust and pronounced for S sonnei OSP-specific antibodies post 

challenge (appendix 1 p 3). Overall, controlled S sonnei challenge of North American 

healthy adults induced a robust and functional Shigella-specific antibody response.

To determine the differences in Shigella-specific antibody profiles between shigellosis-

resistant (n=8) and shigellosis-susceptible (n=29) groups of endemically exposed individuals 

with a known, culture-confirmed S flexneri 2a infection, a LASSO was used to down-select 

a set of minimal antibody features that differed most between two groups and PLS-DA was 

used to visualise the data (figure 3A). Only three antibody features, out of 99 profiled per 

sample, were sufficient to discriminate between the groups: FcαR binding of S flexneri 2a 

OSP-specific antibodies, S flexneri 2a OSP-specific ADNP, and S sonnei LPS-specific IgM. 

All features were significantly increased in resistant individuals (figure 3B). In contrast to 

previous findings on OSP-specific IgG as correlates of protection in endemic settings,10 in 

this cohort we did not detect differences in OSP-specific IgG levels in serum of resistant 
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and susceptible individuals (appendix 1 p 4). Although complement deposition has been 

suggested to mediate protection against shigellosis, resistant individuals did not show 

augmented S flexneri 2a OSP-specific ADCD (figure 3B). Importantly, both IgG and IgA 

can drive neutrophil activation, due to the constitutive expression of both FcγR3b and FcαR 

on the surface of neutrophils.26,27 Thus, given that S flexneri 2a OSP-specific antibodies 

showed increased FcαR binding and ADNP, we sought to investigate whether OSP-specific 

IgA (that interacts with FcαR) mediates neutrophil phagocytosis, potentially by binding to 

FcαR expressed by neutrophils. To this end we depleted IgA from pools of serum from 

Shigella-susceptible and Shigella-resistant cohorts and performed S flexneri 2a OSP-specific 

ADNP assays with depleted and non-depleted serum (figure 3C). IgA depletion decreased S 
flexneri 2a OSP-specific ADNP in samples from both resistant and susceptible individuals, 

although this decrease was only statistically significant in resistant individuals (figure 3C). 

To further investigate the neutrophil bactericidal activity of OSP-specific IgA, we depleted 

IgA from eight Shigella-resistant serum samples collected at entry to the military camp. 

Depletion of IgA, and consequent loss of FcαR binding, was verified by Luminex analysis 

(figure 4A). IgA depletion reduced OSP-specific ADNP and ADMP of Shigella-resistant 

individuals (figure 4B). Moreover, IgA depletion reduced neutrophil secretion of primary 

(MPO), secondary (lactoferrin), and tertiary (MMP9) granules in response to S flexneri 2a 

OSP-specific antibodies (figure 4C). Finally, ROS generation by neutrophils was observed 

in the presence of OSP-specific IgA, and was significantly reduced by IgA depletion (figure 

4D). Altogether, OSP-specific IgA in Shigella-resistant individuals is key to the activation 

of neutrophil phagocytosis and degranulation, resulting in secretion of bactericidal granules 

and production of ROS.

Although Shigella-resistant individuals were not infected during the first 3 months of 

follow-up after entry into the camp, they all eventually became infected at a later timepoint. 

We hypothesised that if OSP-specific FcαR-binding functional antibodies do play a crucial 

role in protection against shigellosis, in a person who eventually became infected, these 

immune responses would decline before infection. To test this, we compared levels of FcαR-

binding S flexneri 2a OSP-specific antibodies at entry to the camp (baseline) and at the last 

collection timepoint before infection (pre-infection) in the eight initially resistant individuals 

(figure 5A). Corroborating the protective role of these antibodies, the level of OSP-specific 

FcαR-binding antibodies declined over time before eventual infection in these individuals 

(figure 5A). Importantly, reduced S flexneri 2a OSP-specific FcαR-binding antibodies 

were not a result of a general decline in Shigella-specific FcαR-binding antibodies in 

these individuals, because FcαR-binding levels of S flexneri 3a OSP-specific, S sonnei 
OSP-specific, and IpaB-specific antibodies remained unaltered (figure 5B). However, this 

loss of S flexneri 2a OSP-specific FcαR binding was associated with a loss of ADNP and 

ADMP activity over time in the camp (figure 5C).

Discussion

In this study we found marked differences in baseline Shigella-specific antibody profiles 

when comparing adults living in endemic and non-endemic settings. First, Shigella-specific 

antibody profiles of Peruvian individuals (endemic setting) were marked by increased 

class-switched and FcR-binding antibodies against both protein and polysaccharide Shigella 
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antigens, compared with individuals from the USA (non-endemic setting). These immune 

responses in Peruvian recruits would be consistent with the previous and repetitive 

exposure to Shigella species in this region. Second, we observed that US volunteers 

challenged withwild-type Ssonnei organisms were able to develop broad anti-Shigella 
immune responses, including antibodies that bind to FcRs, similar to what we previously 

observed in US volunteers challenged with wild-type S flexneri 2a.13 Although these 

findings in adults in the USA might be relevant to future development of traveller vaccines, 

they may not help to identify potential correlates of protection against shigellosis in endemic 

areas.

Identifying a clear correlate of protection against Shigella infection in endemic settings 

is impeded by the presence of a broad pre-existing Shigella-specific antibody response 

resulting from ongoing and repetitive exposure to Shigella species. We thus took advantage 

of a unique longitudinal serum sample collection from a setting with high Shigella burden 

and identified susceptible (infected within the first 3 months at camp) and resistant (infected 

later than 3 months at camp) individuals. Individuals who were resistant harboured elevated 

levels of S flexneri 2a OSP-specific FcαR-binding antibodies that engaged neutrophils and 

induced protective cellular phagocytosis. Importantly, OSP-specific IgA levels were not 

elevated in resistant individuals, nor were FcγR binding or IgG OSP-specific antibody 

responses. FcαR binds IgA and is expressed on diverse innate immune cells, including 

neutrophils, monocytes, and dendritic cells.28,29 Binding of FcαR by IgA on the surface 

of innate immune cells results in a range of cellular functions, including phagocytosis,30 

NETosis,31 cytokine secretion, and metabolic reprogramming.32 A previous evaluation of 

rectal biopsy tissues during shigellosis in the 1990s in Bangladesh found increased presence 

and activation of polymorphonuclear cells, macrophages, and intraepithelial T cells in 

infected rectal tissues, and the presence of pro-inflammatory cytokines.33,34 Here, we found 

that OSP-specific FcαR-binding antibodies that mediate ADNP and ADMP represent a 

functional correlate of protection against shigellosis in settings with a high Shigella burden.

An important observation in our analysis is that the S flexneri 2a OSP-specific FcαR-

binding antibodies decreased over the study period to the extent that initially protected 

individuals eventually became infected. This finding suggests that these immune responses 

might be short-lived (and thus might hinder successful development of protective durable 

immune responses from vaccination) or might to some degree reflect the intense infectious 

pressure that was present in this hyper-endemic setting.

Our study has several limitations. First, it was limited by the human serum samples that 

were available to us, both in terms of the geographical location and numbers, as well as the 

age of the study participants. It will be essential to broaden our findings to other endemic 

areas, including in sub-Saharan Africa and Asia, as well as to children. Second, because 

our study involved field samples from an observational study, confounders could exist of 

which we are not aware. Third, the group of Shigella-resistant individuals in our study 

was also small (n=8) because we sought to study natural infection, preventing us from 

controlling for group sizes. Additionally, we did not analyse samples from recruits who were 

not eventually infected by Shigella. Nevertheless, we found signatures of protection in this 

relatively small group that were significant when compared with a larger group (n=29) of 
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susceptible individuals, and when analysing serum of resistant individuals over time. Fourth, 

included blood samples restricted our analysis to antibodies in the peripheral circulation. 

Future analysis should include mucosal and cellular-based analyses. Finally, we did not have 

sufficient serum sample volume to analyse glycosylation of OSP-specific IgA and plan to 

address this in future studies.

Our results add to a growing body of work attempting to identify correlates and mechanisms 

of protection against shigellosis in endemic settings10,35,36 and support a central role of 

immune responses targeting the OSP component of Shigella LPS. Our results suggest 

that OSP-specific FcαR-binding antibodies are a potential biomarker of protection against 

Shigella infection in endemic high-burden settings. Importantly, we did not find an 

association of ADCD with protection in our analysis. This finding is of note because 

serum (cell-free) bactericidal assays that assess complement binding and activation are being 

used to evaluate Shigella vaccine candidates, although we did not directly assess serum 

bactericidal activity, only complement deposition. Our current study using samples from 

an endemic zone, combined with our previous analysis of samples from US volunteers,13 

suggests that an optimal candidate vaccine against shigellosis might need to induce 

functional immune responses against OSP and IpaB, and that, in endemic zones, immune 

responses targeting OSP and that are active at mucosal surfaces might be paramount.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Research in context

Evidence before this study

We searched PubMed from database inception to April 1, 2023, using the search terms 

"Shigella" AND "antibody" AND "protection" AND “endemic”. We did not apply any 

language restriction. We identified 51 studies that found associations between Shigella O-

specific polysaccharide (OSP)-specific, lipopolysaccharide (LPS)-specific, and protein-

specific antibodies in endemic settings. Antibody-mediated protection against shigellosis 

is serotype-specific, because LPS-specific IgG protects against natural infection and 

LPS-specific IgA is induced in response to spontaneous infection in areas endemic to 

Shigella. Shigella species also express protein virulence factors, including IpaB, and 

novel systems approaches have identified Fc-receptor-binding IpaB-specific antibodies 

that correlate with protection in a controlled human challenge of individuals from the 

USA with S flexneri 2a. Also, in an S sonnei challenge study, individuals from the USA 

that harboured Shigella LPS-specific IgA were protected against shigellosis. Serotype 

specificity of Shigella species is defined by the OSP moiety of LPS; however, little is 

known about OSP-specific responses during shigellosis, and no previous systems analysis 

has assessed protection in a population where shigellosis is endemic.

Added value of this study

We applied our established systems approach to identify novel functional antibody 

profiles that protect against shigellosis in an endemic setting. We found that OSP-specific 

Fcα receptor (FcαR) binding IgA is associated with protection in a high-burden endemic 

setting. This functional OSP-specific IgA binds to FcαR on the surface of neutrophils 

and monocytes and activates bactericidal cellular functions that we have characterised.

Implications of all the available evidence

Ongoing efforts to develop Shigella vaccines for use in Shigella-endemic areas should 

include analysis of functional OSP-specific IgA as a correlate of protection, including 

antibody-mediated activation of neutrophils.
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Figure 1: Enrichment of FcR-binding Shigella-specific antibodies in individuals living in a 
Shigella-endemic region
(A) Score plots and LV1 loadings of PLS-DA model using LASSO-selected features 

of Shigella-specific antibody isotypes and FcR binding in serum of individuals living 

in Shigella-endemic (n=55) or non-endemic (n=44) settings. (B) Correlation network of 

antibody features presented in part A. Features joined by coloured lines were correlated 

(Spearman rank coefficient r>0⋅85, Benjamini–Hochberg corrected p<0⋅01 by Mann–

Whitney U test). Summary data are reported in appendix 2. FcR=Fc receptor. LASSO=least 

absolute shrinkage and selection operator. LPS=lipopolysaccharide. LV=latent variable. 

OSP=O-specific polysaccharide. PLS-DA=partial least squares discriminant analysis. S 
flexneri=Shigella flexneri. S sonnei=Shigella sonnei.
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Figure 2: S sonnei challenge-induced antibody features
(A) S sonnei challenge timeline. Serum samples were collected at baseline and at 14, 

28, and 56 days post challenge. (B) S sonnei OSP-specific IgA1, IgA2, and IgG1 

levels and ADCD in the serum of challenged individuals at baseline (n=44). Adjusted 

p values were calculated by Friedman test followed by the Dunn’s method correcting 

for multiple comparisons. Summary data are reported in appendix 2. ADCD=antibody-

dependent complement deposition. DPC=days post challenge. MFI=median fluorescent 

intensity. OSP=O-specific polysaccharide. S sonnei=Shigella sonnei.
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Figure 3: Associated factors of protection against shigellosis in a setting with high Shigella 
burden
(A) Score plots and LV1 loadings of PLS-DA model using LASSO-selected features of 

Shigella-specific antibody isotypes and FcR binding in serum of individuals susceptible 

(n=29) or resistant (n=8) to shigellosis at entry to camp. p values were calculated by 

Mann–Whitney U test. (B) S flexneri 2a OSP-specific FcαR binding and ADNP, S 
sonnei LPS-specific IgM, and S flexneri 2a OSP ADCD in individuals who are resistant 

or susceptible to shigellosis at entry to camp. (C) S flexneri 2a OSP ADNP in IgA-

depleted or non-depleted pools of serum of individuals who are resistant or susceptible 

to shigellosis at entry to camp. Summary data are reported in appendix 2. ADCD=antibody-

dependent complement deposition. ADNP=antibody-dependent neutrophil phagocytosis. 

FcαR= Fcα receptor. FcR=Fc receptor. LASSO=least absolute shrinkage and selection 

operator. LPS=lipopolysaccharide. LV=latent variable. MFI=median fluorescent intensity. 

OSP=O-specific polysaccharide. PLS-DA=partial least squares discriminant analysis. S 
flexneri=Shigella flexneri. S sonnei=Shigella sonnei.
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Figure 4: Fc-mediated activation of neutrophils and monocytes by functional OSP-specific IgA of 
shigellosis-resistant individuals
S flexneri 2a OSP-specific IgA1 and FcαR binding in IgA-depleted or non-depleted 

serum of shigellosis-resistant individuals at entry to camp. (B) S flexneri 2a OSP ADNP 

and ADMP in IgA-depleted or non-depleted serum of shigellosis resistant individuals 

at entry to camp. (C) Degranulation of neutrophils in response to incubation with S 
flexneri 2a OSP-specific immune complexes of IgA-depleted or non-depleted serum 

of shigellosis resistant individuals. Primary (MPO), secondary (lactoferrin), or tertiary 

(MMP9) granules were measured by ELISA. (D) Reactive oxygen species luminescence of 
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neutrophils incubated with S flexneri 2a OSP-specific immune complexes of IgA-depleted 

or non-depleted serum of shigellosis resistant individuals (p value calculated by Wilcoxon 

test). Summary data are reported in appendix 2. ADMP=antibody-dependent monocyte 

phagocytosis. ADNP=antibody-dependent neutrophil phagocytosis. AUC=area under the 

receiver operating characteristic curve. FcαR=Fcα receptor. MFI=median fluorescent 

intensity. OSP=O-specific polysaccharide. S flexneri=Shigella flexneri.
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Figure 5: FcαR binding and effector functions of OSP-specific antibodies in resistant individuals 
before infection
S flexneri 2a OSP-specific FcαR binding at entry to camp (baseline) and at the last 

pre-infection timepoint. S flexneri 3a, S sonnei OSP, and IpaB-specific FcαR binding 

at entry to camp (baseline) and at the last pre-infection timepoint. (C) S flexneri 
2a OSP ADNP and ADMP at entry to camp (baseline) and at the last pre-infection 

timepoint. Summary data are reported in appendix 2. ADMP=antibody-dependent monocyte 

phagocytosis. ADNP=antibody-dependent neutrophil phagocytosis. FcαR=Fcα receptor. 
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MFI=median fluorescent intensity. OSP=O-specific polysaccharide. S flexneri=Shigella 
flexneri. S sonnei=Shigella sonnei.
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