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The FUT2 α1,2fucosyltransferase contributes to the synthesis of fucosylated 
glycans used as attachment factors by several pathogens, including noroviruses 
and rotaviruses, that can induce life-threatening gastroenteritis in young children. 
FUT2 genetic polymorphisms impairing fucosylation are strongly associated with 
resistance to dominant strains of both noroviruses and rotaviruses. Interestingly, 
the wild-type allele associated with viral gastroenteritis susceptibility inversely 
appears to be protective against several inflammatory or autoimmune diseases 
for yet unclear reasons, although a FUT2 influence on microbiota composition 
has been observed. Here, we  studied a cohort of young healthy adults and 
showed that the wild-type FUT2 allele was associated with the presence of 
anti-RVA antibodies, either neutralizing antibodies or serum IgA, confirming its 
association with the risk of RVA gastroenteritis. Strikingly, it was also associated 
with the frequency of gut microbiota-induced regulatory T cells (Tregs), so-called 
DP8α Tregs, albeit only in individuals who had anti-RVA neutralizing antibodies 
or high titers of anti-RVA IgAs. DP8α Tregs specifically recognize the human 
symbiont Faecalibacterium prausnitzii, which strongly supports their induction by 
this anti-inflammatory bacterium. The proportion of F. prausnitzii in feces was 
also associated with the FUT2 wild-type allele. These observations link the FUT2 
genotype with the risk of RVA gastroenteritis, the microbiota and microbiota-
induced DP8α Treg cells, suggesting that the anti-RVA immune response might 
involve an induction/expansion of these T lymphocytes later providing a balanced 
immunological state that confers protection against inflammatory diseases.
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Introduction

Epithelial cell surfaces are lined by a thick layer of glycans called 
the glycocalyx. The outermost part of the glycocalyx of various 
epithelial cell types presents inter- and intra-species variability that 
constitutes the so-called histo-blood group antigens (HBGAs), based 
on their initial discovery on erythrocytes (Marionneau et al., 2001; 
Cooling, 2015). These include the ABO and Lewis antigens that are 
synthesized by sequential addition of several monosaccharides, 
including fucose residues. The FUT2 α1,2fucosyltransferase is central 
to the synthesis process of these carbohydrate structures. The FUT2 
gene is highly polymorphic and represents one of the few human 
genes under frequency-dependent selection, strongly indicative of a 
major role in relation with environmental factors (Ferrer-Admetlla 
et al., 2009; Silva et al., 2010). The presence of a functional (or wild-
type) FUT2 allele generates the so-called secretor phenotype that is 
characterized by the expression of the A, B or H and Lewisb antigens 
according to the ABO and Lewis phenotypes. FUT2 mutant null 
alleles are responsible for the lack of these antigens which characterizes 
the nonsecretor phenotype (Marionneau et al., 2001). The frequency 
of the nonsecretor phenotype is quite variable, ranging from over 40% 
to less than 10% according to human ethnicity (Faden and Schaefer, 
2021). Consistent with a role of the FUT2 gene polymorphism, the 
secretor/nonsecretor phenotype has been associated with either 
resistance or susceptibility to several pathogens, most strikingly with 
noroviruses and rotaviruses that together are responsible for the vast 
majority of gastroenteritis cases, leading to the death of several 
hundred thousand young children yearly, the latter occurring mostly 
in low-income countries (Ramani et al., 2016; Bányai et al., 2018; 
Troeger et al., 2018; Nordgren and Svensson, 2019; Sharma et al., 
2020). The role of FUT2 polymorphisms in determining the 
susceptibility to these viruses is rather well understood. Both human 
noroviruses and rotaviruses use HBGAs as attachment factors to 
initiate infection in a strain-specific manner (Ruvoën-Clouet et al., 
2013; Tan and Jiang, 2014; Schroten et al., 2016; Ramani and Giri, 
2019; Tenge et al., 2021). Distinct strains attach to a variable set of 
glycan motifs defined by HBGA polymorphisms such that individual 
strains cannot infect every person in the population, consistent with 
a host-pathogen co-evolution process (Le Pendu et al., 2014). In other 
words, it results from an arms race in glycan-mediated host–microbe 
interactions, that involves a frequency-dependent selection, as 
previously discussed (Le Pendu and Ruvoën-Clouet, 2020).

The FUT2 gene polymorphism has additionally been associated 
with a diverse set of inflammatory and autoimmune diseases, 
including Crohn’s disease, celiac disease, Behcet’s disease, type 1 
diabetes, and autoimmune neutropenia of early childhood (Franke 
et al., 2010; McGovern et al., 2010; Miyoshi et al., 2011; Rausch et al., 
2011; Smyth et al., 2011; Ellinghaus et al., 2012; Forni et al., 2014; Tang 
et al., 2014; Maroni et al., 2015; Xavier et al., 2015; Ihara et al., 2017; 
Kløve-Mogensen et al., 2022). Overall, the null FUT2 alleles appear to 
associate with an increased risk for reasons that are not yet understood. 
Nonetheless, associations with the microbiota composition and FUT2 
polymorphisms have been reported (Rausch et  al., 2011; Wacklin 
et al., 2011; Tong et al., 2014; Wacklin et al., 2014; Gampa et al., 2017; 
Kumbhare et al., 2017; Rodríguez-Díaz et al., 2017; Pan et al., 2021; 
Rühlemann et al., 2021; Lopera-Maya et al., 2022). Although these 
remain debated and not fully consistent across studies (Davenport 
et  al., 2016; Turpin et  al., 2018), there are strong indications that 

microbiota composition is partly dependent on gut mucosal glycan 
composition through either bacterial adhesion molecules or through 
bacterial use of fucosylated glycans as nutrients (Coyne et al., 2005; 
Watanabe et al., 2010; Kashyap et al., 2013; Pickard et al., 2014; Wu 
et al., 2021).

Regulatory T cells are essential to control immune responses and 
the development of inflammatory and autoimmune diseases. In mice, 
FoxP3 + Treg cells induced by microbiota species of the Clostridium 
clusters are the dominant Treg cell subset in the gut (Atarashi et al., 
2011; Nutsch and Hsieh, 2012). In humans, a likely counterpart has 
been identified, which we named double positive CD8α (DP8α Tregs), 
based on their expression of low CD8α levels together with CD4. 
Indeed, although they lack Foxp3, DP8α Tregs share with mouse 
clostridia-induced Tregs both the master transcription factor RORγt 
and a T Cell Receptor (TCR) reactivity to a clostridium species, 
namely Faecalibacterium prausnitzii (Clostridium cluster IV), 
supporting the role of this or a related bacterium in their induction 
(Jotereau et al., 2022). Abundant in the colonic lamina propria, DP8α 
Treg cells are also present in blood where they can be identified by 
their Foxp3−/CD4+/CD8αlow/CxCR6+/CCR6+ phenotype (Godefroy 
et al., 2018). Faecalibacterium prausnitzii is one of the most abundant 
gut-associated clostridium-cluster’s member in healthy individuals 
and its decrease is associated with pathologies such as Inflammatory 
Bowel Diseases (IBD; Miquel et  al., 2013). Interestingly, we  also 
reported the striking and specific decrease of DP8α Treg cells in IBD 
patients, as compared to healthy controls or infectious colitis 
(Sarrabayrouse et al., 2014; Godefroy et al., 2018).

Considering this prior knowledge, we hypothesized that a link 
may exist between the risk of viral gastroenteritis and the abundance 
of microbiota-induced Treg cells so that individuals most susceptible 
to the virus infection, those with a FUT2 wild-type allele (secretors), 
would acquire higher frequencies of Tregs that may contribute to their 
lower susceptibility to inflammatory diseases in comparison with 
those with two null alleles (nonsecretors). In an effort to start testing 
this hypothesis, we looked for a potential relationship between the 
presence of anti-rotavirus antibodies, the FUT2 gene polymorphism, 
F. prausnitzii abundance and the level of peripheral DP8α Tregs in 
healthy young adults. We  observed that serum anti-rotavirus 
antibodies were associated with the wild-type FUT2 allele, as expected 
from earlier studies, and that the levels of DP8α Treg cells also 
associated with the wild-type allele, albeit only in individuals with 
high anti-rotavirus levels.

Population, materials and methods

Study design, participants and collection of 
samples

Peripheral blood, saliva and stool samples were obtained from 
healthy young adults, from 18 to 30 years old. Volunteers were 
recruited following a medical interview to ascertain that they had no 
known diseases, no known history of allergies, that they were not 
under medication, had no drugs intake, no recent alcohol intake and 
were non-smokers. The GOMMS PRL12009 project was part of the 
biobank of Biofortis SAS and was designed to enroll 80 participants. 
Of these, full sample collection and complete data could only 
be obtained from 72 individuals. This biocollection is registered at the 
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French Research Ministry (AC-2013-1792) and the PRL12009 project 
was approved by the French Ethic Committee (CPP Ouest IV). All 
volunteers were aware of the study protocol and fulfilled the informed 
consent form.

Analysis of the FUT2 genetic polymorphism

The FUT2 genetic polymorphism was analyzed by a combination 
of genotyping and of phenotyping of FUT2-dependent histo-blood 
group antigens (HBGAs). The major single Nucleotide Polymorphisms 
(SNPs) in the FUT2 gene were investigated as described previously 
(Marionneau et al., 2005). HBGAs phenotypes were determined from 
buccal swabs specimens by enzyme-linked immunosorbent assay 
(ELISA), as described earlier (Loureiro Tonini et al., 2020). Briefly, 
saliva samples were first boiled for 10 min and then used at a dilution 
of 1:1,000 in a 0.1 M carbonate/bicarbonate buffer (pH 9,6) to coat 
96-well microtiter plates (Maxisorp Nunc-Immuno plates, Thermo 
Scientific, CA, United States). Primary anti-carbohydrate monoclonal 
antibodies anti-A (ABO1 9113D10, Diagast, Loos, France), anti-B 
(B49), anti-Lea (7LE) and anti-Leb (2-25LE; Thermo Scientific, CA, 
United States) diluted at 1:400 in 5% milk/PBS were incubated for 1 h 
at 37°C. The lectin biotin-conjugated UEA-1 (Ulex Europaeus 
Agglutinin I—Vector Laboratories, CA, United  States) was 
additionally used to detect the H antigen. Peroxidase–conjugated 
secondary reagents were used (Vector Laboratories, CA, United States) 
and reactions were developed with a 3,3′,5,5′-Tetramethylbenzidine 
kit (BD OptEIA, BD Biosciences). The cutoff value was defined as a 
twofold increase in absorbance value compared to the mean of two 
negative control samples.

Analysis of circulating anti-RVA antibodies

Neutralizing antibodies (NAbs): The assay was performed as 
previously described (Barbé et  al., 2018). Briefly, serum samples 
diluted from 1:20 to 1:320 in serum-free medium were pre-incubated 
with 2 × 103 FFU of trypsin-activated human G1P[8] RVA strain Wa 
for 1.5 h at 37°C prior to inoculation of MA104 cells. Plates were then 
incubated at 37°C for 45–90 min. After allowing virus attachment, 
the inoculum was removed and serum-supplemented medium was 
added. The infection was left to proceed for 14–15 h. Infected cells in 
methanol-fixed cell monolayers were detected by staining using a 
goat polyclonal anti-RV serum (Bio-Rad Antibodies) and FITC-
labeled rabbit anti-goat IgG (Fc) antibody (Bio-Rad Antibodies), 
both diluted at 1:400 in PBS containing 3% BSA. Cell nuclei were 
stained with DAPI. Plates reading was performed on an ArrayScan 
HCS (ThermoScientific). The presence of neutralizing antibodies was 
considered when an inhibition > 50% in comparison with controls 
(absence of serum preincubation) was detected.

Anti-rotavirus serum IgA: Nunc Maxisorp Immunoplates were 
coated with a sheep anti-human rotavirus (Bio-Rad) diluted 1/500 in 
carbonate buffer pH 9.5 overnight at 4°C. Following a blocking step 
with 5% BSA/PBS for 1 h30 min at 37°C, plates were incubated for 
1 h45 min at 37°C with trypsin-treated Human G1P[8] RVA strain Wa 
purified as previously described (Barbé et al., 2018) diluted in 1% 
BSA/PBS. Serum samples were then serially diluted from1/50 in 1% 

BSA/PBS and incubated for 1 h at 37°C. Then, detection of bound IgA 
was performed using a biotinylated anti-human IgA (Novus 
Biologicals) incubated for 1 h at 37°C, followed by peroxidase-
conjugated streptavidin (Vector Labs) for 1 h at 37°C and reactions 
were developed with a 3,3′,5,5′-Tetramethylbenzidine kit (BD 
OptEIA, BD Biosciences). Between each step, plates were washed 
three times with 0.05% Tween/PBS. Titers were defined as the last 
dilution giving an OD405 value three times above the background 
obtained in absence of coating.

Quantification of circulating DP8α Tregs

Peripheral blood mononuclear cells (PBMCs) were isolated by 
Ficoll gradient centrifugation. After isolation, PBMCs were stained for 
45 min at 4°C in PBS 0.1% bovine serum albumin with the following 
antibodies: anti-human CD3-PE-Cy7 (clone UCHT1, BD 
Biosciences), anti-human CD4-FITC (clone 13B8.2, Beckman 
Coulter), anti-human CD8α-BV421 (clone RPA-T8, BD), anti-human 
CCR6-PE (clone G034E3, Biolegend), and anti-human CXCR6-APC 
(clone K041E5, Biolegend). Fluorescence was measured on a BD LSR 
II flow cytometer (BD Biosciences) and analyzed using FlowJo or 
DIVA softwares. DP8α Tregs (CD3+CD4+CD8αloCCR6+CXCR6+ cells) 
were then quantified among total CD3+ T cells, as described previously 
(Godefroy et  al., 2018). The gating strategy is shown in 
Supplementary Figure S2.

Quantification of Faecalibacterium 
prausnitzii and 16S RNA metabarcoding

Microbiota analysis: Whole stools were collected in a fecotainer 
and immediately stored at 4°C upon transmission to the local lab (in 
less than 48 h) where 2 g of fresh feces were aliquoted and frozen at 
−80°C for molecular biology analyses. Genomic DNA of gut 
microbiota was released by a double lysis step: mechanical in a 
FastPrep24, MPBiomedicals and chemical with the Maxwell® 16 
Tissue DNA Purification Kit (Promega Corporation, Madison, WI, 
United States). DNA extraction was performed from one aliquot of 
200 mg of frozen fecal sample and total genomic DNA was collected 
in a final volume of 200 μl. Double-stranded DNA (dsDNA) 
concentrations were measured by fluorimetry using the Qubit® 2.0 
Fluorometer and the Qubit® dsDNA broad range assay (Invitrogen 
by Life Technologies, Carlsbad, CA, United States).

Polymerase chain reaction amplification was performed using 16S 
universal primers 341F and 785R targeting the V3–V4 region of the 
bacterial 16S ribosomal genes (Klindworth et al., 2013). The 16S V3–
V4 amplicon size was verified by capillary electrophoresis (Agilent 
2,100 Electrophoresis Bioanalyzer Instrument, Agilent technologies, 
Santa Clara, CA, United States). All amplicons were purified with 
magnetic beads using Agencourt AMPure XP beads (Beckman coulter, 
Brea, CA, United States). Then, for each sample, a sequencing library 
was generated by addition of dual indices and Illumina sequencing 
adapters, using a Nextera XT Index kit (Illumina, San Diego, CA, 
United States). Each library was cleaned with magnetic beads and its 
size was determined by capillary electrophoresis. After quantification 
by fluorimetry (Qubit® 2.0 Fluorometer), libraries were normalized 
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and pooled. The pool of libraries was further denatured and sequenced 
on the Illumina MiSeq platform, using a 2 × 250 paired-end Miseq kit 
V2 (Illumina, San Diego, CA, United States). Read sequences from 
fecal microbiota were analyzed using an in-house bioinformatic 
pipeline based on mothur v1.33.3 software (Schloss et  al., 2009). 
Briefly, sequences were trimmed and aligned to the V3–V4 region of 
the 16S gene of the Greengenes database that had been formatted with 
mothur (gg_13_5_99 release). Chimera sequences were removed using 
the UCHIME algorithm. Reads were classified using a naive Bayesian 
classifier against RDP database release 11 with a bootstrap cut-off of 
60%. Sequences were then clustered into operational taxonomic units 
(OTUs) using furthest-neighbor clustering at a similarity 
threshold of 97%.

qPCR analysis: Quantifications of F. prausnitzii were performed by 
qPCR using SYBR Green PCR Master Mix (Applied Biosystems) in a 
StepOnePlus apparatus (Applied Biosystems). Each reaction was done 
in duplicate in a final volume of 20 μl with 0.2 μM of each primer and 
5 μl of the appropriate dilution of DNA. F. prausnitzii was | 
quantified using specific primers: sense, 
5′-CCATGAATTGCCTTCAAAACTGTT-3′, and antisense, 
5′-GAGCCTCAGCGTCAGTTGGT-3′ (Sokol et  al., 2008). 
Appropriate dilution of stool DNA was assessed by performing an 
Internal Positive Control (AppliedBiosystems, Ref 4308323).

Amplifications were performed with the following temperature 
steps: 1 cycle at 95°C for 10 min. to denature DNA and activate 
polymerase, followed by 40 cycles of 95°C for 30 s., 60°C for 1 min. A 
dissociation step was added to control amplification specificity.

Statistical analysis

GraphPad Prism v 9.0 (GraphPad Software, San Diego, CA, 
United States) was used for data analysis. Frequency distributions 
were analyzed by either Chi2 for trend or Fisher’s exact test. 
Comparisons of individual values between groups were performed 
using the Mann–Whitney test for continuous variables. Differences 
were considered statistically significant when the level of two-tailed 
significance was p < 0.05.

Results

The FUT2 genotype associates with 
anti-RVA antibodies

Since the presence of antibodies may reflect the history of 
infection by RVA, we  sought to quantify anti-RVA serum 
antibodies in a cohort of healthy young French adults. Neutralizing 
antibodies (NAbs) are likely important, but do not appear to 
provide a correlate of protection (Desselberger, 2014; Caddy et al., 
2020), we  therefore additionally quantified serum IgA that 
constitutes a correlate of protection at the population level (Angel 
et  al., 2012). The Wa strain was chosen as a target since it 
represents a dominant circulating genotype in western Europe 
(Desselberger, 2014) and since a vaccine based on an attenuated 
virus of the same genotype shows high efficacy in developed 
countries (Burnett et al., 2018). We observed that the distribution 
of NAbs was not homogeneous (Supplementary Figure S1, upper 

panel). It showed a group of individuals with NAbs, albeit at 
variable titers and a group lacking detectable NAbs. Therefore, in 
order to test a potential association with the FUT2 genotype, 
serum samples were subdivided into two categories, those with or 
without NAbs, respectively. The distribution of anti-RVA IgAs 
appeared more normal all individuals, but one showing IgA 
responses with titers >1/50 (Supplementary Figure S1, lower 
panel). Samples were accordingly grouped into high and low titers 
based on their position above or below the median value, 
respectively. Analysis using the Fisher’s exact test indicated that 
the FUT2 wild-type allele was associated with both the presence 
of neutralizing antibodies and high IgA titers, although the latter 
did not reach significance (Figures 1A,B). Some se/se individuals 
(nonsecretor phenotype) had either neutralizing antibodies or 
high IgA titers, indicating prior infection, which contrasted with 
earlier reports that showed a strong association with resistance to 
infection of nonsecretor children (Imbert-Marcille et al., 2014; 
Nordgren et al., 2014; Van Trang et al., 2014; Kambhampati et al., 
2016; Zhang et al., 2016; Yang et al., 2017; Pérez-Ortín et al., 2019; 
Farahmand et al., 2021; Wang et al., 2021).

Infection episodes may not necessarily result in the generation 
of both NAbs and IgA. We therefore tested whether there existed 
an association between these two components of the anti-RVA 
immune response. As shown in Figure  1C, they were strongly 
associated. Nonetheless, a fair proportion of individuals presented 
divergent antibody profiles, having either high IgA titers but no 
NAbs or the opposite. Since a solid anti-RVA response likely 
comprises both neutralizing and IgA antibodies, we  grouped 
individuals into three categories, namely those who have both 
NAbs and high IgA titers, those who have only one of these two 
components and those who have none of them. The distribution 
of these three categories of serum samples was then analyzed 
according to the FUT2 genotype, which confirmed the association 
between the wild-type allele and a stronger anti-RVA immune 
status (Figure  1D). The difference in distribution of the three 
categories of serum samples within the three FUT2 groups is 
striking. The wild-type homozygotes (SE/SE) presented an inverse 
distribution in comparison with mutant homozygotes (SE/SE; 
p < 0.05, Chi-square test), while heterozygotes (SE/se) showed an 
intermediate distribution. In addition, when considering 
phenotypes, that is comparing secretors (SE/SE + SE/se) versus 
nonsecretors (se/se), individuals who had both NAbs and high 
IgA titers were significantly over-represented among secretors in 
comparison with those who were classified as having either one 
or none of these two types of antibodies (p  < 0.05, two-sided 
Fisher’s test). These data reveal that the wild-type FUT2 allele (SE) 
is a risk factor for contracting RVA infections of sufficient 
magnitude to generate strong anti-viral immune responses (or 
inversely that null (se) alleles are protective).

The FUT2 genotype associates with DP8α 
Treg cells and Faecalibacterium prausnitzii

Since the presence of FUT2 null alleles correlate with the risk 
of several inflammatory or autoimmune diseases, and since 
F. prausnitzii-reactive DP8α Tregs appear to protect against 
intestinal inflammation (Touch et al., 2022), we tested whether 
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the frequency of circulating DP8α Tregs or fecal F. prausnitzii 
abundance associated with the FUT2 status. The gating strategy 
used to quantify DP8α Tregs is shown in Supplementary Figure S2. 
Within T cells, double positive CD4+/CD8low expressing both 
CCR6 and CxCR6, which phenotype targets F. prausnitzii-
reactive cells (Godefroy et  al., 2018), were analyzed. Despite 
expected high individual variations, FUT2 wild-type homozygous 
individuals appeared to present significantly higher frequencies 
of both DP8α Treg cells and their TCR-specific bacteria species. 
However, no difference between heterozygotes (SE/se) and null 
homozygotes (se/se) was apparent (Figures 2A,B). Quantification 
of F. prausnitzii by PCR (absolute quantification) rather than by 
16S RNA analysis (relative quantification) yielded the same result 
(Supplementary Figure S3).

We next sought to determine whether the above-described 
association was influenced by the anti-RVA immune status. To this 
aim, the analyses shown in Figure 2 were replicated after splitting 
groups of individuals of each genotype according to either the 
presence of NAbs or the IgA titers. It appeared that the association 
between the frequency of DP8α Tregs and FUT2 wild-type allele 

homozygosity was visible only among volunteers who had either NAbs 
(Figure  3A) or high titered anti-RVA IgAs (Figure  3B). Similar 
observations, albeit less clear-cut, were made for the relative 
abundance of F. prausnitzii that tended to be higher among serum 
samples from individuals with the FUT2 wild-type allele who had 
either NAbs (Figure 3C) or high anti-RVA IgAs (Figure 3D).

Discussion

Previous studies indicated that the risk for P[8] RVA gastroenteritis 
of sufficient severity to lead to hospital visit was strongly associated 
with the wild-type FUT2 allele (Monedero et al., 2018; Ramani and 
Giri, 2019; Le Pendu and Ruvoën-Clouet, 2020; Sharma et al., 2020; 
Faden and Schaefer, 2021). We observed here that nonsecretors (se/
se) had anti-RVA antibodies and often showed neutralizing antibodies, 
indicating that they can be  infected. This is consistent with the 
observation that antibody responses to live vaccines containing a P[8] 
coding gene are present, but lower in nonsecretor children in 
comparison with secretor children (Kazi et al., 2017; Bucardo et al., 

A B

C D

FIGURE 1

Relationship between the presence of anti-RVA antibodies and the FUT2 genotype in healthy young adults. (A) Neutralizing antibodies (NAbs) titers 
against the RV strain Wa (G1P[8]) was determined, defining two groups of individuals according to the presence (black bars) or absence (white bars) of 
neutralizing antibodies, as depicted on Supplementary Figure S1. Chi-square test for trend was used to compare distributions according to the number 
of wild-type alleles (p = 0.026). (B) Serum anti-Wa IgA titers were classified as high (black bars) or low (white bars) as shown in Supplementary Figure S1 
lower panel. Chi-square test for trend was used to compare distributions (p = 0.053). (C) Relationship between neutralizing antibodies and IgA titers 
against the Wa strain. Bars represent individuals with high (black) and low (white) IgA titers, respectively. Fisher’s exact test, p = 0.0007. (D) Individuals 
anti-RVA status was defined as strong in the presence of both NAbs and high IgA titers (black bars); intermediate either in absence of NAbs but high IgA 
or in presence of NAbs but low IgA (gray bars); weak in absence of NAbs and with low IgA titers (white bars). Chi-square test for trend was used to 
compare distributions (p = 0.013). SE/SE = FUT2 homozygote wild-type; SE/se = FUT2 heterozygotes; se/se = FUT2 null homozygotes.
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2018; Lee et al., 2018; Armah et al., 2019; Magwira et al., 2020). The 
reported near complete absence of nonsecretor children among those 
visiting at the hospital indicates that these children do get infected, but 
remain either asymptomatic or have mild disease only.

FUT2 null alleles and the nonsecretor phenotype have been 
consistently associated with autoimmune and inflammatory 
diseases through many studies. Since dysbiosis is a hallmark of 
inflammatory diseases, it has been hypothesized that the FUT2 
gene would contribute to microbiota composition (Xavier et al., 
2015; Imhann et  al., 2018; Giampaoli et  al., 2020; Zhou et  al., 
2020). Fucosylation would support a protective microbiota, 
whereas lack of fucosylation would allow the overgrowth of 
inflammatory bacteria. Several reports showed associations 
between gut microbiota composition and FUT2 polymorphisms. 
However, it appeared that initial studies were underpowered since 
later studies that included larger number of individuals failed to 
reproduce the effect and since bacterial species reportedly 
increased or decreased according to the expressed FUT2 alleles 
were not consistent across studies (Davenport et al., 2016; Turpin 
et al., 2018). It does not mean that these associations do not exist, 
but they may be obscured by the large diversity of the human gut 
microbiota and by the possibility that FUT2 or HBGAs influences 
take place at the strain level rather than at the genus or species 
levels. Thus, a human gut symbiont, Ruminococcus gravis was 
recently reported to display a strain-specific repertoire of 
glycosidases, one of them showing specificity for a blood group A 
tetrasaccharide (Wu et al., 2021). Microbiota composition could 
also be affected by the strain-specific display of HBGA-specific 
bacterial adhesins such as the blood group A and B-specific 
adhesin of a Lactobacillus mucosae strain (Watanabe et al., 2010). 
Recent studies including over 7,000 participants found strong 
associations at the taxa and metabolic pathways levels with the 
ABO blood group. The associations were relying on the secretor 
phenotype (Rühlemann et al., 2021; Lopera-Maya et al., 2022). 
Further, animal studies showed convincing associations with 
HBGAs. A recent study in pigs reported a strong association 
between blood group A expression and gut microbiota 
composition (Yang et  al., 2022). Likewise, the microbiota 
composition of Fut2 KO mice diverges from that of their wild-type 
littermates and functionally increases susceptibility to induced gut 
inflammation, fucosylation modulating interactions with 
nonpathogenic resident microbes (Hooper and Gordon, 2001; 
Rausch et al., 2011; Kashyap et al., 2013; Garber et al., 2021).

Here, we further observed that the wild-type FUT2 allele was 
associated with higher proportions of circulating DP8α Treg cells 
and of their target bacterium F. prausnitzii, albeit only among 
individuals who presented either neutralizing antibodies or high 
levels of IgA antibodies, linking the anti-RVA immune response 
to the level of microbiota-induced Treg cells. The association was 
detected among homozygote secretors (SE/SE), whilst 
heterozygotes (SE/se) presented similar levels of these Treg cells 
as nonsecretors (se/se), suggesting a difference between 
homozygote and heterozygote secretor individuals. Indeed a 
higher level of the fucosylated H type 1 epitope in SE/SE saliva 
samples in comparison with SE/se samples was previously 
reported, indicating a dose effect of the wild-type allele on 
fucosylation (Marionneau et al., 2005). Furthermore, we observed 
here that the levels of anti-rotavirus antibodies in SE/se serum 

A B

FIGURE 2

Relationship between the FUT2 status and either DP8α Treg cells or 
the Faecalibacterium prausnitzii proportions. (A) Frequencies of 
circulating DP8α Treg cells quantified as described in the methods 
section (per 10.000 total CD3 + cells). (B) Relative abundance of the 
bacterium are given as percentage of the whole microbiota based on 
16S metabarcoding. Comparisons were performed by two-sided 
Mann–Whitney test: *p < 0.05; **p < 0.01. SE/SE = FUT2 homozygote 
wild-type (green symbols); SE/se = FUT2 heterozygotes (red symbols); 
se/se = FUT2 null homozygotes (black symbols).
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C D

FIGURE 3

Tripartite relationships between the FUT2 status, the anti-RVA status 
and either the Treg cells or the Faecalibacterium prausnitzii 
frequency. (A) Frequencies of circulating DP8α Treg cells (per 10.000 
total CD3+ cells) according to the FUT2 status and the presence or 
absence of NAbs; (B) or the high versus low IgA titers; (C) Relative 
abundance of Faecalibacterium based on 16S metabarcoding 
according to the FUT2 status and the presence or absence of NAbs; 
(D) or the high versus low IgA titers. Comparisons were performed 
by two-sided Mann–Whitney test: *p < 0.05; **p < 0.01. SE/SE = FUT2 
homozygote wild-type (green symbols); SE/se = FUT2 heterozygotes 
(red symbols); se/se = FUT2 null homozygotes (black symbols).
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samples were intermediate between those of the homozygous SE/
SE and se/se (Figure 1D), suggesting that the strength of the anti-
rotavirus immune response is influenced by the FUT2 genotype 
and not only by the secretor phenotype. Homozygote secretors 
(SE/SE) might have an initial higher viral load than heterozygotes, 
and/or develop a more severe disease upon infection. Further 
studies are required to clarify this issue. In any case, it appears that 
infection that generates a strong anti-RVA immune response, 
likely because of a rather severe gastroenteritis, is associated with 
the presence of higher levels of microbiota-induced Treg cells. 
Interestingly, our team recently showed that these human Treg 
cells stimulate IgA synthesis in vitro (Jotereau et  al., 2022), 
suggesting that they might represent an important player of the 
anti-viral response in case of infection by enteric viruses. 
Moreover, supporting a role for DP8α Tregs in intestinal 
homeostasis, low levels of these cells are associated with IBD 
(Godefroy et al., 2018), and we documented their ability to protect 
against intestinal inflammation in murine models (Touch et al., 
2022; and unpublished results). Similarly, fecal F. prausnitzii levels 
are diminished in patients with IBD, as compared to healthy 
individuals (Sokol et al., 2006, 2009) and the anti-inflammatory 
effect of the bacterium has been well documented (Sokol et al., 
2008; Martín et al., 2014; Zhang et al., 2014; Quévrain et al., 2016). 
Based on these observations, we hypothesized that the immune 
response against symptomatic RVA infection in early childhood 
would involve the development/expansion of microbiota-induced 
Treg cells that could be  maintained in adulthood, thereby 
contributing to a balanced immunological state protective against 
both enteric viral infection and inflammatory diseases. How 
modulation of Treg cells levels is induced during the course of the 
anti-viral immune response remains to be determined, but it likely 
involves microbiota species abundance since their generation 
requires presentation of specific bacteria-derived epitopes by 
dendritic cells (Alameddine et al., 2019).

The limited number of volunteers enrolled in the present study 
did not allow to analyze an additional potential contribution of the 
ABO and Lewis polymorphisms (ABO and FUT3 genes), since there 
were too few individuals in the resulting subgroups for meaningful 
comparisons. Studies involving larger cohorts of healthy adults would 
be required for confirmation and to study the effect of the combined 
FUT2, ABO and FUT3 polymorphisms. Also, it would be interesting 
to analyze whether norovirus infection associates similarly with the 
frequency of Treg cells. An additional issue is that the present 
observations were obtained from young adults whilst RVA 
gastroenteritis is mainly occurring before 5 years of age. It is therefore 
unclear if the detected antibodies reflect early childhood infections or 
more recent asymptomatic reinfections. Studies on children with acute 
gastroenteritis and autoimmune diseases are thus warranted.

If our hypothesis nonetheless proved true, that is if immune 
response against symptomatic RVA infection in early childhood 
involves the development/expansion of microbiota-induced Treg cells, 
it would be important to ask whether RVA vaccines expand these 
Tregs, akin to symptomatic infections. If that was not the case, 
vaccinated children being protected from symptomatic gastroenteritis 
would fail to sufficiently expand microbiota-induced Treg cells and 
therefore might be at a higher risk of developing inflammatory and 
autoimmune diseases in adulthood. Comparing the levels of 

microbiota-induced Treg cells between vaccinated and nonvaccinated 
children or young adults would be a first step to explore this possible 
long-term side effect of rotavirus vaccines.

In conclusion, we  observed an association between the FUT2 
genotype, anti-RVA antibodies and microbiota-induced Tregs 
frequency, suggesting that symptomatic RVA infection leads to the 
development of these Treg cells that will later contribute to immune 
homeostasis. It is interesting to observe that genetic polymorphisms 
selected in the context of a host-pathogen co-evolution involving 
young children might affect susceptibility to inflammation much later 
in life. This could have important implications for the development of 
future vaccines, warranting further studies.
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