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OBJECTIVES: Immune activation and intestinal microbial dysbiosis could induce diarrhea-predominant irritable

bowel syndrome (IBS-D). We examined the roles of ileal immunoglobulin A (IgA) and IgA-coated

bacteria in IBS-D pathogenesis.

METHODS: Peripheral blood, fecal samples, and ileal and cecal biopsies were collected from 32 healthy volunteers

and 44 patients with IBS-D. Quantitative reverse transcriptase polymerase chain reaction was used to

assess differential gene expression. IgA levels in the blood and fecal samples were quantified by an

enzyme-linked immunosorbent assay. IgA1 cells were assessed by immunofluorescence imaging. Flow-

cytometry-based IgA1 bacterial cell sorting and 16S rRNA gene sequencing (IgA-SEQ) was used to

isolate and identify fecal IgA1 bacteria.

RESULTS: Fecal IgA, particularly IgA1, was upregulated in patients with IBS-D. IgA class switch and B cell–activating

factor-receptor were increased in the terminal ileum of patients. The intestinal microbiota composition was

altered in patients compared with that in controls. IgA-SEQ showed that the proportion of fecal IgA-coated

bacteria was increased significantly in patients with IBS-D. IgA1 bacteria in patients with IBS-D showed

higher abundances of Escherichia–Shigella, Granulicatella, and Haemophilus compared with healthy

controls and IgA2bacteria inpatientswith IBS-D. TheEscherichia–Shigella IgAcoating indexwaspositively

correlated with anxiety and depression. The Escherichia–Shigella relative abundance, luminal IgA activity,

and some altered IgA-coated bacteria were positively associated with the clinical manifestations of IBS-D.

DISCUSSION: Microbial dysbiosis may promote the terminal ileal mucosa to produce higher levels of IgA, increasing

the proportion of IgA-coated bacteria by activating IgA class switching, which might regulate local

inflammation and clinical manifestations in IBS-D. IgA may mediate the effects of microbial dysbiosis

on the pathogenesis of IBS-D.

SUPPLEMENTARY MATERIAL accompanies this paper at http://links.lww.com/CTG/A218, http://links.lww.com/CTG/A217, http://links.lww.com/CTG/A219
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INTRODUCTION
Irritable bowel syndrome (IBS) is a common digestive tract
dysfunction. According to recent statistics, the global prevalence
of IBS is as high as 11% (1). The Rome IV criteria indicate that
patients with IBS primarily suffer from recurrent abdominal pain,
which is related to defecation or altered bowel habits (2). Patients
with IBS tend to suffer from low-grade inflammation in the in-
testinal mucosa, although the underlying mechanisms remain
unclear (3). Recent studies revealed enhanced humoral immunity

in diarrhea-predominant IBS (IBS-D) (4,5). However, how hu-
moral responses tomicrobiota regulate the pathogenesis of IBS-D
is unclear.

Immunoglobulin A (IgA) is a critical molecule in mucosal
immunity and is exposed to both commensal and potential
pathogens (6). IgA is the main type of antibody produced on the
mucosal surface and protects against pathogen infection and
mucosal penetration by the indigenous bacteria (7). Commensal
intestinal microbial members can also induce IgA secretion and
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transform to show an IgA-coated pattern (7,8). The role of fecal
IgA in regulating intestinal homeostasis and pathophysiology of
IBD has been widely examined (9–13). Increasing studies dem-
onstrated upregulated fecal IgA levels in patients with IBD (9–13)
and an indispensable function of IgA-coated bacteria in the
pathogenesis of IBD (12). Nevertheless, the roles of mucosal IgA
and IgA-coated bacteria in the pathogenesis of IBS-D are unclear.
Large amounts of mucosa-associated lymphoid tissue aggregate
at the ileocecum, indicating that this region not only influences
the flow rate and prevents reflux (14) but also is an important area
of mucosal immunity in the gastrointestinal tract (15). However,
whether ileocecal IgA and IgA-coated bacteria are altered, which
may affect the pathophysiology of IBS-D, are unknown.

Class switch recombination (CSR), which alters the existing
immunoglobulin heavy chain (IGH) with the a heavy chain
without modifying antigen specificity, confers mature B cells with
the ability to express IgA (6). This process requires stimulation of
B cells, followed by the germline transcription of specific gene
regions of the IGH and expression of the activation-induced cyti-
dine deaminase (AID) (16). Thus, the expressionofAIDduring the
recombination process is considered as themost importantmarker
for detecting the sites of CSR in vivo (7). A proliferation-inducing
ligand (APRIL) and B cell–activating factor (BAFF), which are
tumor necrosis factor family ligands, contribute to B lymphocyte
and plasma cell homeostasis and survival and regulate CSR and
antibody production (17,18). The process is mediated by surface
receptors, particularly transmembrane activator, calcium modu-
lator, and cyclophilin ligand interactor (TACI), B-cell maturation
antigen (BCMA), andBAFF receptor (BAFF-R) (4,18). In addition,
promoters upstream of the IgA switch regions can be activated by
transforming growth factor b1 (TGF-b1) to induce IgA pro-
duction (19,20). In this study, we investigated whether alterations
occur in ileal IgA and IgA-coated bacteria and whether these
changes were correlated with the clinical manifestations of IBS-D.

MATERIALS AND METHODS

Participants

Thirty-two healthy controls and 44 patients with IBS-D were
prospectively recruited. All patients met the Rome IV criteria (2).

Before inclusion in the study, all potential participants underwent
a thorough medical history and physical examination and were
requested to complete a structured clinical questionnaire to en-
sure that the specific symptoms were present only in the patient
group, but not in the healthy group. This study was approved by
the Ethics Committee of the Qilu Hospital of Shandong Uni-
versity. All subjects signed informed consent. Inclusion and ex-
clusion criteria are listed in Table 1 (Supplementary Digital
Content 1, http://links.lww.com/CTG/A218).

Clinical assessment

All participants completed clinical questionnaires on (i) pain
frequency (number of days with pain per 14 days), (ii) pain se-
verity (by a visual analogue scale) (21), (iii) bowel movements
(maximum number of stool frequencies), and (iv) stool form
(following the Bristol Stool Form Scale) (22). The IBS symptom
severity scale (IBS-SSS) was used to assess the symptoms of
patients (21). Subjects enrolled in the study also completed the
Hospital Anxiety and Depression Scale (HADS) to evaluate their
psychological symptoms (23).

Biological samples

Peripheral blood. Peripheral ethylenediaminetetraacetic acid
blood samples were obtained from all subjects. The plasma
obtained by centrifugation was cryopreserved (280°C) until
quantification of immunoglobulin. Blood cells were collected in
a plastic tube, mixed with DNA/ribonucleic acid (RNA) Shield
(Zymo Research, Irvine, CA), and cryopreserved (280°C) until
RNA extraction.

Fecal samples. Fresh fecal samples collected before bowel prep-
aration were flash-frozen in liquid nitrogen and preserved in
a cryogenic refrigerator (280°C) until further analysis.

Ileal and cecal biopsies. Colonoscopy with intubation of the
terminal ileumwas performed for terminal ileal and cecal biopsies
using traditional forceps. Two biopsies were obtained at each site.
One fragment was formalin-fixed and paraffin-embedded for
further microscopic observation, and the other one was flash-

Table 1. Clinical characteristics of healthy controls and patients with IBS-D

H (n5 32) IBS-D (n5 44) P value

Age 47.44 (11.630) 42.80 (9.002) 0.0636

Female/male 10/22 16/28 0.807

BMI, kg/m2 24.66 (3.779) 24.97 (3.768) 0.7234

Abdominal pain frequency (d) 0 9 (1–14) —

Abdominal pain severity (score) 0 55.61 (21.69) —

Bowel movements (n) 1 (1–2) 3.5 (1.5–5.5) ,0.0001***

Stool form (Bristol score) 4 (4–5) 6 (5.5–7) ,0.0001***

IBS symptom severity score — 271.7 (61.88) —

HADS anxiety score 0 (0–10) 3.5 (0–20) 0.0004***

HADS depression score 1 (0–5) 3 (0–14) ,0.0001***

BMI, body mass index; H, healthy controls; HADS, Hospital Anxiety and Depression Scale; IBS, irritable bowel syndrome; IBS-D, diarrhea-predominant IBS.
*P, 0.05, **P, 0.01, ***P, 0.001.
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frozen (2196°C) and cryopreserved (280°C) inRNase-free tubes
until RNA extraction.

Study design

Fecal sample preparation. A fecal sample (40 mg) was placed in
a 15-mL Eppendorf tube containing 2 mL of ice-cold collection
medium, which was composed of phosphate-buffered saline
containing ethylenediaminetetraacetic acid and soybean trypsin
inhibitor. The sample was vortexed to disrupt the pellets with
a metal stirrer inserted in the tube. After incubation on ice for 10

minutes, the samples were vortexed again and centrifuged (360g
for 10 minutes at 4°C). The supernatant (1 mL) was pipetted into
a cleanmicrotube and then centrifuged (14,000g for 15minutes at
4°C). Next, 0.8 mL aliquots of the supernatant were transferred
into a new microtube, and 0.2 mL of glycerol and 0.02 mL of
100 mM phenylmethanesulfonyl fluoride were added to the tube
and vortexed. The samples were stored at280°C until analysis.

IgA quantification. IgAwas quantified in the plasma samples and
prepared fecal samples by an enzyme-linked immunosorbent

Figure 1. (a) ImmunoglobulinAconcentration in the fecal samples andbloodof healthy subjects and subjectswith IBS-D. (b)Representative images andstatistical
graphs of immunoglobulinA1cells in the ileal andcecalmucosa of healthy participants andparticipantswith IBS-D. (c) Quantitative gene expression of IGHA in the
mucosal samples in the IBS-Dandhealthy control groups.Glyceraldehydephosphatedehydrogenase is usedas ahousekeeping gene. In the statistical graph, blue
colors represent the healthy controls and red colors represent patients with IBS-D, the same as below. IBS-D, diarrhea-predominant irritable bowel syndrome.
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assay (ELISA; Thermo Fisher Scientific,Waltham,MA). The total
amount of protein in the fecal samples was determined with
a Pierce bicinchoninic acid Protein Assay Kit (Thermo Fisher
Scientific), and the amount of IgA was expressed as the per-
centage of IgA among the total protein.

Immunofluorescence. Following the standard procedures, tissue
sections (4 mm) were incubated with antihuman IgA (Abcam,
Cambridge, UK) for IgA1 cell identification after incubation with
a secondary antibody (Goat Anti-Mouse IgGH&LAlexa Fluor 488
preabsorbed,Abcam). The number of positive cells per high-power
field (hpf, 4003) was calculated usingCellSens software (Olympus,
Tokyo, Japan) in at least 5 fields without overlap.

RNA quantitative analysis. Ileal and cecal messenger RNAs
(mRNAs) were isolated using the RNAprep Pure Tissue Kit
(Tiangen Biotech, Beijing, China) and bloodmRNA using the
Quick-RNA Whole Blood kit (Zymo Research). cDNA was
synthesized using the All-in-One First-Strand cDNA Syn-
thesis Kit (GeneCopoeia, Rockville, MD). Quantitative re-
verse transcriptase-polymerase chain reaction (qRT-PCR)
was performed to quantify the expression of AID, IGHA1
(heavy chain of the immunoglobulin A1), IGHA2 (heavy
chain of the immunoglobulin A2), TGF-b1, BAFF-R, BCMA,
and TACI on an Applied Biosystems StepOnePlus Real-Time
PCR System (Foster City, CA) using validated SYBR Green
Gene Expression Assays. Relative expression was assessed
using the 22DDCt method, and the expression of these genes
was normalized to the housekeeping gene, glyceraldehyde

phosphate dehydrogenase (Sangon Biotech, Shanghai,
China). Primers for AID, TGF-b1, BAFF-R, BCMA, and
TACI were purchased from GeneCopoeia. IGHA1 and
IGHA2 were amplified using previously reported primer sets
(24,25).

IgA-coated bacteria flow cytometry.Weused a validatedmethod
for detecting IgA-coated bacteria (12). Briefly, Mpbio Fastprep
Lysing Matrix D Tubes (MP Biomedicals, Santa Ana, CA) were
used to homogenize the feces, and anti-IgA-phycoerythrin (1:5;
clone IS11-8E10; Miltenyi Biotec, Bergisch Gladbach, Germany)
was used to stain the samples before flow cytometry (ACEA
NovoCyte, San Diego, CA). Anti-phycoerythrin MicroBeads
(Miltenyi Biotec) and a Quadro magnetic activated cell sorting
(MACS) Starting Kit (LS; Miltenyi Biotec) were used to sort fecal
bacteria. After MACS separation, the negative and positive por-
tions were assembled for 16S rRNA gene sequencing analysis.

Microbiota analysis.The fecal samples were shipped toMajorbio
(Shanghai, China) for Illumina MiSeq sequencing using an Illu-
mina MiSeq platform (San Diego, CA).

Statistical analysis

All the samples were masked to our statistician. Data are repre-
sented as themedian (range) ormean (SD). The normality of data
distribution was tested by the Kolmogorov–Smirnov test. An
unpaired Student t test (2 tailed) was used to analyze normally
distributed parametric data, whereas the Mann–Whitney U test
was used to compare data with non-Gaussian distributions.

Figure 2. (a) Quantitative gene expression of activation-induced cytidine deaminase in the mucosal samples in the IBS-D and healthy control groups.
(b–c) Quantitative gene expression of class switch recombination–regulating genes, including transforming growth factor b1, B cell–activating factor-
receptor, transmembrane activator, calcium modulator, and cyclophilin ligand interactor, and B-cell maturation antigen in the mucosal samples in the
IBS-D and healthy control groups. Glyceraldehyde phosphate dehydrogenase is used as a housekeeping gene. IBS-D, diarrhea-predominant irritable
bowel syndrome
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Figure 3. (a–d) The average relative abundance of fecal bacteria (.1%) in the IBS-D and healthy groups on the phylum, class, order, and family levels,
respectively. (e) TheWilcoxon rank sum tests bar plot on the genus level, which shows 17 distinct bacterial genera in patients with IBS-D comparedwith
those in healthy subjects. *P, 0.05, **P, 0.01, ***P, 0.001. IBS-D, diarrhea-predominant IBS.
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Results were considered statistically significant when P , 0.05.
Spearman rank correlation was adopted to analyze the relation-
ships between biological and clinical variables. Statistical analyses
were performed using SPSS version 24.0 software (SPSS, Chicago,
IL) and GraphPad Prism 5.0 software (GraphPad, La Jolla, CA).

Microbiota composition analysis.All the samples passedquality
control. Microbiota composition analysis was conducted using the
I-Sanger bioanalysis platform fromMajorbio (www.i-sanger.com).
To quantify the different bacteria in the IgA1 or IgA2 fraction, the
average IgA-coating index (ICI) was determined (12,13,26).

RESULTS

General characteristics

Thirty-two healthy controls and 44 patients with IBS-D were eval-
uated in this study.Nodifferenceswere found in age, gender, or body
mass index among participants (Table 1). Bowel movements and
stool scoreswerehigher in the IBS-Dgroup than in the control group
(Table 1). In addition, patients with IBS-D exhibited significantly
higher anxiety anddepression scores thanhealthy controls (Table 1).

Patients with IBS-D show higher IgA production in the

terminal ileum

Although there was no difference in plasma IgA levels between
the control and IBS-D groups, the fecal IgA level significantly
increased in the IBS-D group (Figure 1a). Because fecal IgA
was produced in both the small and large intestines, we next
investigated whether IgA1 cells were increased in the terminal

ileum or cecum by immunofluorescence. Interestingly, the
number of IgA1 cells in the terminal ileum tended to be higher
in patients with IBS-D (28.97 6 14.20 cells/hpf) compared
with that in healthy controls (20.93 6 10.27 cells/hpf, P 5
0.0641; Figure 1b), although no difference was detected in the
cecal mucosa between the 2 groups (Figure 1b), indicating
increased IgA production in the ileum but not in the cecum.
There are 2 IgA subtypes, IgA1 and IgA2. To determine which
IgA subtype was increased in IBS-D, we analyzed the tran-
scription of IGHA1 and IGHA2 by qRT-PCR and identified
significantly enhanced expression of IGHA1 in the terminal
ileal mucosa of patients with IBS-D, although no differences in
IGHA1 were detected in the blood or colonic mucosa between
the 2 groups (Figure 1c and see Figure 1A, Supplementary
Digital Content 1, http://links.lww.com/CTG/A217).

IgA class switch and BAFF-R are increased in the terminal ileum

of patients with IBS-D

Next, we assessed CSR by measuring AID expression by qRT-
PCR. As expected, in the distal ileal mucosa, AID expression was
significantly increased in IBS-D compared with that in healthy
subjects. However, no difference was detected in the cecal mucosa
and blood between groups (Figure 2a and see Figure 1A, Sup-
plementary Digital Content 1 http://links.lww.com/CTG/A217).
Because the BAFF–APRIL pathway is essential for the IgA class
switch via BAFF-R, TACI, and BCMA, we then quantified these 3
key receptors. BAFF-R expression was significantly upregulated

Figure 4. (a) Representative images of fecal immunoglobulin A1 bacteria in healthy participants and participants with IBS-D. (b) Proportion of fecal
immunoglobulin A1 bacteria in healthy participants and participants with IBS-D. FSC-H, forward scatter-height; H, healthy controls; IBS-D, diarrhea-
predominant irritable bowel syndrome; PE-H, phycoerythrin (mark IgA)-height.
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Figure5. (a) Representative results of fecal bacterial cell sorting fromparticipants. (b)Heatmapdescribing theaverage relative abundanceof fecal bacterial genera
from patients with IBS-D on a logarithmic scale. IgA1 and IgA2 fractions are compared by the linear discriminant analysis effect size. Genera with a significant
increase in the IgA1 fraction aremarkedwith asterisks. (c) TheWilcoxon rank sum test bar plot on the genus level between IgA1and IgA2 fractions of fecal bacteria
frompatients with IBS-D. (d) Intersection of highly IgA-coated bacteria (red) and 17 distinct bacteria (blue) in patients with IBS-D. *P, 0.05, **P, 0.01, ***P,
0.001. FSC-H, forward scatter-height; IBS-D, diarrhea-predominant irritable bowel syndrome; IgA, immunoglobulin A; PE-H, phycoerythrin (mark IgA)-height.
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in the distal ileal mucosa of patients with IBS-D (P5 0.0003).
TACI showed an increasing trend in IBS-D, although the in-
crease was not significant (P 5 0.0769) (Figure 2c). There
was no difference in the expression of BCMA or TGF-b1,
a potent inducer of IgA production, between the 2 groups
(Figure 2b,c). Importantly, there was no difference in AID,
BAFF-R, TACI, BCMA, or TGF-b between the 2 groups in the
cecal mucosa and blood samples (Figure 2 and Figure 1B,
Supplementary Digital Content 1, http://links.lww.com/
CTG/A217).

Intestinal microbiota composition is altered in patients

with IBS-D

It has been shown that the interactions between the intestinal
microbiota and antibody responses regulate intestinal in-
flammation (4,10,13,27,28). We next investigated whether
the intestinal microbiota are altered in IBS-D compared with
those in controls. To this end, the feces were obtained from 36
patients with IBS-D and 26 healthy volunteers to analyze
their microbial compositions. The bacterial compositions
were compared by the Wilcoxon rank sum tests, which
revealed that bacteria in patients with IBS-D were distinct
from those in healthy controls. As shown in Figure 3, at the
phylum level, patients exhibited a lower relative abundance of
Bacteroidetes andTenericutes (Figure 3a). They also had a lower
relative abundance of Bacteroidia and Mollicutes and a higher
relative abundance of Erysipelotrichia at the class level
(Figure 3b). At the order level, patients with IBS-D showed
a decreased proportion of Bacteroidales and Mollicutes_RF39
and an increased proportion of Erysipelotrichales and Micro-
coccales (Figure 3c). At the family level, patients with IBS-D
exhibited a lower relative abundance of Bacteroidaceae,

Rikenellaceae, Acidaminococcaceae, Christensenellaceae, nor-
ank_o_Mollicutes_RF39, and unclassified_o_Bacteroidales and
a higher relative abundance of Erysipelotrichaceae and Carnobacter-
iaceae (Figure 3d). Moreover, at the genus level, patients with IBS-D
showed an increase in Escherichia–Shigella, Ruminococcus gna-
vus_group, Dorea, norank_f__Lachnospiraceae, Haemophilus, and
Granulicatellaandadecrease in the relative abundanceofBacteroides,
Alistipes, Phascolarctobacterium, Eubacterium]_ventriosum_group,
Ruminococcaceae_UCG-002, Christensenellaceae_R-7_group, Sut-
terella, norank_o__Mollicutes_RF39, Lachnospiraceae_UCG-003,
Ruminiclostridium_9, and Family_XIII_UCG-001 compared with
that in healthy controls (Figure 3e).

Highly IgA-coated fecal microbiota are recognized in patients

with IBS-D

Because IgA-coated (IgA1) bacteria can induce IBD, we in-
vestigated whether the level and composition of IgA1 bacteria
were altered in patients with IBS-D. As shown in Figure 4, the
patients showed a significantly higher percentage of fecal IgA1

bacteria comparedwith healthy controls (IBS-D: 53.446 19.35 vs
controls: 31.09%6 17.31%, P 5 0.0024).

We first stained fecal bacteria with phycoerythrin-labeled
anti-IgA antibody and analyzed by flow cytometry. Some of
these bacteria were coated with IgA (12,29–31). We used
MACS to isolate IgA1 (highly coated) and IgA2 (noncoated)
bacteria. Flow cytometry was adopted to confirm the effi-
ciency of sorting (Figure 5A). IgA1 bacteria in patients with
IBS-D differed from IgA2 bacteria. In patients with IBS-D, we
observed higher relative abundances of Escherichia–Shigella,
Romboutsia, Streptococcus, Tyzzerella_4, Klebsiella, Intesti-
nibacter, Granulicatella, and Haemophilus in IgA1 bacteria
compared with those in IgA2 bacteria (Figures 5b,c). IgA1

Table 2. Correlation between clinical parameters and biological markers of IgA activity (IgA and IgA1 bacteria in feces, IGHA1, IGHA2, and

AID expression in the terminal ileal mucosa) in controls (H) and participants with IBS-D

Bowel movements Stool form Abdominal pain severity

Abdominal pain

frequency IBS-SSS

rs P value rs P value rs P value rs P value rs P value

IgA in feces H

(n5 25)

IBS-D

(n 5 35)

H

(n5 25)

IBS-D

(n 5 35)

H

(n 5 26)

IBS-D

(n5 35)

H

(n5 26)

IBS-D

(n5 35)

H

(n5 26)

IBS-D

(n 5 34)

0.2572 0.0473* 0.2838 0.0280* 0.1894 0.1439 0.3421 0.0070** 0.2763 0.0326*

IgA1 bacteria in feces H

(n5 13)

IBS-D

(n 5 15)

H

(n5 13)

IBS-D

(n 5 15)

H

(n 5 14)

IBS-D

(n5 15)

H

(n5 14)

IBS-D

(n5 15)

H

(n5 14)

IBS-D

(n 5 15)

0.4193 0.0264* 0.4871 0.0086** 0.5231 0.0036** 0.4848 0.0077** 0.4992 0.0058**

Terminal ileum gene

expression

H

(n5 20)

IBS-D

(n 5 29)

H

(n5 20)

IBS-D

(n 5 29)

H

(n 5 21)

IBS-D

(n5 29)

H

(n5 21)

IBS-D

(n5 29)

H

(n5 21)

IBS-D

(n 5 28)

IGHA1 0.5947 ,0.0001*** 0.4658 0.0007*** 0.3877 0.0054** 0.4806 0.0004*** 0.3950 0.0050**

IGHA2 0.1150 0.4314 0.1412 0.3332 0.1120 0.4388 0.1505 0.2968 0.1333 0.3611

AID 0.5720 ,0.0001*** 0.4304 0.0020** 0.3881 0.0053** 0.4923 0.0003*** 0.4350 0.0018**

Escherichia–Shigella H

(n5 13)

IBS-D

(n 5 14)

H

(n5 13)

IBS-D

(n 5 14)

H

(n 5 14)

IBS-D

(n5 14)

H

(n5 14)

IBS-D

(n5 14)

H

(n5 14)

IBS-D

(n 5 14)

Relative abundance 0.4686 0.0137* 0.4394 0.0218* 0.5307 0.0037** 0.4447 0.0177* 0.4873 0.0085**

AID, activation-induced cytidine deaminase; H, healthy controls; IBS, irritable bowel syndrome; IBS-D, diarrhea-predominant IBS; IBS-SSS, IBS symptom severity scale; Ig
A, immunoglobulin A; IGHA1, heavy chain of the immunoglobulin A1; IGHA2, heavy chain of the immunoglobulin A2.
*P, 0.05, **P, 0.01, ***P, 0.001.
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bacteria in patients with IBS-D showed a higher abundance of
Escherichia–Shigella compared with those in healthy controls
(IBS-D IgA1: 6.346% 6 12.01% vs H: 0.4814 6 0.6319%,
P5 0.003199) and IgA2 bacteria in patients with IBS-D (IBS-
D IgA1: 6.346%6 12.01% vs IBS-D IgA2: 1.831%6 4.854%,
P 5 0.007347).

It has been well established that dysbiosis is one of the im-
portant causes of IBS. In this study, we found 17 distinct bac-
teria in patients with IBS-D compared with those in healthy
controls (Figure 3e). We speculated that bacteria related to IBS-
D might exist in these 17 genera. The proportion of fecal IgA1

bacteria was significantly increased in patients with IBS-D. We
further analyzed the microbiome variation between IgA1 bac-
teria and IgA2 bacteria in patients with IBS-D and found that
there were 8 highly IgA-coated genera (Figure 5c). When we
overlapped the 2 ranges, combining the 2 factors of disease and
IgA encapsulation, 3 taxa emerged, i.e., Escherichia–Shigella,
Granulicatella, and Haemophilus (Figure 5d). These data in-
dicate that these 3 taxa are strongly associated with the patho-
genesis of IBS-D.

Clinical correlations

To gain insight into the mechanisms of intestinal dysfunction
regulated by ileal IgA and IgA-coated bacteria, we analyzed the
association between the clinical manifestations and biological
variables of these bacteria (Table 2 and see Table 2, Supple-
mentary Digital Content 1, http://links.lww.com/CTG/A219).
The number of bowel movements, stool consistency, intensity
and frequency of abdominal pain, and IBS-SSS were positively
correlated with IgA and IgA1 bacteria in the feces and with the
terminal ileummRNA expression of IGHA1 and AID, although
no association was found with IGHA2 expression (Table 2). No
biological variables were associated with the HADS anxiety
score or depression score (data not shown). Furthermore, the
relative abundance of Escherichia–Shigella was positively cor-
related with bowel movements, stool form, pain intensity and
frequency, and IBS-SSS (Table 2), and the Escherichia–Shigella
ICI score was positively associated with the HADS anxiety score
and HADS depression score (P 5 0.0446 and 0.0057, re-
spectively) (Figure 6).

DISCUSSION
In this study, we demonstrated increased ileal IgA pro-
duction and IgA-coated bacteria in IBS-D, indicating that
abnormalities in the intestinal microbiota promote resident
IgA class switching in the terminal ileal mucosa, leading to
abnormal elevation of IgA, which may be the cause and in-
volved in the pathogenesis of IBS-D. Although the mecha-
nism of intestinal IgA in regulating intestinal homeostasis
and IBD has been well established, how it regulates the
pathogenesis of IBS-D remains unclear. Patients with IBS-D
exhibited activated IgA class switching in the terminal ileum,
as evidenced by increased AID gene expression. In-
terestingly, these patients showed higher mRNA expression
of IGHA1, but not IGHA2, indicating that IgA1 is differen-
tially regulated in IBS-D. Selective IgA CSR is a process
regulated by multiple complex mechanisms, in which the
core step is the innate mucosa immune recognition of the gut
microbiota (6). Patients with IBS-D tended to show higher
BAFF-R and TACI expression in the terminal ileal mucosa.
APRIL and BAFF participate in regulating lymphocyte sur-
vival and activation (17,32). BAFF can interact with 3
receptors in the tumor necrosis factor receptor family, BAFF-
R, TACI, and BCMA, whereas APRIL binds to TACI and
BCMA (17,33). Of the 3 receptors, TACI is the major in-
ducing receptor of IgA CSR. Notably, in B cells, APRIL and
BAFF require the co-operation of microbial toll-like receptor
(TLR) ligands to effectively induce IgA class switching (6).
Activation of TLR-mediated signals participates in upregu-
lating TACI expression in B cells (20). MyD88, a conserved
activating adaptor of transcription factor nuclear factor kB,
binds the cytoplasmic domain of TACI (28). Thus, TACI can
trigger CSR through the AID by activating nuclear factor kB
through a TLR–MyD88 pathway (28). In accordance with
these results, our data indicated that increased IgA in the
feces was associated with upregulation of TACI in the ter-
minal ileum and that patients with IBS-D tend to express
higher levels of TACI. In addition, BAFF-R combines with
BAFF to deliver CSR-inducing signals and survival signals to
peripheral B cells (34,35). By contrast, activation of BCMA
merely transmits survival signals to B cells without initiating

Figure 6. Correlation between Escherichia–Shigella ICI and HADS score. ICI, immunoglobulin A-coating index score; HADS, Hospital Anxiety and
Depression score.
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CSR (6,36). In our study, BAFF-R was upregulated in IBS-D,
whereas BCMA showed no difference, indicating that the
BAFF–BAFF-R interaction is the cause of increased ileal IgA
production.

IgA-coated bacteria have been implicated in the regulation
of IBD. Interestingly, IgA-coated bacteria were also more
abundant in patients with IBS-D. We used the IgA-SEQ
method to investigate the immune response of the intestinal
microbiota. Accordingly, the pattern of IgA coating varied
among different individuals. Among these differences, we
found 3 genera in common: Escherichia–Shigella, Gran-
ulicatella, and Haemophilus. However, Escherichia–Shigella
not only showed the highest order of magnitude but also
changed significantly and thus showed the greatest potential to
be involved in IBS-D. It has been reported that Escherichia–
Shigella promotes an inflammatory status (37), and chronic
infection of adherent-invasive Escherichia may cause persis-
tent peripheral inflammation (38). In our study, patients with
IBS-D showed a higher relative abundance of Escherichia–
Shigella compared with healthy subjects, mainly because of
IgA-coated Escherichia–Shigella. Moreover, the Escherichia–
Shigella ICI score was positively corelated with participants’
anxiety and depression intensity. In a recent report,
Escherichia–Shigella was found to be associated with a pe-
ripheral inflammatory state in patients with Alzheimer disease
(39). Escherichia–Shigella has also been reported to be related
to autism spectrum disorders (40). These results support that
Escherichia–Shigella is associated with the central nervous
system disorders, which is consistent with our research. We
also observed a significant reduction in Bacteroides in patients
with IBS-D, which agrees with the results of previous studies
(41–44).

In conclusion, our study revealed that patients with IBS-D
exhibit higher IgA levels and increased proportions of IgA-coated
bacteria by activating IgA class switching, which are associated
with the clinical manifestations. Thus, IgA may mediate the
effects of microbial dysbiosis on the pathophysiology of IBS-D.
Given the importance of the mucosal antibody response to
microbiota and its increase in IBS-D, further studies of the un-
derlying mechanisms are needed.
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