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A B S T R A C T

Background. Immunoglobulin A nephropathy (IgAN) is the
most common primary glomerulonephritis worldwide. IgA is
mainly produced by the gut-associated lymphoid tissue
(GALT). Both experimental and clinical data suggest a role of
the gut microbiota in this disease. We aimed to determine if an
intervention targeting the gut microbiota could impact the de-
velopment of disease in a humanized mouse model of IgAN,
the a1KI-CD89Tg mice.
Methods. Four- and 12-week old mice were divided into two
groups to receive either antibiotics or vehicle control. Faecal
bacterial load and proteinuria were quantified both at the begin-
ning and at the end of the experiment, when blood, kidneys and
intestinal tissue were collected. Serum mouse immunoglobulin
G (mIgG) and human immunoglobulin A1 (hIgA1)-containing
complexes were quantified. Renal and intestinal tissue were ana-
lysed by optical microscopy after haematoxylin and eosin col-
ouration and immunohistochemistry with anti-hIgA and anti-
mouse CD11b antibodies.
Results. Antibiotic treatment efficiently depleted the faecal
microbiota, impaired GALT architecture and impacted
mouse IgA production. However, while hIgA1 and mIgG
serum levels were unchanged, the antibiotic treatment mark-
edly prevented hIgA1 mesangial deposition, glomerular in-
flammation and the development of proteinuria. This was
associated with a significant decrease in circulating hIgA1–
mIgG complexes. Notably, final faecal bacterial load strongly
correlated with critical clinical and pathophysiological fea-
tures of IgAN such as proteinuria and hIgA1–mIgG

complexes. In addition, treatment with broad-spectrum anti-
biotics reverted established disease.
Conclusions. These data support an essential role of the gut
microbiota in the generation of mucosa-derived nephrotoxic
IgA1 and in IgAN development, opening new avenues for ther-
apeutic approaches in this disease.

Keywords: antibiotics, GALT, gut microbiome, IgA, IgA
nephropathy

I N T R O D U C T I O N

Immunoglobulin A nephropathy (IgAN) is the most common
primary glomerulonephritis worldwide [1]. Most patients diag-
nosed with this condition are in their third or fourth decade of
life [2]. It is estimated that at least 10% of patients with IgAN
will require renal replacement therapy within 10 years of diag-
nosis [3]. IgAN pathophysiology mainly involves abnormally
glycosylated IgA1 (galactose-deficient IgA1, Gd-IgA1) [4],
which then becomes a target of anti-Tn antigen IgG [5]. IgA1
complexes bind to an IgA Fc receptor (CD89) expressed by
monocytes and neutrophils, inducing shedding of this receptor
(sCD89) and its integration into the complexes that are elevated
in serum of patients with IgAN [6]. Increased serum IgA1-IgG
complexes and decreased serum IgA-sCD89 complexes have
been shown to be associated with disease progression or recur-
rence after transplantation [7–9]. IgA1 complexes deposit in
the mesangium, where they activate mesangial cells through
IgA receptors. Three mesangial IgA receptors have so far been
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described: the transferrin receptor, integrin alpha1/beta1 and
alpha2/beta1, and 1, 4-galactosyltransferase 1 [10–12]. Among
them, the mesangial transferrin receptor (CD71) is strongly
upregulated in IgA nephropathy [13], being associated with
transglutaminase 2 (TG2) [14]. IgA1 complexes induce CD71
activation leading to kinase phosphorylation and cytokine se-
cretion [15], which may serve as potential factors for other
lesions through cross-talk with podocytes [15, 16] and tubular
cells [17]. However, the origin of Gd-IgA1 and its mechanisms
of production are still incompletely understood, leaving a lack
of specific therapeutic targets for IgAN.

In humans, IgA is mainly produced by the mucosa-associ-
ated lymphoid tissue (MALT) from where it is secreted into the
lumen and participates in the barrier function of the mucosa.
Gut-associated lymphoid tissue (GALT) is the most extensive
MALT, and therefore the primary source of both subclasses of
IgA. A relationship between the digestive tract and IgAN is
strongly suggested by its association with inflammatory bowel
diseases (which share common genetic risk loci with IgAN)
[18] and coeliac disease [19]. The latter shares common patho-
physiological mechanisms with IgAN notably by overexpress-
ing CD71 at the apical side of enterocytes associated with TG2
[20, 21]. On the other hand, depletion of gluten in the diet pre-
vents IgAN development in mice humanized for IgA1 and
CD89 [22]. This link between the intestine and IgAN has re-
cently been consolidated by three different studies: (i) a ge-
nome-wide association study has associated IgAN with
polymorphisms of genes involved in gut mucosal immunity
[23], (ii) faecal microbiota dysbiosis has been reported in IgAN
[24] and (iii) treatment with corticosteroids targeting the gut
mucosa protects renal function in patients with IgAN [25].

It is known that not just the intestinal immune system, but
also systemic immunity, is largely influenced by antigenic stim-
ulation from the commensal microflora and, more specifically,
the intestinal microbiota [26]. Mice overexpressing the B-cell
activation factor of the tumour necrosis factor family (BAFF)
exhibit an elevation in serum IgA in association with a renal dis-
ease that has features similar to IgAN [27]. Under germ-free
conditions, these transgenic mice have decreased serum IgA as
well as an abolition of glomerular IgA deposits. Similarly, glo-
merular human IgA1 (hIgA1) deposits are reduced under
germ-free conditions, along with a significant reduction in se-
rum IgA1, in mice expressing the human a1 heavy chain in-
stead of the murine m chain [28]. In both of these models, mice
were deprived of stimulation by commensal flora from birth,
which prevents normal maturation of the immune system [29].

In the present study, we examined whether microbiota
modulation would modify spontaneous IgAN development
in a recently described animal model of IgAN induced
by transgenic expression of hIgA1 and its specific receptor,
human CD89 (a1KI-CD89Tg mice) [14]. Microbiota modu-
lation was performed by oral antibiotic administration in
mice with a developed immune system (4 weeks old) and
compared with vehicle control (VC). The results indicate a
crucial role of the microbiota and mucosa-derived IgA in
the development of IgA nephropathy in this murine
model.

M A T E R I A L S A N D M E T H O D S

In vivo experiments

Mice were raised and maintained in a specific pathogen-free
mouse facility at the Centre for Research on Inflammation,
Paris, France. All experiments were performed in accordance
with National Ethics Guidelines and with approval of the Local
Ethics Committee (Comité d’Éthique Expérimentation
Animale Bichat-Debré). For preventive treatment, mice
remained with their mother for suckling until 4 weeks old.
Then, littermates were randomly assigned to receive 40mL/g
body weight of either a broad-spectrum antibiotic mix [metro-
nidazole (5 mg/mL), neomycin (5 mg/mL), vancomycin (2.5
mg/mL) and amoxicillin (5 mg/mL)] or VC (Na2HPO4-12H2O
1.5 g/L and NaCl 7.4 g/L), twice a week for 8 weeks by oral ga-
vage. For treatment of established disease, 12-week-old male
mice were given either broad-spectrum antibiotics (vancomycin
0.5 g/L, metronidazole 1g/L, amoxicillin 1g/L and neomycin 1g/
L with 5% sucrose) or VC (Na2HPO4-12H2O 300 mg/L; NaCl
1.48 g/L, 5% sucrose, pH adjusted to 6.5 with citric acid) in their
drinking water for 6 weeks. Urine and faeces were collected be-
fore starting, and at the end of the treatment protocol. Blood
was collected by cardiac puncture and mice were sacrificed by
cervical dislocation. Kidneys and small intestine containing
Peyer’s patches (PP) were collected. Organs were conserved in
either OCT (CML, Nemours, France) or formalin 10% (Sigma-
Aldrich, Saint-Quentin Fallavier, France).

To test the effect of broad-spectrum antibiotics on adaptive
immunity, 4-week-old a1KI-CD89Tg mice were given broad-
spectrum antibiotics or VC in their drinking water for 5 weeks
and were then immunized with 0.5 mg of rabbit IgG in 500 lL
of Complete Freund’s Adjuvant (Sigma F5881) or phosphate-
buffered saline alone. Antibiotics or VC were continued for a
further 10 days before serum was collected from the retro-
orbital sinus.

Faecal bacterial load quantification and composition
assessment

Mouse stool samples were collected in a sterile tube, ali-
quoted (150 mg), and DNA was extracted using both mechani-
cal and chemical lysis as described [30]. DNA was extracted
according to International Human Microbiome Standards
SOP07 (http://www.microbiome-standards.org/fileadmin/
SOPs/IHMS_SOP_07_V2.pdf). Quantitative PCR targeting the
Bacteria domain (Eubacteria Eub338 probe) was performed to
analyse bacterial loads. The microbiota composition and diver-
sity was determined by MiSeq sequencing (Illumina) of the V3-
V4 region of the 16S rRNA genes.

Histological procedures

Paraffin-embedded, 4mm sections of intestine and kidney
were stained with haematoxylin-eosin for morphological analy-
sis. For immunohistochemistry, 4mm sections of cryostat fro-
zen intestine or kidney were fixed in acetone, incubated for 1 h
in 5% bovine serum albumin (Euromedex, Souffelweyersheim,
France), followed by 1 h 30 min at room temperature with
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biotinylated mouse anti-hIgA (Catalogue number 555884) for
gut and kidney or anti-mouse CD11b (Catalogue number
553309) for kidney only (both from BD Biosciences, Le Pont de
Claix, France). Detection was performed with vectastain elite
ABCkit (Vector, Burlingame, CA, USA). Immunofluorescence
staining was performed on frozen sections with goat anti-hIgA-
FITC (1/100, Southern Biotech). Slides were mounted with
Immuno-mount (Thermo Fisher Scientific) and read with an
upright microscope, DM2000 (Leica, Wetzlar, Germany) at
�400 magnification using IM50 software (Leica) or an immu-
nofluorescent microscope (Zeiss LSM 780). Quantification of
hIgA1-positive intestinal gut was performed by counting the
number of hIgA1-positive cells in the intestinal mucosa for
each section at �400 magnification and dividing by the total
number of individual fields required to cover the entire section.
Quantification of glomerular cellularity and CD11b-positive
cells was performed by counting the number of nuclei/CD11b-
positive cells in 20 randomly chosen glomeruli for each mouse.
Glomerular area positive for hIgA1 was reported as the area
positive for hIgA1 as a percentage of the total area of the glo-
merulus as measured using ImageJ as previously described [22],
or the fluorescence intensity as measured with Imaris 7.2 soft-
ware (Bitplane).

Enzyme-linked immunosorbent assay

Serum levels of hIgA and mIgG were assessed with the corre-
sponding Bethyl quantification (E88-102 and E90-131, respec-
tively) set according to the manufacturer’s instructions.
Regarding hIgA1 complexes, serum complexes were isolated
using polyethylene glycol precipitation. Measurement of
hIgA1–mIgG and hIgA1–sCD89 complexes were determined
with a sandwich enzyme-linked immunosorbent assay (ELISA)
[31]. Anti-hIgA (Bethyl Laboratories, 10 lg/mL) or A3 mAb
anti-human CD89 (10 lg/mL) was used for coating.
Precipitated sera (1:5 diluted) were then added and revealed
with anti-mIgG (1:5000 dilution) or anti-hIgA (1:2000 dilution)
coupled with alkaline phosphatase (Southern Biotech,
Birmingham, AL, USA). The optic density (OD) at 405 nm was
measured after the addition of alkaline phosphatase substrate
(Sigma-Aldrich). The complex levels were expressed as OD.

Generation of mouse anti-rabbit IgG antibodies was measured
in serum using a sandwich ELISA method. A plate was coated
with rabbit IgG (5 mcg/mL) or goat IgG (isotype control; 5 mcg/
mL) in parallel duplicate columns. After incubation with diluted
mouse serum, wells were washed, then incubated with anti-
mouse IgG-horseradish peroxidase (HRP) (Bethyl) and revealed
with TMB substrate. OD values obtained from wells coated with
goat IgG were subtracted as background for each mouse.

Statistical analysis

Statistical analyses were performed using RStudio integrated
development environment for R (RStudio, Inc., Boston, MA,
USA). Comparisons between numerical variables were per-
formed using Wilcoxon’s sum-rank test. Categorical variables
were compared using Fisher’s exact test. Correlations were
analysed with Spearman’s test. Effect of treatment on mice
weight gain was analysed with a likelihood ratio test. Effect of

treatment on faecal bacterial load reduction and proteinuria
was analysed using a mixed-effect model with random-effect at-
tributed to mice and fixed-effect to treatment group and time.

R E S U L T S

Antibiotic treatment depletes gut microbiota without
liver and renal toxicity

In order to deplete the microbiota, we subjected 4-week-old
a1KI-CD89Tg mice to either VC (n¼ 15) or broad-spectrum
antibiotics (ATB) (n¼ 16) by oral gavage for 8 weeks
(Figure 1A). Five mice died during the experiment (two in the
ATB group and three in the VC group, P> 0.1, data not
shown). ATB treatment resulted in an effective depletion
(P< 0.001) of the mouse gut microbiota as compared with VC
(Figure 1B). There was one mouse in the ATB group in which
depletion of faecal bacterial load was not achieved, so it was ex-
cluded from analyses despite decreased proteinuria at the end
of the protocol and a similar microbiota composition to other
mice treated with ATB (Supplementary data, Figure S1).
Compared with the samples collected at 4 weeks old, before ini-
tiation of the protocol, faecal bacterial load was reduced to
613.0 6 236.7-fold at the end of the experiment in the ATB
group as compared with 1.5 6 1.1-fold in the VC group.
Antibiotic treatment resulted in significantly less weight gain
(P< 0.001) with a final weight (mean 6 SD) of 23.2 6 2.6 g in
the ATB group and 26.5 6 3.5 g in the VC group (Figure 1C).
No evidence of liver or renal toxicity was detected: there were
no significant difference between groups in bilirubin, alkaline
phosphatase, aspartate aminotransferase (AST) or serum creati-
nine (Figure 1D–G, P> 0.1). Furthermore, serum creatinine
levels of these a1KI-CD89Tg mice were similar to those of wild
type mice of the same age (Supplementary data, Figure S2).

Microbiota depletion abolishes the IgA nephropathy
phenotype

Twelve-week-old a1KI-CD89Tg mice spontaneously develop
mesangial hIgA1 deposition, along with proteinuria, mimicking
IgA nephropathy as described previously [14]. Anti-hIgA
immunostaining of mouse kidney revealed that hIgA1
deposition was significantly reduced (P¼ 0.008) in ATB mice
compared with VC mice (Figure 2A and C). At twelve-weeks
old, mice in the VC group developed proteinuria [initial and fi-
nal urinary protein-to-creatinine ratio (UPCR) 0.7 6 0.2 and
3.7 6 0.4 g/mmol, respectively], in keeping with our previous
report of this model [14]. Conversely, antibiotic-treated mice
were protected from renal disease (initial and final UPCR
0.8 6 0.2 and 0.8 6 0.1 g/mmol). Antibiotics significantly af-
fected the development of proteinuria over time (P< 0.001,
Figure 2B). These results were confirmed in an additional ex-
periment using a different protocol where the mice’s drinking
water was supplemented with broad-spectrum antibiotics for
12 weeks (Supplementary data, Figure S3). Additionally, antibi-
otics prevented the development of glomerular inflammation as
illustrated by fewer glomeruli with infiltrating CD11b-positive
cells (P¼ 0.008, Figure 2D and E) despite a similar number of
cells in the glomeruli of both groups (P¼ 0.157, Figure 2E). It is
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noteworthy that antibiotic treatment reduced the formation of
hIgA1–mIgG complexes (P¼ 0.002, Figure 3A), one of the ma-
jor hallmarks of the disease, independently of hIgA1 (q ¼
�0.232, P¼ 0.352, Supplementary data, Figure S4A) or mIgG
serum levels (q ¼ 0.007, P¼ 0.980, Supplementary data, Figure
S4B). Conversely, serum levels of hIgA–sCD89 complexes were
similar in the ATB and the VC group (P¼ 0.564, Figure 3B).

We next addressed whether long-term broad-spectrum anti-
biotic treatment could reverse overt IgA nephropathy in our
humanized mouse model. Twelve-week-old a1KI-CD89Tg mice
with established disease were given drinking water supple-
mented with broad-spectrum antibiotics (n¼ 4) or VC (n¼ 4)
for 6 weeks. Although all mice exhibited significant proteinuria
at the beginning of the experiment, mice treated with antibiotics
displayed a marked reduction of proteinuria as opposed to mice
who received VC only (Figure 4A, P< 0.001) consistent with a
decrease in faecal bacterial load after antibiotic treatment
(Figure 4B, P¼ 0.029). Moreover, hIgA1 glomerular deposits
and glomerular infiltration with CD11bþ cells were signifi-
cantly reduced in mice treated with antibiotics as compared
with vehicle (P¼ 0.01 and 0.03, respectively) as illustrated in
Figure 4C and D.

Microbiota depletion alters GALT structure, but not
serum hIgA1 production

As germ-free mice display impaired adaptive immune func-
tion, including decreased circulating immunoglobulin levels,
we evaluated the effect of a microbiota-depleting antibiotic
protocol on circulating hIgA1 levels and GALT. For this pur-
pose, we first collected all thickened portions of the small intes-
tine suspected to contain PP. Light microscopy visualization of
small intestine revealed the presence of lymphoid structures in
eight (67%) VC mice and three (23%) ATB mice (P¼ 0.047,

Figure 5A). In addition, lymphoid structures identified in ATB
mice had altered architecture (Figure 5B). Immunostaining of
intestinal tissue with anti-hIgA did not reveal any differences in
the number of hIgA1+ cells (P¼ 0.784, Figure 5C) or in the
staining pattern (Figure 5D), suggesting that homing of hIgA1
producing plasma cells into the submucosa was not impaired in
our model. Moreover, antibiotic treatment did not alter the
adaptive immune response, as demonstrated by an antigen
challenge experiment (Supplementary data, Figure S5). In
agreement with these results, mice given either ATB or VC
displayed similar serum levels of hIgA1 (401 6 37 and
359 6 54 mg/L, respectively, P¼ 0.316). Circulating murine
IgG levels were also similar in both groups (ATB: 130 6 17 and
VC: 122 6 14 mg/L, P¼ 0.979).

Gut microbiota is associated with clinical and
pathophysiological features of IgA nephropathy

To demonstrate a relationship between microbiota depletion
and the prevention of IgAN, rather than a direct effect of antibi-
otics on glomerular injury, we analysed the relationship be-
tween faecal bacterial load and serum immunoglobulin levels,
circulating IgA-immune complexes and proteinuria. Final fae-
cal bacterial load did not correlate with hIgA1 (q ¼ �0.123,
P¼ 0.556, Supplementary data, Figure S6A) or mIgG serum
levels (q ¼ �0.054, P¼ 0.798, Supplementary data, Figure
S6B). In contrast, final faecal bacterial load did correlate with
UPCR (q ¼ 0.644, P¼ 0.001, Figure 6A) and hIgA1–mIgG
complexes (q ¼ 0.581, P¼ 0.016, Figure 6B), but not with
hIgA1–sCD89 complexes (q ¼ 0.262, P¼ 0.308, Figure 6C).
hIgA1–mIgG complexes also correlated significantly with
UPCR (q¼ 0.571, P¼ 0.023, Figure 6D).

FIGURE 1: The attenuated antibiotic protocol efficiently depletes the faecal microbiota without toxicity. (A) Four-week-old mice were given
40mL/g of either an antibiotic mix (metronidazole 5 mg/mL, neomycin 5 mg/mL, vancomycin 2.5 mg/mL and amoxicillin 5 mg/mL) or a vehicle
(Na2HPO4-12H2O 1.5 g/L and NaCl 7.4 g/L) by oral gavage twice a week for 8 weeks before sacrifice. (B) Faeces were collected at the beginning
and the end of the experiment and the faecal bacterial load was quantified by qPCR targeting the Bacteria domain (Eubacteria Eub338 probe)
(bacteria/g faeces). Effect of the treatment on faecal microbiota depletion was analysed with a linear mixed model. (C) Mice were weighed before
each gavage twice a week through the experimental protocol. Effect of the treatment on weight gain was done with a likelihood ratio test. (D–G)
Serum creatinine (mmol/L), serum bilirubin (mmol/L), alkaline phosphatase (IU/L) and aspartate aminotransferase (ASAT, IU/L) at the end of
the experiment for mice that received antibiotics or vehicle and compared using Wilcoxon’s test. CFU, colony-forming units.
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FIGURE 2: Antibiotic treatment prevents IgAN in a1KI-CD89Tg mice. (A) Quantification of immunostaining for hIgA1 in frozen kidney sec-
tions of mice that received antibiotics or vehicle (percentage of positive glomerular area) as measured by ImageJ. (B) Representative sections of
kidney sections after immunostaining for hIgA1 in mice receiving antibiotics or vehicle (original magnification �50, insert �200). (C) UPCR
at the beginning and the end of the experiment (g/mmol) in mice that received antibiotics or vehicle. Effect of the treatment on the develop-
ment of proteinuria was analysed with a linear mixed model. (D) Quantification of immunostaining for murine CD11b in frozen kidney sec-
tions from mice that received antibiotic mix or vehicle (percentage of glomeruli with CD11b positive cells) as measured by ImageJ (left panel).
Representative sections of kidney sections after immunostaining for murine CD11b from mice that received antibiotics or vehicle are shown
(right panels, original magnification �400). (E) Nuclei were counted in 20 randomly chosen glomeruli for each mouse that received either anti-
biotics or vehicle (nuclei/glomerulus) and compared using Wilcoxon’s test (left panels). Representative glomeruli of mice that received antibi-
otics or vehicle are shown (right panels, original magnification �400).
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D I S C U S S I O N

Here, we present data that demonstrate an important role of
the gut microbiota in disease development in the a1KI-
CD89Tg mouse model of IgAN, which is consistent with the
findings of recent clinical studies. The advantage of our model
over previously described axenic models is that we were able
to study the effect of microbiota modulation in mice with a
mature immune system. Our results implicate the intestinal
microbiota in the formation of IgA1–IgG immune complexes,
a crucial determinant of IgAN pathogenesis. Given the cur-
rent lack of specific therapies for IgAN, these results open up
promising new avenues of investigation for treatments that
target the microbiota and provide a new, easily workable,
model that can be used to experiment further with the role of
the microbiota in IgAN.

IgAN pathogenesis, as the name implies, is dependent on the
formation of aberrant IgA1 and IgA1 immune complexes [32].
Our data suggest that these pathogenic forms of IgA1 are being
generated at the mucosa where MALT, the principal producer
of IgA, is found, and where IgA plays its principal immunologi-
cal role. Early development of the immune system, and more
particularly of MALT, is largely dependent on antigenic stimu-
lation by antigens from commensal bacteria and reciprocally,
the composition of the commensal microbiota depends on
MALT function [26, 29]. This results in dynamic cross-talk and
equilibrium is achieved when there is a healthy symbiosis be-
tween microbiota and host. However, a problem with either the
immune or the microbiological component of this system may
occur, leading to a disease-associated dysbiosis [33], as has been
reported in IgAN [24]. However, the ‘chicken or egg’ question
remains, as to whether the altered microbiota is a cause or effect
of the disease. Our results, showing prevention of IgAN by de-
pletion of the microbiota from 4 weeks to 12 weeks old, and re-
versal of established disease by depletion of the microbiota
from 12 weeks to 18 weeks, supports a causal role of an intesti-
nal microbial dysbiosis in IgAN. Indeed, microbiota depletion
in these mice completely abrogated hIgA1 deposition and pre-
vented the development of proteinuria, as compared with mice
that were given VC. If alterations in the microbiota, as reported
from clinical studies, were an effect of the disease rather than a
cause of the disease, we would not anticipate these dramatic

effects on glomerular IgA1 deposition when the microbiota is
depleted by antibiotic therapy.

Two previous studies have analysed the relationship between
bacterial environment and disease development in IgAN mouse
models. In both instances, breeding the mice under germ-free
conditions prevented the disease. However, this axenic ap-
proach was also associated with an impairment of immune sys-
tem maturation and, notably, an important decrease in
circulating levels of immunoglobulins that are found deposited
in the glomeruli of the respective models (mIgA in the BAFF
model [27] and hIgA1 the a1KI model [28]). By contrast, here,
mice given antibiotics after weaning displayed hIgA1 serum lev-
els similar to their vehicle-treated littermates, and there was no
difference between groups in circulating IgG levels, suggesting
that systemic immune system maturation was not impaired by
microbiota depletion. Moreover, although microbiota depletion
altered GALT architecture, it did not affect hIgA1–producing
cells or response to systemic immunisation.

Our treatment protocols involved antibiotic administration
either twice per-week by gavage or continuously in drinking
water, with high doses of broad-spectrum antibiotics. The anti-
biotic mix contained compounds that are absorbed (amoxicillin
and metronidazole) and not absorbed (vancomycin and neo-
mycin) from the gut. The systemically absorbed antibiotics
would have also affected the extra-digestive commensal micro-
biota (e.g. lung). The composition of salivary microbiota from
European patients with IgAN was shown to differ from that of
healthy controls [34], although no significant difference was
found between the tonsillar microbiota of Asian adult patients
with IgAN and those with recurrent tonsillitis [35]. Due to the
invasive nature of sample collection for the Asian tonsillar
study, a healthy adult control group was not possible, making
the results ambiguous, as the possibility of a tonsillar dysbiosis
common to patients with IgAN and recurrent tonsillitis is not
excluded. Interestingly, in our study, faecal bacterial load corre-
lated with proteinuria, supporting the role of bacterial stimula-
tion of mucosal immunity in IgAN pathogenesis, and
consistent with the clinical observation of IgAN exacerbated by
ear and throat infections. Moreover, final faecal bacterial load
correlated with hIgA1–mIgG complex serum levels, but not
with hIgA1 or mIgG levels. This demonstrates that: (i) the

FIGURE 3: Antibiotic treatment decreases the formation of hIgA1–mIgG but not hIgA1–sCD89 complexes. (A) Levels of hIgA1–mIgG com-
plexes in mice that received antibiotics or vehicle. (B) IgA1–sCD89 complexes measured by ELISA in mice that received antibiotics or vehicle
and compared with Wilcoxon’s test. Anti-hIgA or A3 monoclonal-antibody anti-human CD89 was used for coating. Polyethylene glycol pre-
cipitated sera were then added; detection with anti-hIgG or anti-hIgA-HRP. Serum hIgA1 and mIgG levels were measured by ELISA.
Statistical analyses performed using Wilcoxon’s test.
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disease phenotype of a1KI-CD89Tg mice depends on the forma-
tion of IgA1–IgG complexes, a key pathophysiological feature
of human IgAN and (ii) the formation of these complexes is
promoted by the presence of intestinal bacteria, independently
of the circulating levels of either of their components.

Given that circulating levels of hIgA1 and the number of
hIgA1-positive B cells in the lamina propria did not differ be-
tween groups, the protective effect of microbiota depletion

may be mediated through a reduction in the production of
anti-Tn antigen-specific IgG, an effect on IgA glycosylation
or by reducing an effect of bacterial antigens on immune
complex formation. Deposition of streptococcal M protein in
the glomeruli of patients with IgAN has been described [36];
together with our results, this suggests that bacterial antigens
might promote the formation of these nephrotoxic immune
complexes.

FIGURE 4: Broad-spectrum antibiotic treatment reverses overt IgA nephropathy in a1KI-CD89Tg model. Twelve-week-old mice had their
drinking water supplemented with either VC or an antibiotic (ATB) mix (Vancomycin 0.5 g/L, Neomycin 1 g/L, Amoxicillin 1 g/L,
Metronidazole 1 g/L with 50 g of sucrose per litre (5%)) for 6 weeks before sacrifice. (A) Faeces were collected at the beginning and the end of
the experiment and the faecal bacterial load was quantified by qPCR targeting the Bacteria domain (Eubacteria Eub338 probe) (bacteria/g fae-
ces). Effect of the treatment on faecal microbiota depletion was analysed with a paired Wilcoxon’s test. (B) UPCR at the beginning and the end
of the experiment (g/mmol) in mice that received antibiotics or vehicle alone. Effect of the treatment on the development of proteinuria was
analysed with a linear mixed model. (C and D) Representative sections of kidneys after immunostaining with (C) anti-hIgA-FITC antibody
and phalloidin–Alexaflour 568 to delineate glomerular structures (green anti-hIgA1, red phalloidin) and (D) anti-murine CD11b in mice that
received antibiotics or vehicle (original magnification �630). CFU, colony-forming units.
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The total faecal bacterial load did not decrease in one of the
mice treated with antibiotics; however, this mouse benefited
from a reduction in proteinuria nevertheless and was found to
have a microbiota composition similar to other antibiotic
treated mice. This suggests that changes in microbiota composi-
tion are more important than absolute bacterial load in the

prevention of IgAN in our model. One may hypothesize that
binding of bacterial antigens by polymeric IgA in the gut lumen
and subsequent retrotranscytosis of these immune complexes,
as described for coeliac disease [20, 21], could play a role in dis-
ease pathogenesis. These complexes, after passing to the baso-
lateral side of the mucosal epithelium, could be recognized and

FIGURE 5: Antibiotic treatment induces GALT alterations but does not modify the number of IgA-producing cells. Thicker portions of the in-
testine were collected as potentially harbouring PP, fixed in formalin 4% and included in paraffin. Sections were cut until a lymphoid follicle
was identified or the paraffin-embedded sample was exhausted. (A) Number of mice in each group in which lymphoid follicles were identified
(black columns indicate no identified lymphoid follicle and white columns presence of identified lymphoid follicle). (B) Representative photo-
micrography of lymphoid follicles identified in mice given antibiotics (left panel) or vehicle (right panel) (Original magnification �200). (C)
Quantification of immunostaining for hIgA1 in frozen small bowel sections of mice given antibiotics or vehicle (number of positive cells per
field). (D) Representative sections of small bowel sections after immunostaining for hIgA1 of mice given antibiotics or vehicle (original magni-
fication �100, inset �200).

FIGURE 6: Final faecal bacterial load correlates with clinical and pathophysiological features of IgAN. Correlation of feacal bacterial load as
determined by qPCR targeting the Bacteria domain (Eubacteria Eub338 probe) (bacteria-colony-forming units/g faeces) and (A) UPCR (g/
mmol), (B) hIgA1–mIgG complexes (AU), (C) hIgA1–sCD89 complexes (AU) and (D) correlation of hIgA1–mIgG complexes (AU) with
UPCR (g/mmol) analysed with Spearman’s rank correlation test.
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bound by IgG. A decreased alpha-diversity induced by antibiot-
ics would limit the amount of antigens available to be
recognized by IgG and reduce the formation of IgA–IgG
complexes.

In conclusion, the data presented here strongly support a
causative role of commensal bacteria in the pathophysiology of
IgAN and suggest that the microbiota is a candidate therapeutic
target. It would not be feasible to give the broad-spectrum anti-
biotic mix employed in this experiment to patients in the long-
term; however, other interventions targeting the microbiota,
and more specifically the gut commensal flora, are available. It
is possible to modulate the microbiota through dietary inter-
ventions, such as: a gluten-free diet [37], which we have shown
to prevent IgAN in a1KI-CD89Tg mice [22]; through adminis-
tration of probiotics or prebiotics; or, more comprehensively,
by faecal transplantation, which has been shown to be efficient
in treating Clostridium difficile-associated disease [38]. The ap-
proach described here, using mice with a mature immune sys-
tem, should facilitate further proof-of-concept studies into the
effects of microbiota modulation on IgAN phenotype, and ulti-
mately give insight into ways to restore symbiosis in dysbiotic
patients with IgAN.
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