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ABSTRACT

Background. Immunoglobulin A nephropathy (IgAN) is the
most common glomerulonephritis worldwide, characterized by
mesangial polymeric IgA1 deposition. IgAN is believed to

develop owing to aberrant mucosal immunoreaction against
commensals in the tonsils. However, the exact interrelation be-
tween pathogenic IgA and mucosal microbiota in IgAN patients
is unclear.
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KEY LEARNING POINTS

What is already known about this subject?

* The interplay between mucosal immunity and micro-
biota in patients with IgA nephropathy is considered
to underlie disease pathogenesis.

* Tonsillectomy has beneficial effects on clinical out-
comes of patients with IgA nephropathy.

* We conducted this study to elucidate the mechanisms
underlying the mucosal immune response to micro-
biota at the tonsillar crypts and its role in the devel-
opment of IgA nephropathy

What this study adds?

* Both a proliferation-inducing ligand and B-cell acti-
vating factor expression in tonsillar crypts were ele-
vated in patients with IgA nephropathy, correlating
with the expression of immunoglobulin heavy vari-
able 3-30 (IGHV3-30) and IGHV3-38 repertoire, re-
spectively, in IgA1 at the tonsillar crypts.

Bacteria from the phylum Bacteroidetes were highly
coated with IgA at the tonsillar crypts of IgA ne-
phropathy patients, correlating with the tonsillar ex-
pression of IGHV3-30 in IgAl.

Serum polymeric IgA, comprising high levels of ga-
lactose-deficient IgA1l, exhibited considerable binding
to Bacteroidetes strains cultured from the tonsils of
IgA nephropathy patients.

What impact this may have on practice or policy?

* This study strengthens the role of the mucosal im-
mune response to microbiota in the pathogenesis of
IgA nephropathy.

* Aberrant mucosal immunoreactions against the host
tonsillar microbiota are potentially novel therapeutic
targets for the management of IgA nephropathy.

Methods. Biopsy-proven IgAN or recurrent tonsillitis (RT)
patients who had undergone tonsillectomy were enrolled.
We used 16S ribosomal RNA gene amplicon sequencing
with a flow cytometry-based bacterial cell sorting technique)
and immunoglobulin repertoire sequencing of the IgA heavy
chain to characterize IgA-coated bacteria of the tonsillar
microbiota (IgA-SEQ) and their corresponding IgA reper-
toire. Furthermore, we fractionated patient serum using gel-
filtration chromatography and performed flow cytometry-
based analysis of IgA binding to bacteria cultured from in-
cised tonsils.

Results. Tonsillar proliferation-inducing ligand and B-cell acti-
vating factor levels were significantly higher in IgAN than in RT
patients. IgA-SEQ for tonsillar microbiota revealed the prefer-
ential binding ability of IgA to Bacteroidetes in IgAN tonsils
compared with those from RT patients. Expression of immuno-
globulin heavy (IGH) constant alpha 1 with IGH variable 3-30
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was significantly higher in IgAN than that in RT, and positively
correlated with the IgA-coated enrichment score of
Bacteroidetes. Serum polymeric IgA, comprising high levels of
GdIgA1, exhibited considerable binding to Bacteroidetes strains
cultured from the tonsils of IgAN patients.

Conclusions. These findings provide evidence that aberrant
mucosal immune responses to tonsillar anaerobic microbiota,
primarily consisting of members of the phylum Bacteroidetes,
are involved in IgAN pathophysiology.

Keywords: APRIL, IgA nephropathy, immunoglobulin reper-
toire sequencing, microbiome, tonsillectomy

INTRODUCTION

Immunoglobulin A nephropathy (IgAN) is the most common
chronic glomerular disease worldwide and is a major cause of
end-stage kidney disease. It is predominantly characterized by
pathological IgAl deposits in the mesangium [1]. Mucosal
infections such as tonsillitis and upper respiratory tract infec-
tions exacerbate hematuria in IgAN patients. Tonsillectomy,
combined with steroid pulse therapy, is therefore widely per-
formed in Japan [2] and has beneficial effects for IgAN clinical
remission [3]. Additionally, genome-wide association studies
for IgAN have indicated several loci to be involved in regulating
mucosal IgA production and innate immunity [4], highlighting
the importance of identifying the link between mucosal immu-
noreaction and IgAN pathogenesis [5].

Mesangial IgA deposits in IgAN patients are predominantly
polymeric, aberrantly glycosylated [6, 7], and associated with
the J-chain [8], which is preferentially produced by mucosal
immunocytes [9]. The bacterial DNA-activated [10] expression
of Toll-like receptor (TLR) 9 in the tonsils has also been associ-
ated with IgAN progression [11]. Repeated TLRY activation
induces tonsillar expression of a proliferation-inducing ligand
(APRIL), which is predominantly produced by dendritic cells
[12] and promotes class switching through T-cell-independent
immune interactions with commensal microbiota [13-15].
Notably, APRIL expression in patients with an aberrant tonsil-
lar germinal center was responsive to tonsillectomy, exhibiting
decreased galactose-deficient IgA1 (GdIgAl) in serum [16].
Although tonsillar mucosal immune dysregulation in IgAN has
been thoroughly investigated, the mechanisms underlying path-
ogenic tonsillar IgA1 production remain unclear.

Previously, we performed high-throughput 16S ribosomal
RNA (rRNA) gene sequencing to explore the association of
IgAN with bacterial flora in the palatine tonsils [17], but no sig-
nificant difference was identified in the relative abundance of
any bacterial genus between IgAN or recurrent tonsillitis (RT)
cases. Recent studies demonstrated that microbiota-induced
mucosal IgAs coated diverse microbial antigens [18] and agglu-
tinated their cross-reactive bacterial targets, preventing direct
host interaction [19, 20]. Further, bacterial flow cytometry with
high-throughput 16S rRNA gene sequencing (IgA-SEQ) char-
acterized IgA-coated microbiota [18, 21]. IgA-SEQ application
in fecal samples from mouse and human disease models
revealed the roles of IgA-coated intestinal microbiota in
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inflammatory bowel disease development [21, 22], indicating
that IgA-SEQ could be used to identify disease-related
microbes. Furthermore, analyzing peripheral tissue or blood
samples using recently developed high-throughput sequencing
strategies enabled comprehensive exploration of human immu-
noglobulin repertoires [23, 24]. Diversification of immunoglo-
bulins, which comprise paired immunoglobulin heavy (IGH)
and light chains and constitute the soluble forms of B-cell
receptors, is determined via immunoglobulin variable (V), di-
versity (D) and joining (J) gene segment recombination [25]
and subsequent somatic hypermutation [26]. This reveals that
microbial symbionts influence host immunity and regulate pre-
immune B-cell repertoires independently of T cells [27].

This study aimed to investigate the mucosal immune
responses to microbiota in the tonsils of IgAN patients by this
multiomics approach using tonsillectomy samples. We also
evaluated whether such responses are involved in disease
pathology.

MATERIALS AND METHODS
Study population and sample collection

The study protocol adhered to the Declaration of Helsinki
and was approved by the Ethics Committee on Genetic
Analysis of Niigata University, Niigata, Japan (approval no.
G2017-0004). Written informed consent was obtained from all
patients. We collected tonsillar samples from IgAN and RT
patients who had undergone tonsillectomy from July 2012 to
June 2018. IgAN pathological diagnoses and tonsillar sample
collection procedures were previously described [17].

Tonsillar protein extraction and enzyme-linked immu-
nosorbent assay

Tonsillar tissue (30 mg) was suspended in T-PER tissue pro-
tein extraction reagent (Thermo Scientific, Waltham, MA,
USA) and homogenized using the FastPrep®24 mechanical dis-
ruptor (MP Biomedicals, Tokyo, Japan) containing ceramic
beads, setting the final concentration at 1.0 mg/dL, per bicin-
choninic acid assay methods. Serum and tonsil APRIL, B-cell
activating factor (BAFF), GdIgAl and IgA protein concentra-
tions were measured using enzyme-linked immunosorbent as-
say (ELISA). IgA-IgG complex levels in fractionated serum
were also determined by ELISA, as previously reported [28].

Immunostaining

Paraffin-embedded kidney biopsy and incised tonsil sections
from enrolled patients were used for immunohistochemistry.
After antigen retrieval and blocking, slides were incubated with
mouse anti-APRIL/TNFSF13 monoclonal antibody (Aprily-8;
Novus Biologicals, Littleton, CO, USA), rat anti-human BAFF
monoclonal antibody (Bufty-2; Abcam, Cambridge, UK) anti-
bodies or rat anti-GdIgAl (KM55; Immuno-Biological
Laboratories, Gunma, Japan) [29]. Slides were subsequently in-
cubated with secondary antibodies, as described in the
Supplementary data. The proportion of the area stained by im-
munofluorescence examination with anti-GdIgAl antibody

Aberrant tonsillar immunity in IgAN

Table 1. Characteristics of enrolled patients

P-value

Patient characteristics IgAN RT

(n=262) (n=28)

Age (years) 328 +103 30.5*9.5 0.361
Sex (male) 26 (41.9) 18 (64.3) 0.069
BMI (kg/mz) 219 £28 226 44 0353

Systolic BP (mmHg)
Diastolic BP (mmHg)
s-Cre (mg/dL)

eGFR (mL/min/1.73 m?)

116.6 = 13.6 116.2 = 13.8 0.908
71.0 £10.1 69.0 =94 0.407
0.85*0.27 0.73 £0.15 0.052
80.5+20.5 972 =194 0.001

BUN (mg/mL) 13.7 £ 44 12.5 £ 3.2 0.225
TP (g/dL) 7.1 *0.5 74 05 0.054
UA (mg/dL) 52+ 14 55*15 0.678
IgA (mg/dL) 310.8 * 155.5 - -
C3 (mg/dL) 955 + 17.5 = =
Urinary protein (g/day) 0.45 (0.29, 0.90) - -

Period from renal biopsy 174 (115, 367) - -

to tonsillectomy (day)

RASI 39 (62.9) 1(3.6) <0.001
Oxford classification
Mesangial hypercellularity 49/13
(M0/M1)
Endocapillary hypercellularity 28/34
(E0/E1)
Segmental glomerulosclerosis 14/48
(S0/S1)
Tubular atrophy/interstitial 57/5/0
fibrosis (T0/T1/T2)

Crescents (C0/C1/C2) 23/39/0

Data are presented as the means * SD, median (IQR) or number (ratio), and were sta-
tistically compared using Student’s t-test or Fisher’s exact test. Among the clinical char-
acteristics of these patients, a significant difference was noted in the eGFR and RASI.
BMI, body mass index; BP, blood pressure; s-Cre, serum creatinine; eGFR, estimated
glomerular filtration rate; BUN, blood urea nitrogen; IQR, interquartile range; TP, total
protein; UA, uric acid; C3, complement component 3; RASI, renin-angiotensin—-aldoste-
rone system inhibitor.

was quantified to evaluate glomerular GdIgA1l deposition, as
per previous studies [8, 30, 31].

Bacterial sorting for IgA-SEQ and 16S rRNA gene
amplicon sequencing

Bacterial sorting was performed as previously reported [21]
and applied to tonsillar samples with some modifications.
Briefly, washed bacterial pellets of tonsillar samples were
stained with phycoerythrin (PE)-conjugated mouse anti-
human IgA (IS11-8E10, Miltenyi Biotec, Bergisch-Gladbach,
Germany) or mouse IgG1-PE isotype (Presort sample). The
IgA-PE positive fraction enriched and separated by magnetic-
activated cell sorting was sorted by fluorescence-activated cell
sorting (FACS) to purify the IgA-positive (IgA™) and IgA-
negative (IgA™) fractions. Details of the 16S rRNA gene ampli-
fication sequencing of genomic DNA from tonsillar crypts and
sorted fractions are provided in the Supplementary Methods.
The IgA index was calculated using the relative abundance of
bacterial phyla and genera for IgA™ and IgA~ fractions as per
[log(IgA™) - log(IgA™)]/[log(IgA™) + log(IgA™)], as reported
previously [22, 32]. The 16S rRNA gene amplicon sequence
data were deposited in DDBJ DRA with BioProject ID
PRJDB8009.
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FIGURE 1: Quantification of APRIL, BAFF and GdIgA1 in the tonsillar crypts. APRIL (A) and BAFF (B) levels of adjusted tonsillar pro-
tein solution from IgAN (n = 55) and RT patients (n =26) (left) and serum APRIL and BAFF levels from IgAN (n = 30) and RT (n=7)
(right) patients, respectively. Box plots show the median and interquartile range (IQR), with whiskers of 1.5 x IQR. Data were statistically
compared using the Mann-Whitney U test. Immunohistochemistry with an anti-APRIL (C) and anti-BAFF (D) monoclonal antibody in
tonsils from patients with RT (left panels, tonsillar levels of APRIL = 145.3 pg/mL, BAFF = 355.4 pg/mL, respectively), IgAN with low ton-
sillar APRIL levels (middle panels, levels of APRIL = 128.9 pg/mL, BAFF = 555.1 pg/mL, respectively) and high tonsillar APRIL or BAFF
levels (right panels, levels of APRIL = 267.5 pg/mL, BAFF = 1028.2 pg/mL, respectively). Black arrows indicate APRIL staining in basal
cells of the surface epithelium. Black arrowheads indicate APRIL staining of perifollicular area. Blue arrows indicate BAFF staining in man-
tle and perifollicular zone around crypts. Photographs show germinal centers and epithelium around crypts (upper panels; low magnifica-
tion images, bottom panels; high magnification images). Scale bars: 100 pm. (E) GdIgA1l levels of adjusted tonsillar protein solution from
IgAN (n =55) and RT patients (1 =26) (left) and serum levels of GdIgA1 from IgAN patients (n =30) and RT (n =7) (right), respectively.
Box plots show the median and IQR, with whiskers of 1.5 x IQR. Data were statistically compared using the Mann-Whitney U test. (F)
Correlation between levels of tonsillar GdIgA1 and glomerular GdIgA1 deposition (left, n = 26). Oxford classification is shown for each cat-
egory (right). Correlation data were statistically compared using Spearman’s correlation and linear regression analysis. Box plots show me-
dian, IQR with whiskers of 1.5 x IQR, and statistically compared using the Mann-Whitney U test (NS; no significance, *P < 0.05).

Adaptor-ligation polymerase chain reaction and
immunoglobulin sequencing analysis

Total RNA of each dissected tonsillar sample (30 mg) was
extracted. Adaptor-ligation polymerase chain reaction (PCR)
and immunoglobulin sequencing were performed as previously
reported [23]. Briefly, to detect IGHV, IGHD, IGH] and IGH
chain constant (IGHC) gene segment distributions and the
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deduced complementarity-determining region 3 (CDR3) amino
acid sequence of tonsillar IgA, sequence reads were analyzed us-
ing bioinformatics software (Repertoire Genesis Incorporation,
Ibaraki, Japan) [23, 24]. The reference sequence datasets are
available  from the International ImMunoGeneTics
Information System database (http://www.imgt.org).
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FIGURE 2: IgA-SEQ of tonsillar microbiota. (A) The mean relative abundance at the phylum level is shown for the [gA™* and IgA ™~ frac-
tions and presort samples in the IgAN (n =18) and RT (n = 14) groups. (B) Relative abundances of the top five phyla (top row) and genera
of Bacteroidetes (bottom row) are shown for IgA™ (red) and IgA ™~ (blue) fractions. Data are presented as the median and IQR, and were
statistically compared using the Mann-Whitney U test (*P < 0.05, **P < 0.01, **P < 0.001). (C) IgA-SEQ samples of IgAN were clustered
using principal coordinate analysis with Bray—Curtis dissimilarities. The length of the black arrows represents taxon abundance. P-values
and R? values calculated by permutational ANOVA (PERMANOVA) using 9999 permutations based on the Bray-Curtis dissimilarity in-
dex are indicated for the IgA™ fraction versus the presort sample, [gA™ versus [gA~ fraction and presort sample versus IgA ™~ fraction.

Size fractionation

A serum aliquot (200 uL) was fractionated by gel-filtration
through a Superdex 200 10/300 column connected to a liquid
chromatography system (AKTA Pure 25L), controlled with
Unicorn 7.1 (GE Healthcare, Buckinghamshire, UK). Fractions
(500 pL) were collected and analyzed.

Western blotting

Fractionated samples containing 20 ng IgA were subjected to
nonreducing 3-8% Tris-acetate gel electrophoresis and

Aberrant tonsillar immunity in IgAN

electroblotted onto polyvinylidene fluoride membranes. The
membranes were blocked, incubated with horseradish
peroxidase-conjugated antibodies (Supplementary Methods)
and developed using chemiluminescent substrate.

Bacterial culture

Dissected tonsillar tissues were suspended, seeded onto
blood-agar plates and anaerobically incubated for 7 days.
Following strain detection, Porphyromonas  gingivalis,
Prevotella intermedia and Fusobacterium nucleatum were cul-
tured in Gifu anaerobic media broth under anaerobic
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FIGURE 3: IgA index of tonsillar bacteria at the phylum level in IgAN and RT patients. (A) Heatmap depicting the IgA index of tonsillar
bacterial phyla in IgAN (n = 18) and RT patients (n = 14). The IgA index ranged from a maximum of +1.0 to a minimum of —1.0; a score
near +1.0 indicated that bacteria were more abundant in the IgA™ fraction. P-values of the IgA index in IgAN patients, as compared with
RT patients, are indicated by different colored panels (Mann-Whitney U test, P < 0.05; green, P > 0.05; black). IgA index of tonsillar bacte-
rial phyla (B) and top 10 genera (C) between the IgAN and RT groups. Box plots show the median and IQR, with whiskers of 1.5 x IQR.
Data are presented as the median and IQR (*P < 0.05, **P < 0.01, Mann-Whitney U test).

conditions. Escherichia coli (ATCC 25922) was cultured in
Luria-Bertani broth. Isolated bacterial species were assessed by
nearly full-length 16S rRNA gene sequencing with 27F/1492R
primers [33]. The sequences were compared with the 16S rRNA
sequences of each bacterial strain from the DDBJ/EMBL/
GenBank database by phylogenetic analysis.

Flow cytometry

IgA binding to bacteria was evaluated using flow cytometry
as previously described, with minor modifications [34, 35].
Briefly, after blocking with normal mouse serum, 2.0 x 10° bac-
teria were incubated with 50 pL of each serum fraction. Sample
IgA concentrations were adjusted to that of the F04 fraction
prior to incubation. Incubated bacteria were stained with PE-
conjugated mouse anti-human IgA monoclonal antibody or
mouse IgG1-PE isotype and analyzed using a FACSAria II
(Becton Dickinson, Franklin Lakes, NJ, USA).

Statistical analysis

Statistical analyses were performed as described in each fig-
ure legend. All statistical data were analyzed using R v. 3.4.2
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(https://www.r-project.org). For relative abundance compari-
sons, the IgA index analysis for each bacterium, and immuno-
globulin repertoire sequencing analysis of the IGHV, J and D
gene segments and the CDR3 amino acid length, P < 0.01 was
considered statistically significant. Elsewhere, P < 0.05 was ac-
cepted. Detailed methods are provided in the Supplementary
Methods.

RESULTS
Tonsil and serum APRIL, BAFF and GdIgA1 levels

We enrolled IgAN patients diagnosed by renal biopsy
(n=62) and RT patients without urinary abnormalities
(n=28) (Table 1). Among these, 48 IgAN and 21 RT cases
were included in our previous study [17], and serum samples of
30 IgAN and 7 RT patients prior to tonsillectomy were also
available (Supplementary data, Table S1). Tonsillar APRIL and
BAFF levels were significantly higher in IgAN than in RT
patients (P =0.0071 and P = 0.025, respectively), whereas both
serum levels were not significantly elevated (Figure 1A and B).
Immunohistochemistry in the tonsils using an anti-APRIL
monoclonal antibody disclosed diffuse staining in the germinal
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FIGURE 4: Overview of tonsillar IgA heavy chain sequences using AL-PCR. (A) Schematic representation of AL-PCR for high-throughput
sequencing-based antibody repertoire analysis. A universal primer specific for the IgA heavy chain constant region and an adaptor-primer
were used for unbiased IgA gene amplification. Gene amplicons were sequenced using an Illumina MiSeq system, and each sequence read
was classified into IgA subclasses by discrimination of the constant region sequence. (B) The relative abundance of IGHC (C) gene seg-
ments by AL-PCR using the specific primers of the IGHA constant region for the IgAN (n = 28) and RT (n =20) groups. (C) Shannon di-
versity scores of IGHAI and IGHA2 for the IgAN (n = 28) and RT (n = 20) groups. Relative abundance of IGHV (D), IGHD (E, left) and
IGHJ (E, right) with IGHAL1 in-frame clones for IgAN (n =28) and RT (n = 20) groups. Assigned reads that could not be determined as
one clone in each gene segment were excluded from the analysis. Data are presented as median and IQR (NS; no significance, *P < 0.05,
P < 0.01, ***P < 0.001, Mann-Whitney U test). IGHV3-30 and IGHV3-38 differed significantly. (F) Relative abundance of IGHA1 with
IGHV3-30 (left) and IGHV3-38 (right) in-frame clones for the IgAN (n =28) and RT (n = 20) groups are shown (Mann-Whitney U test).

centers, basal cells of the surface epithelium, and perifollicular
area around the crypts in both IgAN and RT. A high degree of
staining in the germinal centers and perifollicular area was ob-
served in IgAN tonsils with high tonsillar APRIL, whereas epi-
thelial staining was similar across IgAN and RT tonsils
(Figure 1C). Depending on the BAFF levels, anti-BAFF anti-
body mainly labeled the mantle and perifollicular zone of the
tonsils in both groups (Figure 1D). Serum but not tonsillar
GdIgAl levels were significantly higher in IgAN than in RT,
whereas there was no significant elevation in IgA levels of both
serum and tonsils (Figure 1E; Supplementary data, Figure S1A).
Tonsillar GdIgAL1 levels were significantly correlated with the
area of glomerular GdIgA1 deposition and were pathologically
associated with mesangial hypercellularity in accordance with
the Oxford classification of IgAN (Figure 1F; Supplementary
data, Figure S1B). In 16S rRNA gene analysis of IgAN tonsils,

Aberrant tonsillar immunity in IgAN

relative abundances of phyla including Bacteroidetes in patients
with higher GdIgA1l levels at the tonsils were significantly dif-
ferent as compared with those with lower GdIgA1 levels when
analyzed by permutational multivariate analysis of variance
(Supplementary data, Figure S1C and D).

IgA-SEQ of the tonsillar microbiome

We utilized 18 available IgAN tonsillar samples and 14 RT
samples for tonsillar microbiota IgA-SEQ analysis. The 16S
rRNA gene amplicon sequencing was performed to calculate
the relative bacterial abundance in IgA™ and IgA~ fractions
(Supplementary data, Figures S2 and S3A). Taxonomic analysis
at the phylum level confirmed that the relative abundance of
each phylum in the presort sample was mostly located between
the IgA" and IgA~ fractions (Figure 2A). At the phylum level,
Bacteroidetes were significantly more abundant in the IgA™

81

1202 Asenuer | uo 3senb Aq z6.6€66/G./1/9€/10ME/PU/Woo"dno-olwepese//:Sdny Wwoly papeojumoq



>

IGHA1_IGHV3-30

IGHA1_IGHV3-38

o RT
2 B IgAN
@ 06 0.6 =
3 LI
o ol =] =
) 5]

% 0.4 0.4 g‘./
Q ow m =
5 02 02{ &
é 0,5 %
el
£ 00 p=0037 00 P=028
S r=043 r=0.22

—02{ © -02] ©

0.0 1.0 20 3.0 0.00 0.04

Relative abundance (%) Relative abundance (%)

B IGHA1_IGHV3-30
. 4.0 ,ﬂ‘ 4.0 P=0.24 0.06
S
Y . .
8 s B
= 0.04
el
5 20 2.0
(] “..
) i 0.02
£ g
4 B
0.0 0.00

0.0
Tonsil APRIL Tonsil APRIL
lower group higher group

lower group higher group

C IGHA1_IGHV3-30
03 Fei RT [ IgAN
f
)
c 0.2
(%]
>
o
o
[T .
0.1 .
0.0 ,ﬂ“ wwwwww “ﬁi:i;&i;—;‘

10 15 20 25 30
CDR3 length
IGHA1_IGHV3-38 o RT
= IgAN
P=0.71 0.06 P=0.023
1 1
o 0.04 - -
al® 0.02 1 £
- [l - g
E0 = i

- - 0.00
Tonsil APRIL Tonsil APRIL
lower group higher group

Tonsil BAFF Tonsil BAFF
lower group higher group

FIGURE 5: Correlations between IGHV3-30/3-38 with IGHA1 clones and the IgA index score of the phylum Bacteroidetes and tonsillar
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IQR (*P < 0.05, Mann-Whitney U test). Assigned reads not determined as one clone in each gene segment and out-of-frame reads were ex-

cluded from the analysis.

fraction than in the IgA™ fraction (Figure 2B; Supplementary
data, Figure S3B) of both groups. At the genus level, relative
abundances of Porphyromonas and Prevotella (phylum
Bacteroidetes) were significantly higher in the IgA™ fraction of
IgAN. Principal coordinate analysis of the relative bacterial
abundances in IgAN showed that each cluster was significantly
segregated (Figure 2C). We calculated the IgA index for each
bacterium at the phylum and genus levels to identify the tonsil-
lar microbiota selectively coated with IgA in IgAN patients. The
IgA index of Bacteroidetes was more abundant among bacteria
in both IgAN and RT tonsils (Figure 3A). Comparison of the
IgA index of each bacterium revealed that the indices of
Bacteroidetes in IgAN patients were relatively higher
(P=0.041) than those in RT patients (Figure 3B). Moreover,
the IgA indices of Porphyromonas spp. were significantly higher
(P=0.0015) in IgAN than in RT (Figure 3C; Supplementary
data, Figure S4). These IgA indexes were not associated with
clinical (estimated glomerular filtration rate, proteinuria) or
pathological findings in IgAN patients (data not shown).
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Immunoglobulin repertoire sequencing of tonsillar IgA
heavy chain

We designed specific primers for the IgA constant region
(Supplementary data, Table S2) to amplify IgA heavy chain-
encoding genes [23], and performed adaptor-ligation PCR and
immunoglobulin repertoire sequencing using tonsillar RNA
samples from 28 IgAN and 20 RT patients (Figure 4A;
Supplementary data, Table S3). The relative abundance of
IGHC clones in each sample showed that ~80% was assigned
to IGHA1 (Figure 4B). Diversity index analysis of immunoglob-
ulin clones revealed significantly higher Shannon diversity
scores for IGHA1 than IGHA?2 (Figure 4C). Comparison of the
relative abundance of IGHV, IGHD and IGH] segments with
IGHAI clones revealed significantly higher IGH variable 3-30
(IGHV3-30) (P = 0.0089) and IGHV3-38 (P = 0.00073) expres-
sion in IgAN than that in RT tonsils (Figure 4D and F). IGH]
and IGHD segments exhibited no significant difference
(Figure 4E).
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FIGURE 6: Analysis of the binding abilities of IgA complexes to cultured bacteria by flow cytometry. (A, B) GdIgA1 levels in the F04 fraction
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(C) The serum mlIgA (F09) and pIgA (F04) fractions were examined for the ability of IgA to bind the surface of cultured bacteria by flow cy-
tometry using an anti-IgA monoclonal antibody. Porphyromonas gingivalis, Prevotella intermedia and Fusobacterium nucleatum were isolated
and cultured from dissected tonsils of IgAN patients, whereas Eschericia coli was obtained as an ATCC standard strain. Each histogram repre-
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Correlation of IgA1 expression with IGHV3-30 clones
to Bacteroidetes IgA index score and tonsillar APRIL
expression

In IGHV3-30 clones, the IgA index of the phylum
Bacteroidetes was significantly (P =0.0089) and positively cor-
related with only the relative abundance of IGHA1, whereas
IGHV3-38 clones showed no significant correlation
(Figure 5A). Further, the relative abundance of IGH]3 recom-
bining with IGHV3-30 of IGHA1 clones was significantly
higher (P=0.0073) in IgAN tonsils and was positively

Aberrant tonsillar immunity in IgAN

correlated (P=0.030) with the Bacteroidetes IgA index
(Supplementary data, Figure S5 and Table S4). Moreover, the
relative abundance of IGHA1 with IGHV3-30 clones was sig-
nificantly higher (P = 0.046) in patients with high- rather than
low-tonsillar APRIL levels, but not tonsillar BAFF levels.
However, the relative abundance of IGHA1 with IGHV3-38
clones was significantly higher (P=0.023) in patients with
high- rather than low-tonsillar BAFF levels, but not tonsillar
APRIL levels (Figure 5B). CDR3 amino acid length distribution
in IGHA1 with IGHV3-30 displayed similar Gaussian distribu-
tion in IgAN and RT patients (Figure 5C).
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Flow cytometry-based analysis of IgA binding to tonsil-
lar bacteria

Serum fractionation was performed using high-performance
liquid chromatography with a gel-filtration column, as previ-
ously reported [36] (Supplementary data, Figure S6A and B).
The F04 (~650kDa) containing the immunoglobulin J-chain
(Supplementary data, Figure S6C) and F09 (~150 kDa) fractions
were selected as serum pIgA- and mlIgA-containing fractions
from IgAN and RT tonsils. The pIgA fraction levels of GdIgA1l
(P=0.012) and GdIgA1/IgA ratios (P =0.0092) were signifi-
cantly higher in IgAN than in RT (Figure 6A and B), whereas
IgA levels were comparable (Supplementary data, Figure S6D).
IgA-IgG complex in pIgA fraction was also significantly higher
in IgAN than in RT (Supplementary data, Figure S6E).
Following IgA concentration adjustment, FO4 and F09 fractions
were incubated with each bacterium to evaluate IgA binding
(Supplementary data, Figure S7). Flow cytometry (Figure 6C;
Supplementary data, Figure S8A) revealed that F04 fractions
yielded significantly higher proportions of IgA™ bacteria for
each bacterium than F09 fractions (Figure 6D). Similarly, IgA in
the IgAN F04 fractions exhibited high-binding activities with
each bacterium, particularly Porphyromonas gingivalis, com-
pared with RT fractions. IgA binding intensity toward
Porphyromonas gingivalis and Prevotella intermedia significantly
correlated with both GdIgA1 and IgA-IgG serum levels in IgAN
F04 fractions (Figure 6E; Supplementary data, Figure S8B).

DISCUSSION

In this study, we showed that in IgAN patients, members of the
phylum Bacteroidetes, especially Porphyromonas spp., were
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more frequently coated with IgA in the tonsils. Further, these
could be bound with serum pIgA having higher GdIgA1 levels
compared with those in RT tonsils. Moreover, immunoglobulin
repertoire analysis using tonsillar IgA revealed higher IGHV3-
30 expression with IGHALI clones in IgAN patients than in RT
patients, significantly correlating with the Bacteroidetes IgA in-
dex (Figure 7). Our findings suggested that perturbed immunity
against a distinct tonsillar microbiota subset may be important
in IgAN pathogenesis.

We applied IgA-SEQ to the tonsillar microbiome to deter-
mine immunogenic microbiota related to IgAN pathophysiol-
ogy. Bacteroidetes were markedly coated with IgA in the
tonsillar crypts. IgA-coated Porphyromonas spp. exhibited a sig-
nificantly higher enrichment score in IgAN than RT tonsils.
Moreover, tonsillar APRIL and BAFF levels, both important for
the reaction of mucosal IgA to microbiota [15] via T-cell-inde-
pendent pathways [13, 14], were significantly higher in IgAN
than in RT tonsils. These data suggested that IgA antibodies are
polyreactive to some microbiota, such as members of
Bacteroidetes (especially Porphyromonas spp.) and may be pref-
erentially produced in IgAN tonsils. However, antigen-specific
IgA may also be produced via T-cell-dependent pathways at
these sites.

To examine the mechanism for IgA binding to the micro-
biota, we conducted high-throughput sequencing of the ton-
sillar IgA repertoire. A higher amount of IGHV3-30 in IgA
was observed in IgAN patient tonsils. Significant correlation
with the degree of Bacteroidetes coated with IgA suggests the
involvement of the IGHV3-30 of IgA in IgA binding with
Bacteroidetes. Furthermore, a significant association between
tonsillar APRIL levels and IGHA1 expression with IGHV3-
30 clones implied that the T-cell-independent pathway may
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be involved in IgA prevalence, with IGHV3-30 being poly-
reactive to a subset of microbiota. IgA produced via the T-
cell-independent pathway is more polyreactive with micro-
biota than T-cell-dependent pathway-associated IgA [37]. In
this study, Gaussian distributions of the length of CDR3 in
both groups indicated little distinct clonal expansion under
the particular antigenic pressure in IgAN patients.
Additionally, tonsillar BAFF in IgAN patients was signifi-
cantly associated with IGHV3-38, another repertoire signifi-
cantly elevated in IgAN. BAFF acts on B-cell survival and
maturation, and in concert with APRIL for class switching to
IgA via shared receptors [38]. This may therefore reflect di-
vergent effects of these tumor necrosis factor
(TNF) superfamily molecules. Compared with IGHV3-38,
the abundance of which was low among the IgA1 repertoire,
consistency of association between IGHV3-30, APRIL and
IgA response to microbiota may be weighted by APRIL of the
genome-wide association study risk loci for IgAN [4, 39].

Consistent with the IgA-SEQ data, Bacteroidetes bacteria
were coated with the serum pIgA fraction to a greater extent in
IgAN patients than in RT patients. These findings supported
the hypothesis that mucosa-derived IgA is increased in IgAN
patient serum. BAFF-transgenic mice [34] exhibited increased
serum commensal-dependent polymeric GdIgA, indicating the
similarities between human and murine IgAN. GdIgAL1 levels
in the polymeric fraction were significantly increased and were
highly correlated with IgA binding with Bacteroidetes in IgAN.
This suggests that mucosal GdIgAl in the tonsils of IgAN
patients was mistakenly transported to other sites via BAFF and
APRIL. As IgA harboring J-chain is exclusively detected in the
polymeric fraction, IgA with IGHV3-30 or 3-38 repertoire
could be present in the polymeric form of IgA if dimeric IgA is
translocated from the mucosa. Whether these repertoires are
involved in polymeric and immune-complex formation
remains unclear.

The role of microbiota-dependent IgA in IgAN development
is not fully elucidated. However, in the above IgAN models,
commensal-dependent IgA was detected in the glomeruli [34].
Conversely, mucosal microbiota depletion by antibiotic admin-
istration reduced IgA deposition in humanized murine glomer-
uli, accompanied with reduced levels of IgA-IgG complexes
[40]. Our study also indicated significant associations between
tonsillar GAIgAL1 levels and glomerular GdIgA1 deposition and
mesangial hypercellularity, and between pIgA binding to
Bacteroidetes and IgA-IgG complexes. No differences were
noted in the tonsillar GdIgAl levels between IgAN and RT.
However, tonsillar GdIgA1 may have different repertoire diver-
sity between both groups, much like IgAl. Discrimination of
tonsillar GdIgA1l levels by tonsillar microbiome abundance
could substantiate this. Collectively, these data strongly sug-
gested that microbiota-dependent IgA, which was significantly
increased in the serum of IgAN patients, underlies glomerular
immune-complex deposition and is thus involved in IgAN
pathogenesis.

We acknowledged several limitations in this study. First, we
collected palatine tonsils from RT patients as control samples
because tonsillar samples from healthy subjects were

Aberrant tonsillar immunity in IgAN

unavailable. However, gram-negative anaerobic bacteria are po-
tentially associated with tonsillitis [41], suggesting that the RT
tonsillar microbiome may contain more abundant anaerobic
bacteria than that from healthy subjects. Second, not all serum
and tonsillar crypt samples were available for IgA-SEQ, IgA
repertoire and bacterial FACS analyses, potentially causing
some selective bias and lack of power for detecting real differen-
ces. However, despite limited samples, we detected statistically
robust differences in serum GdIgA1l levels between IgAN and
RT, consistent with previous reports [42-44]. Further, our
results were consistent across the study. We, therefore, sur-
mised that adequate analyses could be conducted to provide
meaningful findings. Lastly, most patients were enrolled in the
early stage of IgAN, which affects the correlation between IgA
immune response and clinical findings. Future studies with
larger samples will, therefore, be needed.

In conclusion, this study provides evidence that tonsillar im-
mune responses, particularly against Bacteroidetes, were per-
turbed in IgAN patients. These data provided crucial insights
into aberrant mucosal immunoreactions against the host tonsil-
lar microbiome and indicate potentially novel therapeutic tar-
gets for IgAN management.

SUPPLEMENTARY DATA

Supplementary data are available at ndt online.
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FIGURE S1: Association between GdIgA1 expression and bacterial composition in tonsillar crypts. (A) Levels
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of IgA of adjusted tonsillar protein solution from IgAN (n = 55) and RT (n = 26) (left) patients and serum from
IgAN (n=30) and RT (n = 7) (right) patients. (B) Overview of the evaluation of glomerular area immunostaining
with anti-GdIgA1 monoclonal antibody. Immunohistochemical staining with anti-GdIgA1 monoclonal antibody
(KMS55) was performed on paraffin-embedded sections of renal biopsy specimens from IgAN patients. GdIgAl
is mainly localized in the mesangial area with IgA (top, Scale bars; 50 um.). FITC positively stained area was
quantified using ImagelJ software to calculate the proportion of positively stained area per glomerulus (bottom).
(C) Relative abundances of tonsillar bacteria at the genus level are shown for IgAN (n = 58) and RT (n = 27).
Stacked bar charts indicate the top 20 genera. (D) Relative abundances of the top five tonsillar bacteria at the
phylum level in IgAN patients exhibiting both high tonsillar GdIgA1 (n = 26) and low tonsillar GdIgA1 (n = 26)
are shown (left). Total bacterial compositions in tonsils of IgAN patients were clustered using principal coordinate
analysis (right) with Bray—Curtis dissimilarities between the group of high (green) and low (red) tonsillar GdIgA1
levels. P-values and R squared values calculated by PERMANOVA using 9,999 permutations based on the Bray—

Curtis dissimilarity index are indicated. The length of brown arrows represents taxa abundance.
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FIGURE S2: Gating strategy of flow cytometry, rarefaction analysis, and the number of each read for tonsillar
IgA-SEQ. (A) Gating strategy for tonsillar IgA-SEQ samples. The population was first gated using SSC-A and
FSC-A, and doublet cells were removed before analyzing the fluorescence signal. Samples stained with isotype-
control antibody were used to determine the fluorescence intensity corresponding to unspecific binding, before
being used as a pre-sort sample for 16S rRNA gene amplicon sequencing. Fluorescence intensities greater than
the threshold of the isotype-control-stained sample were considered to indicate IgA-positive bacteria. (B)
Rarefaction plots (top) and the number of obtained reads (bottom) in IgA-positive and IgA-negative fractions and
the pre-sort samples of IgAN (n = 18) and RT (n = 14). The cutoff point was considered to be 8,000 reads per
sample. We obtained > 19, 485 and an average of 80,391 features per sample in tonsillar IgA-SEQ analysis.
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FIGURE S3: Detailed data for I[gA-SEQ of tonsillar microbiota. (A) Workflow of IgA-based sorting of
tonsillar bacteria combined with sequencing of the 16S rRNA gene amplicon (IgA-SEQ). Excised tonsillar
crypts (white arrow) were washed and suspended. Supernatants of tonsillar samples were centrifuged and
collected as bacterial pellets. After blocking, suspended pellets were divided into two samples: stained with PE-
conjugated mouse anti-human IgA antibodies as [gA-PE-stained samples and mouse IgG1-PE isotype as the
pre-sort sample for flow cytometric analysis. Pre-sort samples were used to determine the cutoff line of PE
fluorescence intensity by FACS. IgA-PE-stained bacterial samples were enriched with MACS and sorted by
FACS into IgA-positive and IgA-negative fractions. The MACS-negative fraction was added to the post-sorted
IgA-negative fraction, and was considered indicative of a true IgA-negative fraction. Genomic DNA from each
fraction was extracted and subjected to 16S rRNA gene amplicon sequencing. (B) Relative abundance of
tonsillar bacterial top 10 phyla (top) and genera (bottom) between the IgAN and RT groups. Box plots show the
median and IQR, with whiskers of 1.5 x IQR. Data are presented as the median and IQR (*P < 0.05, **P <
0.01, Mann—Whitney U test).
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FIGURE S4: IgA index of tonsillar bacteria at the genus level in [gAN and RT patients. Heatmap depicting the
IgA index of tonsillar bacterial genera in IgAN (n = 18) and RT (n = 14) patients. Heatmap only depicts bacterial
genera with relative abundance > 0.001 in the pre-sort sample from the analysis. The color panel on the right side
indicates the IgA indices that were higher in patients with IgAN compared with RT (Mann—Whitney U test; P <
0.01, pink; P < 0.05. green; P > 0.05, black). Purple color indicates IgA indices that were higher in RT patients
compared with those with [gAN (P < 0.05).
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FIGURE S5: Comparison of IGHJ clone in IGHV3-30 with IGHA1 clones between IgAN and RT, and correlation
with the IgA index score of the phylum Bacteroidetes. (A) Relative abundance of IGHA1 with IGHV3-30 and
each IGHIJ clone for the IgAN (n = 28) and RT (n = 20) groups. Data are presented as median and IQR (*P <0.05,
**P < 0.01, Mann—Whitney U test). (B) Correlation between the relative abundance of IGHA1 with IGHV3-
30 IGHJ clones and the IgA index of the phylum Bacteroidetes in the patients from both IgAN and RT groups,
analyzed by both IgA-SEQ and immunoglobulin repertoire sequencing (n = 24). Correlation of the data was

statistically compared using Pearson’s correlation and linear regression analysis.
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FIGURE S6: Fractionation of IgA complexes from the serum of IgAN or RT patients. (A) Sera from IgAN
patients were fractionated using gel-filtration chromatography. The chromatograms of a representative IgAN
patient, recorded at UV 280 nm; molecular sizes of standard proteins are shown. Each fraction number is shown
at the bottom of the figure. (B) Concentrations of IgA (bar graph) and GdIgA1/IgA ratio (line graph) in each
fraction from a representative IgAN patient. The FO4 fraction was evaluated and used as the pIgA fraction, and
F09 was evaluated and used as the mIgA fraction. (C) Detection of fractionated IgA molecular size (top) and J-
chain (bottom) contained in each fraction by immunoblotting using an anti-human IgA alpha-chain antibody and
anti-J-chain antibody, respectively, in non-reducing conditions. pIgA (>300 kDa) was only detected in high
molecular size fractions. IgAs in the pIgA fraction (F04) contained the J-chain, whereas the mIgA fraction (F09)
did not. (D) Levels of IgA and GdIgA1 of FO4 and FO9 fractions. IgA levels in the FO4 (left) and FO9 (middle)
fractions, and GdIgA1 levels in the FO9 fraction (right) from IgAN (n = 30) and RT (n = 7) patients. (E) Levels
of [gA-IgG complexes multiplied by IgA levels in F04 fractions (right) from IgAN (n=30) and RT (n= 7) patients
are shown. The results are shown as optical density (OD) measured at 450 nm. Box plots show the median and

IQR, with whiskers of 1.5 x IQR. Data were statistically compared using the Mann—Whitney U test.
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FIGURE S7: Phylogenetic tree of cultured tonsillar bacteria from patients with IgAN generated using nearly
full-length sequencing of the 16S rRNA gene. The nearly full-length sequences of the 16S rRNA genes of
cultured bacteria from the tonsils were compared with that of each bacterial strain from the
DDBJ/EMBL/GenBank database by phylogenetic analysis using MEGA7 software. The constructed
phylogenetic trees of Porphyromonas gingivalis (top), Prevotella intermedia (middle), and Fusobacterium
nucleatum (bottom) cultured from the tonsils of patients with I[gAN are shown. Asterisks indicate the bacterial
strains cultured from tonsils in this study. The DDBJ/EMBL/GenBank database bacterial accession numbers are
in parentheses. Bootstrap values based on 1000 replicates are shown on the branching point. Scale bar
represents substitutions per nucleotide position.
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FIGURE S8: Flow cytometric evaluation of IgA binding to cultured bacteria. (A) Gating strategy for
Porphyromonas gingivalis, Prevotella intermedia, and Fusobacterium nucleatum cultured from the tonsils of
IgAN patients and Escherichia coli obtained as an ATCC standard strain. The population was first gated using
SSC-A and FSC-A. Then, doublet cells were removed before analyzing the fluorescence signal. Samples stained
with isotype-control antibody were used to determine the fluorescence intensity corresponding to unspecific
binding. Fluorescence intensities greater than the threshold of the isotype control-stained sample were
considered as IgA-PE—positive bacteria. (B) Correlation between the percent positivity for IgA-PE for each
bacterial species and the levels of IgA-IgG complexes multiplied by IgA by F04 fractions in IgAN patients (n =

30). Data were statistically compared using Spearman’s correlation and linear regression analysis.
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SUPPLEMENTARY METHODS

Patient samples

IgAN was diagnosed based on pathological findings, such as mesangial IgA deposition by
immunofluorescence examination. Tonsillectomy was performed in IgAN patients for clinical remission. No RT
patient presented urine abnormalities before enrollment. Exclusion criteria included administration of steroids
and/or immunosuppressive agents within the preceding two years, and antimicrobial treatment within two
months before tonsillectomy. Tonsillar samples were collected from 2012 to 2018 at Niigata University Hospital
and associated facilities. The right palatine tonsils were obtained by tonsillectomy under general anesthesia.
Immediately thereafter, the deepest part of the largest crypt (2-3 mm? in size) in the upper pole of the tonsil was
excised, quickly frozen, and stored at —80 °C. All serum samples were collected immediately before

tonsillectomy.

Tonsillar protein extraction and enzyme-linked immunosorbent assay
Tonsillar tissue (30 mg) was suspended in T-PER tissue protein extraction reagent (ThermoScientific, Waltham,
MA, USA; cat#78510) and subsequently homogenized using the FastPrep®24 mechanical disruptor (MP
Biomedicals, Tokyo, Japan). After centrifugation, the supernatant was collected as total protein solution and
quantified using the BCA colorimetric protein assay. The final concentration was set at 1.0 mg/dL. Homogenized
tonsils that did not provide sufficient protein for the assay were excluded. APRIL, BAFF, GdIgAl, and IgA

concentrations in both the serum and tonsils were measured using the Human APRIL/TNFSF13 DuoSet (R&D



Systems, Minneapolis, MN, USA; cat#DY 884B) and the Human BAFF/BLyS/TNFSF13B Quantikine ELISA kit

(R&D Systems; cat#¥DBLYS0B), respectively, according to the manufacturer’s protocol. GdIgAl and IgA

concentrations in the tonsil, serum, and in their fractions were measured using the GdIgA1 Assay kit (Immuno-

Biological Laboratories, Gunma, Japan, cat#27600) [1] and the Human IgA ELISA Quantitation Set (Bethyl

Laboratories, Montgomery, TX, USA; cat#E80-102), respectively. The concentration was determined by reading

the absorbance at 450 nm using a microplate reader (Tecan, Mannedorf, Switzerland).

IgA-IgG complex levels in fractionated serum were determined by ELISA according to a previous report [2],

with minor modifications. Nunc MaxiSorp ELISA plates (Nunc, Roskilde, Denmark) were coated with the F(ab'),

fragment of goat anti-human IgA (1.0 ug/mL, Southern Biotechnology Associates, Birmingham, AL) suspended

in 0.05 M carbonate-bicarbonate buffer (pH 9.4). All wells were washed four times with PBS containing 0.05%

Tween and 1% BSA. The wells were then incubated with fractionated samples containing 20 ng IgA at room

temperature for 1 h. After additional washing, all wells were incubated with HRP-conjugated goat anti-human

IgG (1:100,000, Abcam) at room temperature for 1 h and developed with TMB substrate solution. Optical density

(OD) values were measured at 450 nm using a microplate reader (Tecan).

Immunohistochemical staining, immunofluorescent staining, and quantitative analysis

We used right tonsillar samples from patients who had undergone tonsillectomy for immunohistochemical

staining. The paraffin-embedded sections (3 um thick) of tonsillectomy samples were deparaffinized in xylene

followed by 100% ethanol and rehydrated with graded ethanol. An autoclave was used for heat-based antigen



retrieval in citric acid buffer (pH 6.0) for APRIL staining, whereas proteolytic-induced antigen retrieval was

performed by incubation with proteinase K (Dako, Carpinteria, CA, USA; cat#S3020) at room temperature for 5

min for BAFF staining. After blocking with peroxidase blocking solution (Dako) and background-reducing

components, slides were incubated with a mouse anti-APRIL/TNFSF13 monoclonal antibody (10 pg/mL, Aprily-

8; Novus Biologicals, Littleton, CO, USA) or a rat anti-human BAFF monoclonal antibody (1:250; Buffy-2,

Abcam, Cambridge, UK) overnight. Slides were then incubated with horseradish peroxidase (HRP)-conjugated

anti-mouse secondary antibodies (EnVision® Systems; Dako; cat#K4000) or HRP-conjugated rabbit anti-rat

immunoglobulins (1:100; Dako; cat#P0450) at room temperature for 1 h, respectively. Reaction products were

visualized using 3,3’-diaminobenzidine.

For immunofluorescence staining, the paraffin-embedded sections of kidney biopsy samples from patients

with IgAN were prepared at a thickness of 3 pum. The methods of deparaffinization, blocking, washing, and

antibody dilution were the same as those used for immunohistochemical staining. We used 0.05% bacterial

protease subtilisin A (Sigma-Aldrich, St Louis, MO) at room temperature for antigen retrieval. Slides were

incubated with a rat anti-GdIgA1 monoclonal antibody (100 pg/mL; KMS55, Immuno-Biological Laboratories) at

4 °C overnight, washed, then incubated with FITC-conjugated goat anti-rat IgG antibody (1;100; Sigma-Aldrich)

at room temperature for 1 h. Slides were then washed and mounted in Vectashield with 4,6-diamidino-2-

phenylindole (DAPI) (Vector Laboratories, Burlingame, CA). Images were acquired using a confocal laser

scanning microscope (Fluoview FV1000, Olympus, Tokyo, Japan).

The proportion of the area stained with immunofluorescence antibody was quantified using ImageJ software



(http://www.rsb.info.nih.gov/ij/), and its distribution was ascertained using Fiji [3], as per previous studies [4-6].

First, we photographed stained glomerular images at 40x magnification (TIFF file) in single biopsy sections and

measured the area of each glomerulus using Image]. Subsequently, using the “Split channel” tools, the

immunofluorescence-stained glomerular image was evaluated and divided into green, red, and blue-stained areas.

Finally, we quantified the FITC positively stained area using the “Threshold” tool and calculated the proportion

of positively stained area per glomerulus. We evaluated > 5 glomeruli in each sample and calculated the mean

values of the proportion of immunostained area per glomerulus.

Bacterial sorting for IgA-SEQ

Bacterial sorting was performed according to a previous report [ 7] and applied to tonsillar samples with some

modifications. First, 30 mg of each tonsillar sample was suspended in 1 mL phosphate buffered saline (PBS). The

supernatants were centrifuged, and bacterial pellets were collected and washed with 1 mL staining buffer [PBS

containing 1% (w/v) bovine serum albumin]. Samples were then blocked with 100 pL staining buffer containing

20% mouse serum. After washing and suspending with 1 mL staining buffer, we divided bacterial suspensions

into 900 and 100 pL aliquots. Bacterial pellets from 100 pL bacterial suspensions were incubated with 100 pL

staining buffer containing the mouse IgG1-PE isotype (Miltenyi Biotec, Bergisch Gladbach, Germany; cat#130-

092-212), and were saved as the isotype-control-stained sample for FACS analysis. Bacterial pellets from 900 puL

bacterial suspensions were incubated with staining buffer containing PE-conjugated mouse anti-human IgA (IS11-

8E10, Miltenyi Biotec). Anti-IgA-stained bacterial samples were washed thrice with 1 mL sterilized MACS buffer



[PBS containing 1% (w/v) bovine serum albumin and 2 mmol EDTA] and incubated with anti-PE Microbeads

(Miltenyi Biotec; cat#130-048-801). After washing, manual MACS was carried out on LS-columns. Following

MACS separation, both the IgA-binding and IgA-non-binding fractions were sorted using FACSAria II (BD

Biosciences, Tokyo, Japan), and data were analyzed using FlowJo software (Treestar, Ashland, OR, USA). The

gating strategy for IgA-SEQ is described detail in Supplementary data, Figure S2A. Overall, >100,000 events

were collected from the IgA-positive fraction from each sample.

Bacterial 16S rRNA gene amplification

Genomic DNA from tonsillar crypts and sorted fractions was extracted using the PowerSoil DNA Isolation

Kit (Qiagen, Hilden, Germany; cat#12888). We amplified the bacterial 16S rRNA V4 genes for PCR

amplification of genomic DNA (1 ng) using the primer set 515F/806R modified with Illumina adaptors, as

follows: 515F, 5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGYCAGCMGCCGCGGTAA-3'

and 806R 5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3' [8].

PCR was performed using KOD Plus Ver.2 DNA polymerase (Toyobo, Osaka, Japan; cat#KOD-211), and PCR

cycling conditions were as follows: 98 °C for 2 min; 35 cycles each of 98 °C for 10's, 56 °C for 30 s, and 68 °C

for 1 min; and 68 °C for 7 min. PCR amplicons were purified using AMPure XP magnetic purification beads

(Beckman Coulter, Brea, CA, USA; cat#A63880), and then index sequences were added by amplification with

Nextera XT Index Kit v2 (Illumina, San Diego, CA, USA; cat#FC-131-2001). Indexed amplicon products were

quantified using a Qubit 3.0 Fluorometer (ThermoScientific). Mixed samples were prepared by pooling equal



amounts of the PCR amplicons from each sample. Samples were sequenced using an Illumina MiSeq system

with the 2 x 251 base-pair paired-end protocol.

Taxonomic classification

Sequence data analysis of the 16S rRNA gene amplicon was performed using the open-source QIIME2

pipeline version 2018.4 [9]. Demultiplexed FASTQ.gz files were subjected to quality filtering, de-noising,

trimming of primers, truncation of length, pair-end merging, and discarding chimeric reads using the DADA2

plugin [10], as processed by the qiime dada2 denoise-paired command to obtain features that comprised

essentially any unit of observation. Consequently, a feature table was extracted. Taxonomic classification of the

features was performed using the QIIME2 “q2-feature-classifier” plugin [11] with the Greengenes 13.8. 99%

operational taxonomic units (OTUs) full-length sequences database [12]. Taxonomic composition or relative

abundance of bacterial phyla and genera were calculated using the QIIME2 taxa barplot command. Alpha-

diversity analyses by observed OTUs were performed using the “q2-diversity” plugin of QIIME2 at a sampling

depth of 7500. Differences in bacterial composition were statistically analyzed via permutational ANOVA using

R (https://www.r-project.org) in conjunction with the “vegan” package, with 9999 permutations based on the

Bray—Curtis dissimilarity index.

IgA index analysis

The IgA index was calculated using the relative abundance of bacterial phyla and genera for the I[gA-positive



(IgA™) and IgA-negative fractions (IgA™), as previously reported [13]. We first excluded bacterial phyla and
genera whose relative abundance was <0.001 in the pre-sort sample, and then added a pseudocount (= 0.001) to
every detected bacterial phylum and genus [14]. The relative abundance of the bacterial phyla and genera, given
the pseudocount, was log-transformed and calculated for the IgA index to compare the significance of the
differences in the bacterial abundances of the IgA" and IgA™ fractions, as follows:

_ {log(1g4™) —log(1gAT)}
{log(1gA*) +log(1gA™)}

IgA index =

Adaptor-ligation PCR and high-throughput amplicon sequencing

Adaptor-ligation PCR and primer setting (Table S2) were performed according to a previous report [15], with
some modifications. Total RNA (30 mg) of each dissected tonsillar sample was extracted using the RNeasy Plus
Universal Mini Kit (Qiagen; cat#73404). RNA purity was measured using the Agilent 2100 Bioanalyzer. RNAs
with integrated number of >5.0 were considered to be of good quality, and were selected for further analysis. Total
RNA (2 png) was converted to cDNA using PrimeScript Reverse Transcriptase (TaKaRa, Shiga, Japan; cat#2680A)
and primed with a BSL-18E primer containing poly(dT) 18 and a Notl restriction site. After cDNA synthesis,
double-stranded (ds)-cDNA was synthesized with Escherichia coli DNA polymerase I in the presence of both E.
coli DNA ligase and ribonuclease H, and the ds-cDNA was blunted using T4 DNA polymerase. The ds-cDNA

was ligated with a PIOEA/P20EA adaptor and cut with Notl. After cleaning up the reaction, first and nested PCR



using primers specific to both the P20EA and C-region of the IgA heavy chain (CA1 and CA2, respectively) was

conducted. The both first and nested PCR conditions were as follows: 20 cycles of 95°C for 20 s, 65°C for 30 s,

and 72°C for 1 min. PCR amplicons were prepared by amplification of the nested PCR products using P20EA-

ST1-R and C-region-specific Tag primer (CA-ST1-R), and then purified using AMPure XP magnetic purification

beads. After purification, index sequences were added by amplification with the Nextera XT Index Kit v2. Equal

amounts of PCR amplicons were subjected to sequencing using I[llumina MiSeq with the 2 x 301 base-pair paired-

end protocol.

Bioinformatics for immunoglobulin sequencing

To detect the distributions of IGHV, IGHD, IGHJ, and IGHC gene segments and the deduced CDR3 amino

acid sequence of tonsillar IgA, sequence reads were analyzed using the bioinformatics software developed by

Repertoire Genesis Incorporation (Ibaraki, Japan) [15, 16]. The V, D, J, and C segments of IGH were

discriminated using reference sequence data sets available from the IMGT database (http://www.imgt.org). The

Repertoire Genesis software automatically performed data processing, assignment of unique sequence reads, and

data aggregation. Only unique reads were used for both determination of the V, D, and J genes and for deducing

the amino acid sequences of CDR3. Relative abundance of in-frame reads in each sample were calculated and

used for further analysis.

Size fractionation



An aliquot (200 pL) of serum was diluted in PBS (pH 7.4), filtered, and separated by gel filtration through a

Superdex 200 10/300 column connected to a liquid chromatography system (AKTA Pure 25L) controlled with

Unicorn 7.1 (GE Healthcare, Buckinghamshire, UK). Molecular weight was determined using the Gel Filtration

Calibration Kit HMW (GE Healthcare; cat#28403842). Fractions of 500 puL were collected and analyzed.

Western blotting

Fractionated samples containing 20 ng IgA were subjected to electrophoresis under non-reducing conditions

in a 3-8% Tris-acetate gel electroblotted onto polyvinylidene fluoride membranes. After blocking, for the

detection of IgA, membranes were incubated with horseradish peroxidase-conjugated goat anti-human IgA alpha

chain (1:15000; Abcam, Cambridge, UK; cat#ab97215). For detection of the J-chain, membranes were incubated

with rabbit anti-human IGJ antibody (1:500; Proteintech, Chicago, IL, USA; cat#13688-1-AP) and mouse

horseradish peroxidase-conjugated anti-rabbit IgG antibody (1:1000; Santa Cruz, Dallas, TX, USA; cat#sc-2357).

Blots were developed and target protein bands were detected using the Lumino Graph (ATTO, Tokyo, Japan).

Bacterial culture

Dissected tonsils were homogenized, suspended in 1 mL normal saline, and anaerobically subcultured on

Brucella HK agar for 7 days. The bacterial strains were identified using the RapID ANA II System (Amco, Tokyo,

Japan; cat#551-63803-5). Porphyromonas gingivalis, Prevotella intermedia, and Fusobacterium nucleatum

colonies were picked and inoculated in Gifu Anaerobic Media broth and cultured at 37 °C for 72 h in anaerobic



conditions. Escherichia coli (ATCC 25922) strains were purchased from MicroBiologics CE, inoculated in Luria—
Bertani broth, and cultured at 37 °C overnight. Cultured bacteria were centrifuged, and bacterial pellets were

collected and washed with PBS.

Nearly full-length sequencing of the 16S rRNA gene

Genomic DNA was extracted from cultured bacteria using the PowerSoil DNA Isolation Kit, and the nearly
full-length 16S rRNA genes were amplified by PCR wusing the following primers: 27F, 5'-
AGAGTTTGATCCTGGCTCAG-3', and 1492R, 5'-GGCTACCTTGTTACGACTT-3' [17]. PCR reactions were
performed with TaKaRa Ex Taq (cat#RR001A) under the following cycling conditions: 94 °C for 3 min; 30 cycles
each of 94 °C for 30 s, 55 °C for 1 min, and 72 °C for 1 min; and 72 °C for 7 min. PCR amplicons were sequenced
using the BigDye Terminator v1.1 Cycle Sequencing Kit on an Applied Biosystems 3130x]1 Genetic Analyzer. We
obtained the sequences of the 16S rRNA gene of each bacterial strain from the DDBJ/EMBL/GenBank database
and performed multiple sequence alignments using the CLUSTAL W program [18]. We constructed and
visualized the phylogenetic trees with MEGA7 software [19] using the neighbor-joining method with a bootstrap

of 1000 replicates.

Flow cytometry: IgA binding to cultured strains
IgA binding to bacteria was evaluated using flow cytometry as previously described, with minor modifications

[20, 21]. Cultured bacteria were suspended in PBS, and 2.0 x 10° bacteria were washed with 1 mL staining buffer.



Then, pelleted bacteria were incubated with 50 pL of the FO4 or F09 fraction at 4 °C overnight. The IgA

concentrations of the FO9 fractions of each sample were adjusted to that of the FO4 fraction before incubation.

After washing, incubated bacteria were stained with PE-conjugated mouse anti-human IgA monoclonal antibody

or mouse IgGI1-PE isotype and saved as IgA-binding samples and control samples, respectively, for flow

cytometric analysis on a FACSAria II. The gating strategy for each strain is described detail in Supplementary

data, Figure S8.






TABLE S1: Characteristics of enrolled patients used for serum analysis.

IgAN RT
Patient characteristics P-value
n=30 n="7
Age (years) 33.9+£10.8 35.1+14.7 0.799
Sex (male) 11 (35.5) 3(42.9) 1.000
BMI (kg/m?) 21.6+24 23.9+6.3 0.115
Systolic BP (mmHg) 118.4+12.8 113.0 +£20.1 0.372
Diastolic BP (mmHg) 71.9+9.3 73.3+£12.6 0.741
s-Cre (mg/dL) 0.82 +0.27 0.7+£0.2 0.213
eGFR (mL/min/1.73m?) 80.4 £21.5 96.4 +£24.6 0.094
BUN (mg/mL) 14.0£5.0 13.3+34 0.724
TP (g/dL) 7.2+0.5 7.3+0.7 0.558
UA (mg/dL) 5.1+0.9 53+£1.2 0.643
C3 (mg/dL) 94.5+19.2 - -
Urinary protein (g/gCr) 0.40 (0.20, 0.70) - -
Period from renal biopsy to tonsillectomy (day) 187 (124, 368) - -
RASI 20 (66.7) 1(14.3) <0.001
Oxford classification
Mesangial hypercellularity (MO/M1) 20/10
Endocapillary hypercellularity (EO/E1) 12/18
Segmental glomerulosclerosis (S0/S1) 5/25
Tubular atrophy/interstitial fibrosis (TO/T1/T2)  28/2/0
Crescents (C0/C1/C2) 11/19/0

BMI, body mass index; BP, blood pressure; s-Cre, serum creatinine; eGFR, estimated glomerular filtration rate;
BUN, blood urea nitrogen; TP, total protein; UA, uric acid; C3, complement component 3; RASI, renin
angiotensin aldosterone system inhibitor. Data are presented as the means + standard deviation, median (IQR), or
number (ratio) and were statistically compared using Student’s #-test or Fisher’s exact test. RASI were

significantly higher in patients with [gAN as compared to those with RT.



TABLE S2: Primers for adaptor-ligation PCR and immunoglobulin sequencing of tonsillar IgA heavy chain.

Primers Sequence

BSL-18E AAAGCGGCCGCATGCTTTTTTTTTTTTTTTTTTVN

P20EA TAATACGACTCCGAATTCCC

P10EA GGGAATTCGG

P22EA-ST1-R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCTAATACGACTCCGAATTCCC
CAl GCTGGCTGCTCGTGGTGTAC

CA2 GGGAAGTTTCTGGCGGTCACG

CA-STI-R TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGGGAAGAAGCCCTGGACCA
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