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Immunoglobulin A (IgA) nephropathy (IgAN) is the most common type of primary glomerulonephritis, often
progressing to renal failure. IgAN is triggered by IgA deposition in the glomerular mesangium by an undefined
mechanism. Here, we show that grouped ddY (gddY) mice, a spontaneous IgAN model, produce serum IgA
against mesangial antigens, including Pli-spectrin. Most patients with IgAN also have serum anti—pll-spectrin
IgA. As in patients with IgAN, IgA™ plasmablasts accumulate in the kidneys of gddY mice. IgA antibodies
cloned from the plasmablasts carry substantial V-region mutations and bind to pll-spectrin and the surface of
mesangial cells. These IgAs recognize transfected and endogenous pll-spectrin exposed on the surface of em-
bryonic kidney—derived cells. Last, we demonstrate that the cloned IgA can bind selectively to glomerular me-
sangial regions in situ. The identification of IgA autoantibody and its antigen in IgAN provides key insights into
disease onset and redefines IgAN as a tissue-specific autoimmune disease.

INTRODUCTION

Immunoglobulin A (IgA) nephropathy (IgAN) is a common type of
primary glomerulonephritis characterized by the deposition of IgA,
often with IgG, IgM, and complement C3, in the mesangial region,
followed by mesangial cell (MC) proliferation and excessive synthe-
sis of extracellular matrix in the glomeruli of the kidney (I). Ap-
proximately 30 to 40% of cases of IgAN progress to kidney
failure, necessitating dialysis or kidney transplantation within 10
to 20 years after disease onset (2). IgAN is one of the main causes
of chronic kidney diseases and affects 850 million people world-
wide. Recently, many cases of IgAN have been newly diagnosed
after immunization with the SARS-CoV-2 (severe acute respiratory
syndrome coronavirus 2) mRNA vaccine, although the underlying
mechanism is currently unclear (3-7). Thus, IgAN is now drawing
more attention than ever not only in the scientific and clinical fields
but also in society in general. Almost half a century has passed since
the first report of patients with IgAN by Berger (8), but no specific
and causal treatment strategies for the disease have been developed.
This is largely due to a poor understanding of the pathogenesis of
IgAN, particularly the mechanism by which nephritogenic IgA is
deposited in the glomeruli (9-11).

It is known that IgA1 in the sera and the mesangial deposits of
patients with IgAN contains undergalactosylated O-linked glycans
in its hinge region and is termed galactose-deficient IgA1 (Gd-
IgAl) (12, 13). Gd-IgAl has been proposed to serve as a self-
antigen that triggers the generation of autoantibodies (auto-Abs),
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together forming immune complexes (ICs). Such ICs are trapped
in the glomeruli and cause renal injury, which has been considered
as the primary cause of IgAN. Thus, IgAN has been classified as a
type 3 allergic disease in the Gell and Coombs classification.
However, supposing that such ICs would be randomly deposited
at various locations in the glomeruli, the mesangium-specific IgA
deposition, a hallmark of IgAN, cannot solely be explained by the
IC formation of Gd-IgAl. Together with the fact that certain
healthy people also have increased serum Gd-IgA1 (13-16), it sug-
gests other reasons for the mesangium-specific IgA deposition.

We have been studying the pathogenesis of IgAN using an
animal model of spontaneous IgAN, called grouped ddY (gddY)
mice (17-20). The original outbred ddY mice develop IgAN with
a low incidence and variable timing of onset. We intercrossed an
early-onset group of ddY mice for more than 20 generations to
produce gddY mice. Essentially, all individual gddY mice exhibit
proteinuria and glomerular IgA deposition by 8 weeks of age, fol-
lowed by obvious renal failure with a pathology that is similar to
human IgAN. Thus, gddY mice are a useful animal model to
study disease pathogenesis and for preclinical studies (21). Using
gddY mice with a gene edited by the CRISPR-Cas9 system, we re-
cently found that IgA does not form ICs in the blood but is first
deposited into the glomerular mesangium before forming ICs
with IgG, IgM, and complement C3 in situ (18). In addition, the
deposition of IgG, IgM, and C3 and subsequent renal injury were
not observed in IgA-deficient gddY mice (18). While it is well
known that IgA-IC formation is necessary for the onset of IgAN,
these data indicate that the initial IgA deposition in the mesangial
region is a prerequisite for IC formation in the glomeruli and there-
fore for the onset of IgAN. Thus, it is crucial to elucidate the mech-
anism of IgA deposition in the mesangial region to understand the
pathogenesis of IgAN.

In the present study, we found that the sera of gddY mice and
human patients with IgAN contain IgA auto-Abs against MC
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antigens and identified PII-spectrin as a dominant self-antigen. We
have demonstrated that PII-spectrin, previously known as an intra-
cellular protein, is exposed on the surface of MCs and directly rec-
ognized by the IgA auto-Abs produced by gddY mice. Our
unexpected findings indicate that IgAN is an autoimmune disease
mediated by auto-Abs targeting tissue self-antigens.

RESULTS

Identification of IgA auto-Abs against glomerular
mesangium in gddY mice

To address whether the serum IgA of gddY mice includes auto-Abs
against glomeruli, we stained kidney sections from activation-
induced cytidine deaminase (AID)—deficient mice, which lack en-
dogenous IgA, with sera from gddY or BALB/c mice as primary Abs
and then with anti-mouse IgA as a secondary Ab. This analysis re-
vealed that the sera of gddY mice, but not control BALB/c mice,
contained IgA that bound to the glomeruli (Fig. 1A and fig. S1).
Western blot (WB) analysis further demonstrated that serum IgA
from all the examined gddY mice detected a few proteins in the
lysates of isolated glomeruli (Fig. 1B) and those of primarily cul-
tured MCs (Fig. 1C), with the most prominent one having an ap-
parent molecular weight of >250 kDa (named p250"). The majority
of gddY mice (70%), but only a few BALB/c mice (~6%), were found
to have serum IgA recognizing the p250" protein in the MCs
(Fig. 1D). These data indicate that gddY mice regularly produce
IgA auto-Abs against mesangial antigens, with the p250" protein
being a common target.

Bll-spectrin as a common target of gddY mouse IgA
auto-Abs

To identify the antigens recognized by the IgA auto-Abs of gddY
mice, extracts of mouse kidney glomeruli were immunoprecipitated
with IgA purified from the sera of gddY or BALB/c mice. The pre-
cipitates were resolved by SDS—polyacrylamide gel electrophoresis
(SDS-PAGE), and protein bands with sizes similar to those repeat-
edly detected with the gddY-mouse serum IgA by WB were excised
and analyzed by mass spectrometry. From the peptide sequences
repeatedly identified in the IgA immunoprecipitate of gddY mice,
but not of BALB/c mice, we inferred candidate proteins recognized
by the gddY IgA auto-Ab. Candidate proteins were evaluated by
complementary DNA (cDNA) cloning and expression. Among
these candidates, we identified PII-spectrin [also called spectrin
beta chain, non-erythrocytic 1 (Sptbnl)] as a protein recognized
by IgA in gddY mice, but not BALB/c mice (Fig. 1E).

BII-spectrin is a 274-kDa protein ubiquitously expressed by all
nucleated cells, unlike the other four members of the spectrin {3
family. BII-spectrin, together with all-spectrin [also called spectrin
alpha chain, non-erythrocytic 1 (Sptanl)], form a polymeric struc-
ture underlying the plasma membrane (22). To narrow down the
region recognized by gddY IgA, we divided Sptbnl into three
parts (SptbnlA: 1 to 788 amino acids; SptbnlB: 789 to 1576
amino acids; SptbnlC: 1577 to 2364 amino acids), separately ex-
pressed each fragment in HEK293T cells, and analyzed binding
by WB. Among these fragments, Sptbn1C was most frequently de-
tected by the serum IgA of gddY mice (Fig. 1, F and G). Among 10
other candidate proteins tested using a similar WB approach, only
Sptanl was selectively recognized by the serum IgA of gddY mice,
preferentially at its C-terminal one-third (Sptan1C: 1653 to 2478
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amino acids), albeit at a much lower frequency (3 of 22 mice) (fig.
S$2). Thus, we concluded that BII-spectrin is the most representative
target antigen of IgA auto-Abs produced by gddY mice.

IgA auto-Abs against pll-spectrin in the sera of patients
with IgAN

Next, we examined whether the sera from patients with IgAN also
contained IgA auto-Abs against MC components. WB using lysates
of primary human MCs revealed that sera of most patients with
IgAN (85%) contained IgA commonly recognizing p250" proteins
in addition to some other variable proteins, whereas sera from
healthy individuals rarely contained such IgA (Fig. 2, A and B).
The similarity of its apparent molecular weight prompted us to
test by WB whether the p250" MC protein is human BII-spectrin
(SPTBN1). The purified full-length (FL) SPNBN1 protein
encoded by an FL SPTBNI cDNA was detected by WB using
IgAl, a dominant subclass deposited on the glomeruli in patients
with IgAN (2), from pooled sera of patients with IgAN, but not
from those of healthy individuals (Fig. 2C). WB using independent
serum samples from patients with IgAN revealed that approximate-
ly 60% of the samples contained anti-SPTBN1 IgA1l, whereas no
healthy individuals had these antibodies (Fig. 2D). Enzyme-linked
immunosorbent assay (ELISA) using SPTBNI1 protein purified
from the transfected cells as a coating antigen demonstrated that
sera of 16 of 45 patients with IgAN contained anti-SPTBN1 IgA,
based on a cutoff value of the 95% confidence intervals (CI; mean
+ 2 SD of healthy individuals) (Fig. 2E), while anti-SPTBN1 IgG
could not be detected in the same serum samples (fig. S3). Thus,
we have revealed that most patients with IgAN, depending on the
assay, have IgA auto-Abs against a specific self-protein, namely,
BII-spectrin. Together with the finding that sera of gddY mice
also contain IgA auto-Abs against BII-spectrin that binds to glomer-
uli, these results strongly suggest that IgAN is a tissue-specific au-
toimmune disease, although this has been little appreciated thus far.

Anti—pll-spectrin IgA auto-Abs as a prognostic factor

in IgAN

We next compared the clinical characteristics between the groups of
IgAN patients with higher concentrations of serum anti-SPTBN1
IgA [optical density (O. D.) > the 99% CI (mean + 3 SD of
healthy individuals); "high”] and those with lower concentrations
(O.D. < the 95% CI; "low"). We examined several important clinical
and pathological parameters, such as the levels of IgA, Gd-IgA1, and
complement C3 in the sera; the IgA/C3 ratio; estimated glomerular
filtration rate (eGFR); proteinuria; and MEST pathological score
(23). Although the levels of proteinuria and MEST pathological
scores were comparable between the two groups (fig. S4, A and
B), eGFR tended to be low in the "high” group (Fig. 3A). Serum
IgA levels were higher in the "high” group than in the “low”
group (Fig. 3B), whereas no significant difference was observed in
serum Gd-IgAl (fig. S4C). Notably, the “high” group showed a
strikingly higher serum IgA/C3 ratio (Fig. 3, C and D), a well-
known independent prognostic factor in IgAN (24-27), suggesting
that a higher level of serum anti-SPTBN1 IgA is related to a worse
renal outcome in patients with IgAN.
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Fig. 1. Serum IgA auto-Abs in gddY mice recognizing pll-spectrin in MCs. (A) Kidney sections from AID-knockout mice were stained with sera from 16-week-old (wo)
BALB/c (left) or gddY (center, right) mice followed by PE-anti-lgA Ab (red) and with 4',6-diamidino-2-phenylindole (DAPI; blue). Dashed circles indicate areas of glomeruli.
The scale bars are shown as white lines (10 um). (B) WB of glomeruli of gddY mice blotted with pooled serum of 12-wo BALB/c or gddY mice (n = 4), followed by anti-lgA
Ab. The red arrow indicates the p250* band. Shown is a representative of three independent experiments. (C) WB of mouse primary MCs blotted with sera of 12-wo BALB/
c or 8-wo gddY mice (n = 3), followed by anti-lgA Ab. The red arrow indicates the p250* band. (D) Reactivity of serum IgA from 8- to 16-wo BALB/c or gddY mice to p250™.
The numbers of serum samples are denoted in the pie charts. (E) WB of purified FLAG-FL-Sptbn1 protein probed with serum from a 12-wo ddY mouse (control) or sera
from 12-wo gddY mice (n = 3), followed by anti-IgA Ab (left). The presence of the FLAG-FL-Sptbn1 was confirmed by using an anti-FLAG Ab (right). (F) WB of HEK293T cells
transfected with mock (=) or FLAG-tagged Sptbn1A, Sptbn1B, or Sptbn1C (+) and probed with pooled sera from four 16-wo BALB/c mice or sera from gddY mice (n = 3),
followed by anti-IgA Ab (left). The red arrow indicates Sptbn1C. The expression of each Sptbn1 fragment was confirmed by WB with an anti-FLAG Ab (right). (G) Reactivity
of serum IgA of 12- to 16-wo BALB/c (left) and 8- to 16-wo gddY (right) mice to Sptbn1C determined by WB as shown in (F).

IgA™ PB accumulation in the kidneys of gddY mice and
patients with IgAN

antigen Ki67 to a level higher than those in the intestine and even to
a level comparable to germinal center (GC) B cells in the spleen of

Previous studies have suggested that nephritogenic IgA is mainly
produced in the bone marrow in IgAN (28), whereas plasma cells
(PCs) secreting auto-Abs are often found in the affected kidneys
in autoimmune diseases such as lupus (29-32). By flow cytometric
analyses, we found that a significantly increased number of IgA™
CD138" cells accumulated in the kidneys of gddY mice, whereas
ry few accumulated in the lupus model mice, NZB/W F1, and
sP"P or in BALB/c mice (Fig. 4, A and B, and fig. S5A). Most

of these IgA" CD138" cells in gddY mice expressed the proliferation
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immunized mice (fig. S5B), indicating that they are plasmablasts
(PBs). IgA" PBs emerged by 8 weeks of age and further increased
with age in gddY mice (Fig. 4C). Immunofluorescence (IF) staining
of the kidneys of 8-week-old (wo) gddY mice demonstrated that
IgA" PBs were present in the tubulointerstitial region (fig. S5C).
CD138" B220™" cells in the kidneys of gddY mice were mostly
IgA", whereas those in NZB/W F1 mice were predominantly IgG*
(fig. S5, D and E). Immunohistochemical (IHC) staining of kidney
biopsy samples from patients with IgAN also revealed the presence
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Fig. 2. Presence of IgA auto-Abs against pll-spectrin in the sera of patients with IgAN. (A) A representative WB of primary human MCs probed with sera from healthy
control individuals (HC; n = 4) or patients with IgAN (IgAN; n = 5) followed by anti-human IgA Ab. The red arrow indicates the p250™ band. (B) Reactivity of serum IgA from
HC or patients with IgAN to p250*. (C) WB of purified FLAG-tagged FL-SPTBN1 protein probed with purified IgA1 (25 pg/ml) from pooled sera of three HCs or three
patients with IgAN, followed by anti-IgA Abs (left). The purified FLAG-tagged FL-SPTBN1 protein developed on an SDS-PAGE gel (5 ug per lane) was stained with Coo-
massie Brilliant Blue dye (right). (D) Reactivity of serum IgA1 from HC or patients with IgAN to SPTBN1. (E) ELISA determination of anti-SPTBN1 IgA Abs in the sera from HC
(n=15) or patients with IgAN (n = 45). ***P = 0.0007 (Mann-Whitney U test). The dashed lines show the 95% confidence interval(Cl) and 99% Cl of the control sera. Shown
is one of two ELISA experiments with reproducible results. OD, optical density.
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Fig. 3. Increased serum IgA/C3 ratio in IgAN patients with higher anti—pll-spectrin IgA. (A to D) eGFR (A), serum IgA (B), serum C3 (C), and serum IgA/C3 ratio (D) were
compared between the anti-SPTBN1 IgA “low” (Low) and "high” (High) groups of patients with IgAN. Small horizontal lines indicate the mean (black) + SD (colored) of
each group. **P < 0.01 and ****P < 0.0001 (Mann-Whitney U test).
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Fig. 4. Accumulation of PBs producing anti-pll-spectrin IgA in gddY mouse kidneys. (A and B) Leukocytes isolated from the kidneys of the following mice were
surface-stained for CD138 and then intracellularly stained for IgA: BALB/c (8 weeks old, n = 6), NZB/W F1 (24 weeks old, n = 6), Fas””P" (24 weeks old, n = 5), and gddY (8
weeks old, n = 8). The numbers in the panels indicate the percentages of IgA* CD138" cells among live cells (A). The frequency (left) and the number (right) of IgA* CD138*
cells in each mouse kidney (B). (C) Frequency of the IgA* CD138" cells among live cells in each kidney of gddY mice at the indicated age (n = 8, 8, and 6 for the 4-, 8-, and
16-wo mice, respectively). (D) IHC staining for IgA and CD138 in kidney biopsies from patients with IgAN. The dashed circle indicates a glomerulus. The scale bars are
shown as black lines (20 um). (E) WB of glomerular lysates blotted with the culture supernatants of IgA* CD138" cells from gddY mouse kidneys (kidney) or no cells
(control) cultured on 40LB/APRIL cells (fig. S7A). (F) WB of HEK293T cells transfected with mock (=) or FLAG-Sptbn1C (+) vectors blotted with supernatants of IgA* CD138*
cells from the small intestine or kidney of gddY mice cultured as in (E) (left). The arrow indicates exogenous Sptbn1C, as confirmed with an anti-FLAG Ab (right). Data are
representative of two or three independent experiments. Small horizontal lines indicate the mean (black) + SD (colored) of each group (B and C). **P < 0.01, ***P < 0.001,

and ****P < 0.0001 (one-way ANOVA with multiple comparison test) (B and C).

of IgA" CD138" cells in the tubulointerstitial region of the kidney
(Fig. 4D). The number of CD138" cells relative to that of glomeruli
in the biopsy samples positively correlated with the levels of serum
creatinine and proteinuria in patients with IgAN (fig. S6, A and B),
as reported similarly for PCs in the case of systemic lupus erythe-
matosus (SLE) (31). Collectively, these data suggest that the accu-
mulation of IgA™ antibody-secreting cells (ASCs) in the kidney is
implicated in the pathogenesis of I[gAN.

Anti—flI-spectrin IgA production from PBs in the gddY
mouse kidney

To address whether the IgA™ PBs infiltrating the kidney of gddY
mice produced IgA auto-Abs, these cells were sorted and cultured
with interleukin-6 (IL-6) on feeder cells expressing exogenous
CD40 ligand, a proliferation-inducing ligand (APRIL), and B-cell
activating factor (BAFF) to facilitate IgA production in the

Nihei et al., Sci. Adv. 9, eadd6734 (2023) 22 March 2023

supernatant (fig. S7A). IF staining and WB demonstrated that the
IgA from these PBs bound to glomerular components, particularly
the p250" protein (Fig. 4E and fig. S7B), and specifically to the
SptbnlC fragment (Fig. 4F).

Next, we cloned cDNAs encoding IgA heavy and light chains
from single IgA™ PBs isolated from the kidneys of gddY mice and
expressed each pair in HEK293T cells to generate a panel of mono-
clonal recombinant IgA (rIgA) Abs (33). Most of the heavy- and
light-chain V-region genes contained substantial numbers of
somatic mutations that replaced amino acids (Fig. 5A), and all of
the rIgAs carried mutations in either heavy- or light-chain V
regions or both (table S1), suggesting their GC origin. GCs can be
generated in nonlymphoid tissues, including kidneys, under patho-
genic conditions (34, 35), but essentially no GC B cells were detect-
ed in the kidney of 8-wo gddY mice, a time when IgA" PBs had
already emerged (fig. S8, A and B), suggesting that the IgA" PBs
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Fig. 5. Characterization of rigA generated from IgA* PBs of gddY mouse kidneys. (A) Pie charts showing the number of sequences of heavy- or light-chain variable (V)
regions carrying the indicated numbers of amino acid mutations per sequence. The V-region genes were cloned from single cells (n = 20) of IgA™ PBs from the kidneys of
gddY mice. (B) Flow cytometric analysis of primary cultured mouse MCs stained intracellularly with anti-NP rlgA (#NP) or rigA #9 followed by anti-IgA Ab (red). Shaded
histograms indicate the cells stained with the secondary Ab alone. (C) Anti-FLAG immunoprecipitates from lysates of HEK293T cells transfected with mock (—) or FLAG-
Sptbn1C (+) vectors were blotted with rigA (#NP or #9) followed by anti-lgA Ab (left). The arrow indicates exogenous Sptbn1C, as confirmed with anti-FLAG Abs (right). (D)
Reactivity to FL-Sptbn1 of the indicated p-rlgAs at the indicated concentration was evaluated by ELISA and presented as OD,s values. Data are representative of two or

three independent experiments.

had undergone a GC response elsewhere or atypical GC-indepen-
dent maturation as found in the liver (36).

We screened these monoclonal rIgAs for their intracellular stain-
ing of primary-cultured MCs and found that 5 (#9, #11, #13, #18,
and #19) of 20 rIgAs could stain MCs to various extents (Fig. 5B and
fig. S9, A and B). Two (#9 and #13) of them also bound to Sptbn1C,
as shown by WB (Fig. 5C). Since IgAs secreted from the kidney PBs
and small intestine ASCs of gddY mice are mainly polymers includ-
ing dimers (fig. SI0A) that presumably bind to antigen with higher
avidity than the monomeric IgA, we then made these rIgAs poly-
meric by expressing them in the HEK293T cells stably transfected
with J chain (fig. S10B). The resultant polymeric rIgA (p-rIgA)
bound more strongly to the Sptbn1 protein than the corresponding
monomeric version (m-rIgA) as assessed by ELISA, as represented
by p-rIgA #9 (fig. S10C). Through this strategy, two p-rIgAs (#9 and
#11) were verified to bind strongly to the Sptbnl protein by ELISA
(Fig. 5D). These results indicate that PBs accumulating in the
kidneys of gddY mice produce IgA Abs that recognize mesangial
self-antigens, including BII-spectrin.

BllI-spectrin expression on the surface of MCs

Given that the most common target of IgA auto-Abs in gddY mouse
serum is BII-spectrin, we addressed how the auto-Abs recognize the
protein typically located on the inside of the plasma membrane (37).
First, we isolated MCs, endothelial cells (ETs), and podocytes (PDs)
from purified glomeruli based on the expression of CD31 and CD73
(38) (Fig. 6A and fig. S11A), confirmed these subset designations by
other surface profiles (fig. S11, B and C), and stained these nonper-
meabilized cells with p-rIgAs or anti-Sptbnl Ab. The ex vivo MCs,
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but not the ET's or PDs, were stained with p-rIgA #9 and p-rIgA #11,
with p-rIgA #9 binding far more strongly, but not with the negative
controls, p-rIgA #7 and p-rIgA #NP (Fig. 6B). In addition, only the
MCs were stained with an Ab against BII-spectrin (Fig. 6C). These
data indicate that PII-spectrin is exposed on the surface of MCs and
recognized by the monoclonal IgAs originally produced by PBs of
gddY mice.

To confirm the cell-surface expression property of PII-spectrin
proteins, we transiently expressed FLAG-tagged human FL-
SPTBNI1 or FL-SPTANI in HEK293T cells. By staining with anti-
FLAG Ab, we found that a substantial fraction of the cells expressing
SPTBNI and fewer cells expressing SPTAN1 displayed it on the cell
surface (Fig. 6D and fig. S12A). Similarly, mouse FL-Sptbnl and its
N- and C-terminal fragments (SptbnlA and Sptbn1C), but not the
middle fragment (Sptbn1B), could be detected on the surface of the
transfected HEK293T cells (fig. S12B). The cell-surface expression
was also confirmed with T7-tagged Sptbn1 (fig. S12C) and further
confirmed by its marked reduction after treating the cells with ac-
cutase, an enzyme with proteolytic and collagenolytic activity (fig.
S12D). Notably, the cell-surface expression of exogenous PII-spec-
trin was barely observed on the mouse fibroblast cell line BALB/c
3713, the human hepatoma cell line HepG2, or the cervical epithelial
carcinoma cell line HeLa (fig. S12, E to G), suggesting that this is a
unique property of limited cell types, such as HEK293T cells orig-
inating from embryonic kidneys.

HEK293T cells expressing FLAG-tagged FL-Sptbn1 or Sptbn1C
on the surface were also positively stained with p-rIgA #9 or p-rIgA
#11 Abs, but not with p-rIgA #7 Abs, further confirming that the
former Abs bind to the cell-surface BII-spectrin, largely to its C-
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Fig. 6. Binding to Bll-spectrin on the MC surface by IgA auto-Abs from gddY mice. (A) Flow cytometric analysis of mouse glomerular CD45~ cells; MCs (CD73*
CD317), endothelial cells (ETs; CD73~ CD31%), and podocytes (PDs; CD73~ CD317). The numbers indicate the percentages of live cells. (B and C) Histograms with
MFIs of the cells as defined in (A), after being stained with the indicated p-rigA Abs followed by anti-lgA Ab (B) or with anti-Sptbn1 Ab (red line) or isotype-matched
control Ab (shaded) (C). (D) HEK293T cells were transfected with mock or FLAG-tagged FL-SPTAN1 or FL-SPTBN1 vectors and stained with anti-FLAG Ab on the surface
(top) or intracellularly (bottom) 2 days later. The numbers indicate the percentages of dead cell-excluded cells. (E) HEK293T cells transfected with FLAG-tagged FL-Sptbn1
vector and stained 3 days later with anti-FLAG Ab and the indicated p-rlgA Ab (or without the primary Ab), followed by anti-mouse IgA Ab. Histograms with MFIs of FLAG*
or FLAG™ (gates shown in the left panel) live cells are shown (center and right). (F and G) IF microscopy. Kidney sections of AID-knockout mice intravenously injected with
p-rigA #7 or p-rlgA #9 (300 pg per mouse) 2 hours previously were stained with anti-IgA (red), anti-WT1 (indicating PDs; green), and DAPI (blue). High-power field pre-
sentation of the merged images, with white lines indicating areas of glomeruli, is shown in (G). The scale bars are shown as white lines. Data are one of two independent

experiments with similar results.

terminal fragment (Fig. 6E and fig. S12H). In this experiment, we
noticed that p-rIgA #9 bound to a fraction of mock-transfected
HEK293T cells (fig. S12I), suggesting that HEK293T cells can
express their endogenous PII-spectrin on the cell surface. A sub-
stantial fraction of untransfected HEK293T cells were stained
with the anti-SPTBN1 Ab (fig. S12J). However, HEK293T cells ex-
pressing endogenous SPTBN1 completely coexpressed exogenously
introduced Sptbn1C or FL-Sptbn1 on their surface (fig. S12K), im-
plying a cell-surface exposure mechanism common to both endog-
enous and exogenous PII-spectrin.

Last, we examined whether the IgA auto-Abs actually bind to the
cell surface of the intact glomerular mesangium in vivo. AID-defi-
cient mice were intravenously injected with the anti—BII-spectrin p-
rIgA #9 or the negative control p-rIgA #7, which had respectively
been confirmed to bind or not to glomeruli in the kidney sections
of AID-deficient mice (fig. S13A). Two hours after the injection,
kidney and other tissues were excised, and the deposition of p-
rIgA in these tissues was analyzed by IF staining of the sections.
The results clearly demonstrated that p-rIgA #9, but not p-rIgA
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#7, specifically bound to glomeruli in the mesangial region
(Fig. 6, F and G) but not anywhere in the other tissues examined
(fig. S13B). The binding of p-rIgA #9 was detected until at least
12 hours after injection. These data strongly suggest that p-rIgA
#9 reacts in situ with BII-spectrin exposed on the surface of MCs
in glomeruli.

Together, these data indicate that pII-spectrin, generally believed
to be an intracellular protein, can be expressed on the surface of
certain types of cells, including MCs in glomeruli, leading us to
propose a unique model of IgAN pathogenesis that is initiated
with the recognition of BII-spectrin on MCs by circulating specific
IgA auto-Abs.

DISCUSSION

In the pathogenesis of human IgAN, the increase in serum Gd-IgA1l
has been believed to be the first hit for its onset since Gd-IgA1 tends
to self-aggregate and forms ICs with IgG or IgA Abs against Gd-
IgAl, which are likely trapped by glomeruli and induce
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inflammation (1I). However, this scenario would only predict the
deposition of the IgA-ICs in the capillary of the glomeruli and
cannot easily explain their selective deposition in the mesangial
region, a pathological hallmark of IgAN. Our finding that IgA
auto-Abs against MC components are produced in IgAN patients
and its animal model, gddY mice, has solved this conundrum. We
have identified PII-spectrin expressed on the mesangium as one of
the self-antigens recognized by IgA auto-Abs. Such anti—BII-spec-
trin IgA could be detected in the sera of up to 60% of I[gAN patients
and gddY mice, depending on the assay, but scarcely in the sera of
healthy individuals and normal BALB/c mice. The anti—pII-spec-
trin IgA was shown to bind to the surface of ex vivo MCs and to
the mesangial regions in the glomeruli in vivo. Given that IgA
can be deposited on the mesangial region before forming ICs
with IgG and the complement, IgA auto-Ab binding to the mesan-
gial region should be a trigger in the pathogenesis of IgAN.

Our study revealed that IgA" PBs accumulating in the tubuloin-
terstitial region of the kidney of gddY mice secrete auto-Abs that
bind to the mesangium and PII-spectrin, which was confirmed
with rIgA Abs derived from single IgA™ PBs. Thus, the kidney is
a possible site for the generation of nephritogenic IgA, in addition
to the bone marrow, as previously suggested (28). Although their
self-reactivity has yet to be determined, IgA" ASCs were detected
in kidney biopsies from patients with IgAN, and the frequency of
ASCs correlated with disease severity, suggesting that such IgA™
ASCs are a source of pathogenic auto-Abs. Similarly, it has been re-
ported that anti-self ASCs often accumulate in the affected tissues in
conventional autoimmune diseases such as SLE (30, 31) and rheu-
matoid arthritis (39).

At present, the mechanisms by which PBs producing IgA auto-
Abs are generated and accumulate in the kidneys of gddY mice are
unknown. However, the accumulation of somatic hypermutations
in the IgA variable region genes cloned from these PBs suggests
that they were generated via GCs in a T cell-dependent manner. Al-
though tertiary lymphoid tissues containing GC B cells are known
to be generated at inflammation sites in various pathologic condi-
tions, such as autoimmunity, cancer, and allograft rejection (40), as
well as in inflamed kidneys of several kidney diseases (34, 41, 42), we
could not detect GC B cells in the kidney of 8-wo gddY mice, when
IgA" PBs had already appeared. Therefore, IgA" PBs are possibly
generated in GCs in some lymphoid organs or differentiated from
their precursors, namely, memory B cells, which have undergone
somatic hypermutation. Another possibility is that such IgA" PBs
are generated in the kidney through a GC-independent process,
as recently reported for an antibacterial immune response in the
liver (36). In any case, the antigens priming the response that gen-
erates such self-reactive B cells remain to be determined. As the
"mucosa—bone marrow axis” theory suggests that B cells generating
pathogenic IgA are originally primed in the mucosa in IgAN (28),
and as IgA" PCs are mostly generated in mucosal tissues such as the
respiratory tract and intestine in response to certain viruses or com-
mensal bacteria (43, 44), it is possible that B cells are primed by
commensal bacteria in some mucosal tissues to mature into those
cross-reacting with self-antigens and then finally become the IgA*
PBs in the kidney of gddY mice. This scenario also explains the
reason why the major isotype of auto-Abs in IgAN is IgA and
not IgG.

The data demonstrating the staining of MCs in vitro and in vivo
by using the PII-spectrin—reactive rIgA derived from the PBs of
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gddY mouse kidneys revealed cell-surface expression of PII-spec-
trin, which typically localizes inside the plasma membrane. The
surface expression of BII-spectrin was confirmed in MCs with com-
mercially available BII-spectrin—specific Ab and in HEK293T cells
expressing exogenous PII-spectrin. Not only the FL but also the N-
and C-terminal fragments of BII-spectrin could be detected on the
surface of transfected embryonic kidney—derived HEK293T cells,
but not in the other three types of cell lines tested, suggesting that
the cell-surface expression of PII-spectrin is not involved in its phys-
iological function but rather a result of aberrant processing. In this
regard, Arase (45) proposed that some misfolded self-proteins are
exposed on the cell surface in association with MHC class 1II,
which can trigger autoimmune responses. However, the cell-
surface expression of BII-spectrin was independent of MHC class
IT expression, as evident in HEK293T cells. Although the mecha-
nism of the surface expression of PII-spectrin remains unclear, it
may be a common feature of renal lineage cells, such as MCs and
HEK293T cells, as demonstrated in this study.

Whatever the mechanism of its generation, the PII-spectrin—re-
active IgA auto-Ab can be detected in the sera of patients with [gAN
at a notable frequency, e.g., ~36% by ELISA, the sensitivity of which
may further be increased by narrowing down the antigenic epitope
of BII-spectrin. On the other hand, our preliminary examination
with a limited number of samples showed that anti—BII-spectrin
IgA was not detected in the sera of other kidney diseases, including
diabetic kidney disease, focal segmental glomerular sclerosis, and
non-IgA proliferative glomerulonephritis. Furthermore, in the
sera of IgAN patients, higher levels of anti—BII-spectrin IgA corre-
lated with lower levels of C3 and higher IgA/C3 ratios, the latter of
which is known as a predictive factor for poor renal survival (24—
27), suggesting the possibility that the anti-SPTBN1 IgA could be
a biomarker to predict the renal outcome in IgAN. Although
larger cohorts of patients with IgAN and other renal kidney diseases
are necessary, these results suggest the possibility that the serum
anti—BII-spectrin IgA auto-Abs can be a useful diagnostic and pre-
dictive biomarker for IgAN. Our WB analysis using sera from pa-
tients with IgAN and gddY mice suggested the presence of other
self-antigens besides PII-spectrin that are recognized by the IgA
auto-Abs of patients with IgAN. The identification of such self-an-
tigens will enhance the possibility of developing a noninvasive diag-
nosis strategy using patient sera.

Together, the unexpected identification of IgA auto-Abs and the
mesangial autoantigen in I[gAN provides strong evidence to redefine
IgAN as a tissue-specific autoimmune disease rather than an
immune-complex disease (2, 11) and provides deeper insight into
the mechanism of the pathogenesis of IgAN. This may lead to a
breakthrough in the development of specific and causal therapeutic
strategies for IgAN, for example, blocking the deposition of IgA
auto-Abs in the mesangium or selective elimination of the auto-
Ab-producing PCs or the memory B cells that produce such PCs.

MATERIALS AND METHODS

Mice

The gddY mice were generated by selectively mating individuals
within an early-onset group of ddY mice for more than 20 genera-
tions (19). Male gddY mice were used in this study. C57BL/6
NCrSlc, BALB/c, ddY, NZB/W F1, and Fas*""" mice were pur-
chased from Sankyo Labo Service Corporation Inc. Only female
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NZB/W F1 and Fas"™”#" mice were used in the present study. AID-
deficient mice on a C57BL/6 background were provided by
Tasuku Honjo (46). Unless otherwise noted, the gddY mice used
in this study were 8 weeks old. All mice were maintained in the
Tokyo University of Science (TUS) mouse facility under specific
pathogen—free conditions. Mouse procedures were performed
under protocols approved by the TUS Animal Care and Use
Committee.

Human subjects

Sera from healthy individuals and patients with IgAN and renal
biopsy specimens from the patients were obtained at Juntendo Uni-
versity Hospital with informed consent from patients and approval
of the Research Ethics Committee, Faculty of Medicine, Juntendo
University. Laboratory information of patients and healthy volun-
teers is shown in table S2.

Antibodies

The following Abs were used for IF and IHC staining: anti-mouse
IgA Ab-PE (Abcam, 97013) or fluorescein isothiocyanate (FITC;
Abcam, 97234), anti-mouse CD138-PE (clone 281-2, BioLegend),
anti-human IgA (DAKO, #IR51061), or CD138 (DAKO, M7228).
For flow cytometry, the following Abs against mouse antigens
were used: B220-APC-Cy7 (clone RA3-6B2, BioLegend), CD138-
PE or BV421 (clone 281-2), GL7-PerCP Cy5.5 (clone GL7, BioLe-
gend), Ki67-PE-Cy7 (clone B56, BD), IgG1-FITC (clone A85-1,
BD), IgG2a/c-FITC (clone RMG2a-62, BioLegend), IgG2b-FITC
(SouthernBiotech, 1092-02), IgG3-FITC (SouthernBiotech, 1102-
02), IgA-biotin (clone RMA-1, BioLegend), CD73-biotin (clone
TY/11.8, BioLegend), CD140b-APC (clone APB5, BioLegend),
CD105-PE-Cy7 (clone MJ7/18, BioLegend), CD45-PerCP-Cy5.5
(clone 30-F11, BioLegend), and CD31-PE (clone 390, BioLegend);
other reagents were also used: rabbit polyclonal anti-SPTBN1
(amino acids 2100 to 2150; Abcam, 72239), normal rabbit IgG
(an isotype-matched control for the latter; Sigma-Aldrich, 12-
370), anti-rabbit IgG-BV421 (clone Poly4064, BioLegend), strepta-
vidin-BV421 (BioLegend, 405226), or APC (BioLegend, 405207).

Histological analyses
For IF microscopy (IFM) in Fig. 1A and figs. S5C and S7B, freshly
isolated mouse kidneys were fixed in 4% paraformaldehyde for
6 hours, incubated overnight with 30% sucrose at 4°C, embedded
in optimal cutting temperature (OCT) compound (Sakura
Finetek), frozen in liquid nitrogen, and stored at —80°C until use.
For IFM in Fig. 6 (F and G) and fig. S13, kidneys and the examined
tissues were directly embedded in OCT compound, frozen, and
stored at —80°C. Frozen specimens were sliced to make 6-um sec-
tions and fixed with ice-cold acetone at —20°C for 4 min. The sec-
tions were incubated in 3% bovine serum albumin (BSA)/
phosphate-buffered saline (PBS) for 60 min at room temperature
(RT) to block nonspecific staining, washed, and stained for 60
min at RT or overnight at 4°C with different combinations of Abs
and reagents. Mouse sera were used as the primary Abs at a dilution
of 1:10. After washing, slides were mounted with ProLong Gold
antifade reagent with 4',6-diamidino-2-phenylindole (DAPI; Invi-
trogen). All samples were examined with a confocal microscope
(FV3000; Olympus).

Kidney biopsy specimens from patients were fixed in 15% form-
aldehyde and embedded in paraftin, from which 3-um sections were
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prepared. IHC staining was performed after antigen retrieval con-
ducted by heat induction for 40 min (for staining of CD138) or
using 0.05% bacterial protease subtilisin A (Sigma-Aldrich; for
staining of IgA) for 2 hours at RT. Slides were incubated with
primary Abs for 60 min and the EnVision+ System—horseradish
peroxidase (HRP)-Labeled Polymer Anti-mouse (DAKO) for 30
min. Staining was visualized with the Liquid DAB" Substrate Chro-
mogen System (DAKO).

Western blotting

WB was performed as previously reported (47). Briefly, cells were
lysed with 1% NP-40 lysis buffer containing protease inhibitors.
The lysates were mixed with SDS sample buffer, boiled, and used
for SDS-PAGE, followed by immunoblotting using serum and/or
Abs. For use as the primary Abs, mouse and human sera were
diluted at 1:40 and 1:50, respectively. In some experiments, recom-
binant FLAG-tagged Sptbn1/SPTBN1 proteins, produced as de-
scribed below, were used as antigens. In Fig. 2C, human serum
IgA1 was purified by using Pierce Jacalin Agarose (Thermo Fisher
Scientific) according to the manufacturer’s instructions. Anti-
mouse IgA, anti-human IgA, or anti-human IgA1 Abs conjugated
with HRP (1:5000) were used as the secondary Abs.

Immunoprecipitation

Magnetically isolated glomeruli from C57BL/6 mouse kidneys were
lysed in 1% NP-40 lysis buffer containing protease inhibitors. The
lysates were incubated with IgA-immobilized beads (see below),
and after washing with 0.5% NP-40 buffer, the precipitates were
boiled in sample buffer and subjected to SDS-PAGE. IgA-immobi-
lized beads were generated by coupling purified serum IgA from
BALB/c or gddY mice (pooled serum from 10 mice) with Pierce
NHS-Activated Magnetic Beads (Thermo Fisher Scientific).

Mass spectrometry analysis

After SDS-PAGE, the gel was stained using a Pierce silver stain for
mass spectrometry kit (Thermo Fisher Scientific), from which the
regions of interest were excised. After destaining, the gel pieces were
dehydrated with 100% acetonitrile for 10 min at RT and dried under
vacuum. Then, the gel pieces were reduced and alkylated simulta-
neously with 10 mM tris (2-carboxyethyl) phosphine hydrochloride
(Thermo Fisher Scientific) and 40 mM chloroacetamide (Sigma-
Aldrich) in 100 mM tris-HCI (pH 8.5) and incubated at 70°C for
5 min (48). After reduction/alkylation, the gel pieces were washed
twice with 50% acetonitrile (ACN) for 10 min each with shaking at
RT, dehydrated with 100% ACN for 10 min, and dried. Then, each
gel piece was incubated in trypsin/Lys-C (20 pg/liter; Promega) in
100 mM Hepes (pH 8.5) on ice for 30 min and then overnight at
37°C. After digestion, peptides were extracted from the gel pieces
three times with 0.1% formic acid in 50% ACN, combined, desalted
using an styrene divinylbenzene tip (GL Science, Tokyo), and ly-
ophilized using a centrifugal evaporator. The peptides were identi-
fied by nano-liquid chromatography—tandem mass spectrometry
(LC-MS/MS) using the Triple TOF 5600+ System operated with
Analyst TF 1.7 software and an Eksigent nano LC system (SCIEX,
MA). The obtained MS data were interrogated with ProteinPilot
5.0.2 Software (SCIEX) using the UniProt database (2020_04). A
confidence cutoff of a 1% false discovery rate was applied for
protein identification.
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Plasmid construction

Mouse Sptbnl cDNA was generated from isolated glomeruli of
C57BL/6 mice. FL-Sptbnl cDNA was amplified by using KOD
plus Neo DNA polymerases (Toyobo) and subcloned into a
pCAT7 neo vector, which provides an N-terminal double T7-tag
(49). Sptbnl cDNA fragments 1A, 1B, and 1C were amplified
using KOD Fx Neo or KOD plus Neo DNA polymerases
(Toyobo) and subcloned into a p3XFLAG-CMV-10 (Sigma-
Aldrich) vector. A FLAG-tagged human FL-SPTBN1 expression
vector was provided by Tomozumi Imamichi (50). IgJ chain
cDNA was generated from the mRNA of isolated GC B cells of
C57BL/6 mice using KOD plus Neo DNA polymerases (Toyobo),
fused with a His-tag at the C terminus, and subcloned into the
pMXs-ires-GFP (green fluorescent protein) vector (49).

Introduction of expression vectors into cells

The T7 or FLAG-tagged expression vectors were transfected into
cell lines by PEI "Max" (M,, 40,000; Polysciences) and analyzed 2
or 3 days later. The pMXs vector encoding the His-tagged J chain
(described above) was transfected into Plat-E cells by PEI “Max."
HEK293T cells were transduced with the virus-containing superna-
tant by spin infection as described previously (47). Two days later,
GFP-positive single cells were directly sorted into 96-well plates
using a FACSAria IT (BD Biosciences) and propagated to produce
stable cell lines.

Enzyme-linked immunosorbent assays

Microtiter plates were coated with 50 pl of recombinant Sptbn1 (20
pg/ml) overnight at 4°C. After washing the plates five times with
PBS containing 0.05% Tween 20 (wash solution), they were
blocked with 100 pl of PBS containing 3% BSA and 0.05% Tween
20. After washing, plates were incubated with 50 pl of diluted patient
serum (1:50 for IgA; 1:300 for IgG) or rIgA Abs (4 pg/ml) for 2
hours at RT. After washing, the plates were incubated with 50 pl
of goat anti-human IgA1/A2, IgG, or goat anti-mouse IgA Abs con-
jugated with HRP (1:3000; Abcam) at RT for 60 min. After washing,
bound reactants were detected by 2-min incubation with 3,3',5,5'-
tetramethylbenzidine. Absorbance was determined at 450 nm.

Tissue preparation, flow cytometry, and single B

cell sorting

Perfused kidneys were cut into 2- to 3-mm pieces, and leukocytes in
the kidney were isolated by Percoll gradient centrifugation after di-
gestion with collagenase D (0.6 mg/ml; Roche) and deoxyribonu-
clease I (100 pg/ml; Roche). Mononuclear cells in the lamina
propria of the small intestine from gddY mice or BALB/c mice
were isolated as previously described (51). To isolate glomeruli,
anesthetized BALB/c mice were perfused through the heart with
8 x 10’ Dynabeads M-450 Tosylactivated (Invitrogen) in 40 ml of
PBS, which were captured only by the glomeruli. Then, the kidneys
were removed, minced into 1- to 2-mm® pieces, and digested with
collagenase D (0.6 mg/ml) in RPMI-1640 (Gibco) containing 10%
fetal bovine serum (FBS) at 37°C for 30 min with gentle agitation.
Glomeruli were collected magnetically (purity > 98%) and further
dispersed with collagenase D (1 mg/ml) to yield single-cell suspen-
sions (38, 52, 53). Dead cells were excluded after staining with
Fixable Viability Dye eFluor 506 (eBioscience). To detect intracel-
lular IgA/IgG or Ki67 in PBs/PCs, cells were stained after treatment
with a Fixation and Permeabilization solution kit (BD Biosciences)
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or Foxp3 Staining Buffer Set (eBioscience), respectively. For stain-
ing of Ki67, GC B cells were prepared from C57BL/6 mice immu-
nized intraperitoneally with 100 pg of NP-CGG and alum 6 days
previously. For rIgA production, mononuclear cells from the
kidneys of gddY mice were surface-stained for CD138 and IgA,
and single CD138" IgA™ cells were sorted into 96-well polymerase
chain reaction (PCR) plates (Eppendorf) containing 4 pl of lysis sol-
ution. The above samples were analyzed using a FACSCalibur, FAC-
SAriaIl, or FACSCanto II (BD Biosciences). The data were analyzed
using Flow]Jo (Tree Star).

Cell culture

IgA" PBs from the kidney or small intestine of gddY mice were cul-
tured in “B cell medium” [RPMI-1640 medium (Wako) supple-
mented with 10% FBS, 10 mM Hepes, 1 mM sodium pyruvate,
5.5 x 107> M 2-mercaptoethanol, penicillin (100 U/ml), and strep-
tomycin (100 pg/ml; GIBCO)] with IL-6 (10 ng/ml) on a feeder
layer of gamma-irradiated 40LB/APRIL cells [40LB cells (54) trans-
duced with mouse APRIL] at 37°C in 5% CO, atmosphere. The
culture supernatant of the IgA" PBs was harvested on day
6. Mouse MCs were isolated from the glomeruli of BALB/c mice
as described previously (55). The isolated mouse and human MCs
were cultured in Dulbecco’s modified Eagle's medium (high
glucose, with 1-glutamine and sodium pyruvate) with 20% FBS,
10 mM Hepes, penicillin (100 U/ml), and streptomycin (100 pg/
ml). MCs were used between passages 8 and 16.

Generation of recombinant antibodies

rIgA Abs were generated essentially as previously described (33).
Briefly, cDNA was synthesized with a kit [SuperPrep II Cell Lysis
& RT Kit for qPCR (TOYOBO)] using total RNA extracted from
single sorted IgA" PBs from the kidneys of gddY mice. Variable
regions of IgA heavy-chain genes and Igk or Igh light-chain genes
were amplified by two rounds of nested PCR, although no Igh\ var-
iable regions were detected. After sequencing the amplified cDNAs,
corresponding germline sequences were assigned by IgBlast (www.
ncbi.nlm.nih.gov/igblast/) and VBASE2 (www.vbase2.org/). Then,
using the first-round PCR product (0.5 pl) as a template, heavy-
and light-chain variable regions from each single cell were amplified
with gene-specific V and J primer pairs containing restriction sites
(Xho I'in the forward primer; Not I in the reverse primer) (tables S1
and S3). After enzyme digestion, the PCR fragments were ligated
with the pCAGGS expression vector (56), into which a cDNA-en-
coding mouse Ca or Ck had been inserted. The inserted variable
region genes were sequenced, and somatic mutations were analyzed
(table S1). The resultant vectors were transfected into HEK293T
cells or HEK293T cells expressing J chain, and the supernatants
containing IgA protein were collected sequentially on days 3 and
6. As a negative control, rIgA Abs specific for the hapten 4-
hydroxy-3-nitrophenyl acetyl (NP) were generated by the same pro-
tocol with expression vectors producing a V;B1-8" heavy chain
and a A light chain (57). For in vivo injection, polymerized rIgA
was purified with CaptoL (GE Healthcare) according to the manu-
facturer’s instructions.

Preparation of recombinant pll-spectrin

FLAG-tagged mouse Sptbn1C, FL-Sptbn1, and human FL-SPTBN1
were transiently expressed in HEK293T cells. From the lysates with
1% NP-40, FLAG-tagged proteins were purified using the anti-
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FLAG M2 Affinity Gel (Sigma-Aldrich), according to the manufac-
turer's instructions, eluted using 0.1 M glycine HCI (pH 3.0), and
neutralized immediately with tris. Purification was confirmed by
Coomassie Brilliant Blue staining.

Statistical analyses

All the statistically analyzed data are derived from biological repli-
cates in this study. Statistical analyses were performed using Graph-
Pad Prism software, version 6.0 (GraphPad Software, La Jolla, CA).
Comparisons between two groups in figs. S5E and S8B were ana-
lyzed by the Student’s ¢ test, and those in Figs. 2E and 3 and figs.
S3 and S4 were analyzed by the Mann-Whitney U test. Comparisons
between more than three groups were analyzed by one-way analysis
of variance (ANOVA). Spearman regression analysis was used to
analyze the correlation between two variables. Differences at
P < 0.05 were considered significant.
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