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BIOCHEMISTRY

Identification and characterization of circulating
immune complexes in IgA nephropathy

Yasuyuki Matsumoto't, Rajindra P. Aryal'*t, Jamie Heimburg-Molinaro’, Simon S. Park®?,
Walter J. Wever®3, Sylvain Lehoux', Kathrin Stavenhagen', Joanna A. E. van Wijk*,
Irma Van Die’, Arlene B. Chapman®, Elliot L. Chaikof*3, Richard D. Cummings'*

The underlying pathology of immunoglobulin A (IgA) nephropathy (IgAN), the most common glomerulonephritis
worldwide, is driven by the deposition of immune complexes containing galactose-deficient IgA1 [Tn(+)IgA1] in
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the glomerular mesangium. Here, we report that novel anti-Tn circulating immune complexes (anti-Tn CICs) con-
tain predominantly IgM, representing large macromolecular complexes of ~1.2 megadaltons to several megadalton
sizes together with Tn(+)IgA1 and some IgG. These complexes are significantly elevated in sera of patients with
IgAN, which contains higher levels of complement C3, compared to healthy individuals. Anti-Tn CICs are bioactive
and induce specific proliferation of human renal mesangial cells. We found that these anti-Tn CICs can be dissociated
with small glycomimetic compounds, which mimic the Tn antigen of Tn(+)IgA1, releasing IgA1 from anti-Tn CICs.
This glycomimetic compound can also significantly inhibit the proliferative activity of anti-Tn CICs of patients with
IgAN. These findings could enhance both the diagnosis of IgAN and its treatment, as specific drug treatments are

now unavailable.

INTRODUCTION

Immunoglobulin A (IgA) nephropathy (IgAN), also known as
Berger’s disease (1), is the most predominant form of primary glo-
merulonephritis worldwide, accounting for ~30% of the terminal
renal failures in patients within 10 to 20 years after diagnosis (2-7).
The pathogenesis of IgAN is driven by the mesangial granular
deposition of immune complexes (ICs) containing IgAl (8, 9).
IgAN demonstrates significant clinical variability arising from the
underlying genetic and environmental complexity contributing to
the disease pathology. The cause of the majority of primary IgAN
cases worldwide is unknown, as the condition is largely sporadic,
and only a minority of cases have been reported within clusters of
families (10).

A contributing component to IgAN is the unusual nature of the
glycosylation of IgA1. Unlike IgA2, IgA1 contains 22 amino acids in
a hinge region (HR), composed primarily of Ser/Thr/Pro residues,
in which three to six of the nine Ser/Thr residues may be modified
by O-glycans (11, 12). Examples of these glycans on IgAl include
the Tn antigen GalNAcal-Ser/Thr [here designated Tn(+)IgAl and
also termed galactose-deficient IgA1], along with monosialyl and/
or disialyl core 1 structure GalB3GalNAcol-Ser/Thr [here designated
Tn(-)IgA1] (13, 14). Any form of Tn antigen on IgA1 is considered
Tn(+)IgAl irrespective of serum from healthy control and patient
with IgAN. Total IgA1 is frequently elevated in sera of patients with
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IgAN (8, 9, 15-19), and some of those studies indicate that there is
an accompanying elevation of the Tn(+)IgA1 glycoform. While cir-
culating IgA1l contains mixtures of these two major glycoforms,
Tn(+)IgA1l and Tn(-)IgA1, the relative proportion of these two gly-
coforms does not appear to be statistically different in patients, but
the overall elevation of IgA1 in patients leads to a concomitant rise
in both glycoforms (13, 14).

Earlier, we observed that individuals infected by certain parasites
express IgM antibodies to Tn antigen (20, 21). The Tn antigen is com-
monly expressed in the glycoconjugates of many insects and patho-
gens (22, 23). This suggested to us that human exposure to this antigen
is perhaps frequent and prompted us to explore the potential role of
such antibodies to the Tn antigen within Tn(+)IgA1 and their poten-
tial to form ICs with IgA1l. Although ICs containing the Tn(+)IgAl
glycoform have been proposed to be associated with the IgAN pathol-
ogy, little is known about the exact nature of such complexes (24). The
formation of such complexes is a crucial aspect of the currently exist-
ing model of the pathogenesis of IgAN, where a multihit hypothesis
involves autoantibody production and altered expression of Tn(+)
IgA1 glycoforms (8). The emerging picture suggests that the Tn(+)
IgA1 glycoform associates with anti-IgA1-specific IgG, IgA, or IgM
antibodies to form large macromolecular ICs, depositing in the me-
sangium and ultimately responsible for disease pathology (8, 25-29).

To explore this concept in more detail, we developed an affinity
approach to isolating and exploring the nature of the anti-Tn circu-
lating ICs (anti-Tn CICs) associated with Tn(+)IgA1 from human
sera. We identified novel anti-Tn CICs of large macromolecular as-
semblies, predominantly containing IgM together with Tn(+)IgAl
and some level of IgG. We measured the level of such antibodies,
where we found a correlation with IgAN diagnosis. Such anti-Tn
CICs can be disrupted by glycomimetics, which block recognition
of the Tn antigen, releasing IgA1 from such complexes. In addition,
the glycomimetic compound blocks the proliferative activity of anti-Tn
CICs toward primary human renal mesangial cells (HRMCs). These
results have important implications for the diagnosis and potential
treatment of IgAN.

10f17

202 ‘2T Afeniga uo BI0°80US 105 MMM,/:SANY WO | PaPE0 JUMOQ


mailto:rparyal@bidmc.harvard.edu
mailto:rcummin1@bidmc.harvard.edu
mailto:rcummin1@bidmc.harvard.edu

SCIENCE ADVANCES | RESEARCH ARTICLE

RESULTS

Presence of anti-Tn antibodies that are specific to Tn(+)IgA1
innormal human sera

To gain insight into anti-Tn antibodies in human sera and their im-
pact on IgAN pathogenesis, we prepared a high-density Tn antigen
matrix [Tn(+)matrix] composed of Asialo-bovine submaxillary
mucin (Asialo-BSM), a mucin containing a high amount of Tn an-
tigen along its backbone of primarily Ser, Thr, and Pro residues and
potentially mimicking the HR of IgA1 in many respects (17, 30). We

reasoned that this Tn(+)matrix could be used to affinity-purify
anti-Tn antibodies from human sera (fig. S1A). As this Tn(+)matrix
specifically interacts with a defined anti-Tn antibody and lectin in
control studies (fig. S1, B and C), we used this matrix to affinity-
purify anti-Tn antibodies that are potentially present in human sera.
The bound materials were resolved on SDS-polyacrylamide gel
electrophoresis (PAGE) and were Coomassie-stained. We observed
three to four major Coomassie-stained bands only in the material
that bound to the Tn(+)matrix. The protein sizes ranged between
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Fig. 1. Anti-Tn antibodies in human sera: Identification and characterization. (A) Coomassie-stained SDS-PAGE analysis of affinity-purified anti-Tn antibodies from
serum using Tn(+)matrix (elution) and control (beads alone); affinity-purified materials (top) immunoblotted as indicated (bottom). FT, flow through. Coomassie brilliant
blue (CBB)-stained. (B) Similar analysis to (A) (healthy donors; Table 1), with purified control antibodies and bovine serum albumin (BSA) (4 ug); VVA detects Tn(+)IgAT.
(C) Purified anti-Tn antibodies bind to Tn(+) matrix; a-methylGalNAc inhibits binding (Alexa Fluor 488-labeled anti-human IgM antibody, top, green). Four times amount
of anti-Tn antibodies mixed with Tn(+)matrix [Alexa Fluor 488-labeled anti-human IgG (middle) and IgA (bottom)]. Beads alone, negative control; Differential Interference
Contra (DIC), bead images. Performed in three biological replicates (C1, C6, and C10). (D) Tn glycopeptide array probed with purified anti-Tn antibodies from 10 healthy
control sera (C3, representative) and stained with Alexa Fluor 488-labeled anti-human IgM antibody (see fig. S3). Chart ID corresponds to Table 2. (E and F) Data analysis using
GLAD (Glycan Array Dashboard), comparing binding preferences between Tn on IgA1 and non-IgA1 peptides, and correlation of binding patterns in C1 to C10. VVA binds Tn
glycopeptides (positive control), and anti-Tn (recombinant murine anti-Tn IgM) differs from C1 to C10 binding. (G) Purified Tn(+)IgA1 (from CosmcKO cells) and Tn(-)IgA1
(WT) analyzed by SDS-PAGE Western blot (WB), probed with purified anti-Tn antibodies (bottom), VVA (middle), and loading control (IgA; top), n = 3. (H) Tn glycopeptide
array probed with purified anti-Tn antibody (C1) after preincubation with purified Tn(+)IgA1 or Tn(-)IgA1 and stained with Alexa Fluor 647-labeled anti-human IgM. For
Tn glycopeptide arrays, error bars represent £1 SD of four replicates. RFU, relative fluorescence units.
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~25and 75 kDa (Fig. 1A, top, elution lane), suggesting heavy chains
and light chains of antibodies. The same preparation was immuno-
blotted with specific antibodies, which demonstrated that the bound
material contains IgM, IgA, and IgG (Fig. 1A, bottom). We further
characterized the Tn(+)matrix-purified anti-Tn antibodies from
the sera of 10 different healthy individuals (Table 1), using appro-
priate controls as indicated on the top of the Coomassie-stained gel.
These results demonstrate that the purified anti-Tn antibodies from
each sample are predominantly IgM (75 kDa), along with lesser
amounts and varying proportions of IgG (50 kDa) and/or IgA (55 kDa)
(Fig. 1B). Immunoblots confirmed that IgM is present in all sam-
ples along with varying amounts of IgG; the Tn(+)IgAl glyco-
form was also present in all samples (Fig. 1B, bottom). To further
confirm that the identified proteins are immunoglobulins (Fig. 1B),
we performed proteomic analyses by mass spectrometry (MS) on
individual sera samples from five controls (C1, C2, C3, C6, and C7).
The results demonstrate that the Coomassie-stained bands repre-
sent IgM, IgG, and IgA, as expected (fig. S2 and table S1). The re-
sults of proteomic analyses demonstrate that additional proteins are
present, including the consistent presence of complement C3.

To investigate whether the interaction of the anti-Tn antibodies to
the Tn(+)matrix is Tn antigen dependent, we used fluorescent-tagged
secondary antibodies to image the antibodies bound to the Tn(+)ma-
trix. We observed strong staining for bound IgM (Fig. 1C, top, green
fluorescent) but no significant staining for either IgG or IgA (Fig. 1C,
middle and bottom). Either the IgG and IgA1 levels in the bound ma-
terial are thus relatively low, or these antigens could be cryptic within

complexes and inaccessible in the context of the beads. Nevertheless,
using this approach, we asked whether binding of antibodies to Tn(+)
matrix can be inhibited by a hapten sugar o-methylGalNAc (a glyco-
mimetic derived from the Tn antigen). Binding of antibodies to the
Tn(+)matrix was completely inhibited by o-methylGalNAc pretreat-
ment (Fig. 1C, top right), thus demonstrating that the interaction is
Tn antigen dependent. These results demonstrate that healthy indi-
viduals contain low levels of anti-Tn antibodies that specifically recog-
nize the Tn antigen in a hapten-inhibitable fashion.

To examine the specificity of antibodies to the Tn antigen, one of the
approaches that we took was to prepare a synthetic Tn glycopeptide ar-
ray, where small glycopeptides contain the Tn antigen in the context of
IgA1 HR [Tn(+)IgA1 glycopeptides], or within non-IgA1 peptides as
listed (Table 2). We applied the affinity-purified antibodies from sera of
10 healthy individuals and detected for the presence of bound IgM. The
results demonstrate higher interaction of such IgM with Tn(+)IgAl
glycopeptides compared to other Tn(+)non-IgA1l glycopeptides
(Fig. 1, D to F, and fig. S3A). In parallel experiments, we also probed the
preparation of this glycopeptide array for the possible binding of IgA1
and IgG using amounts that were increased fourfold as compared to
IgM detection. We did not detect signals above background (fig. S3, B
and C). Thus, these results indicate that either IgA1 or IgG does not bind
the Tn(+)IgA1 glycopeptides or such antibodies are not available within
potential complexes, whereas IgM is available and accessible. In addition,
we also tested binding of antibodies to the CFG (Consortium for Func-
tional Glycomics) mammalian glycan microarray—this array contains
some glycans expressing terminal GaINAc but lacks any glycopeptides or

Table 1. Basic donor information. M, male; F, female.

Healthy donor

Patient with IgAN

No. Age (years)

wn
o
x

No. Age (years)

(@ 48

c2 30

c4 55

(@) 23

M
M
M

M:F ratio=11:9

Matsumoto et al., Sci. Adv. 8, eabm8783 (2022) 28 October 2022

P1 37

HE R R L B B R R R R e E b

30f17

202 ‘2T Afeniga uo BI0°80US 105 MMM,/:SANY WO | PaPE0 JUMOQ



SCIENCE ADVANCES | RESEARCH ARTICLE

Table 2. Structures on Tn glycopeptide array. IDs 1 to 17, Tn antigen on non-IgA1; IDs 18 to 35, Tn antigen on IgA1; IDs 36 to 39, control glycans; asterisk (¥),

GalNAc (Tn) residue on Ser or Thr.

ID Detail Sequence

1 A-MUC2

2 B-MUC2

3 C-MUC2 '

4 """""" DMUC2 H Ac PT*T*TPLK NHZW S
5 """""" EMUC2 Ac PT*'I'I'*PLK NH2 -
6 """""" FMUC2 Ac P'I'I'*T*PLK NH, -
7 """""" eMUC2 W“Ac PT*T*T*PLK NHZM S
8 """""" RMUC2 Ac P'I'I'I'PLK NHZ
9 """""" a Dystroglyca;t;\‘ """" WAc PP'I'ITI'KKP NHZH R
10 """""" MUCSAC .HzN G'I'I'PSPVPT*TS'I'I'SAPHOH
11 """""" A2 Ac PTI'DSTI'*PAPTTK NH2 -
12 """""" EA2R Ac P'I'I'DS'I'I'PAP'I'I'K NHz -
13 """""" a Dystroglyca;t;\‘ """" Ac PPT*T*T*T*KKP HNZ B
14 """""" MuCi-1 HzN TSAPDT*RDAP NHZ -
15 """""" MUCI-TR . HZN TSAPDTRDAP NH2 B
16 """""" MUCl-2 h HzN APGS*T*APP NHZ -
17 """""" MUCI-2R . HzN APGSTAPP NH2
18 """""" IgA-Pep01 HH'ZN KPVPST*PPT*PS*C OH -
19 """""" IgA-Pep02 HzN KPVPSTPPTPSC OH S
20 """""" IgA-Pep03 . HzN KPVPS*TPPTPSC OH
21 """""" IgA-Pep04 - .HZN KPST*PPT*PS*PS*C OHWM -
22 """""" IgA-Pep05 h HZN KPSTPPTPSPSC OH o
23 """""" IgA-Pep06 - .HZN KT*PPT*PS*PS*TPC OHWM -
24 """""" IgA-Pep07 h HZN KTPPTPSPSTPC OH o
25 """""" IgA-Pep08 . H2N KTPPTPSPST*PC OH
26 """""" IgA-Pep09 - .HZN KPT*PS*PS*TPPT*C OHWM -
27 """""" IgA-Pepl0 h H2N KPSPSTPPTPSC OH S
28 """""" IgA-Pepll o HZN KPS*PS*TPPT*PSC OH S
29 """""" IgA-Pep12 B H2N KPSTPPTPSPSC OH -
30 """""" lgA-Pepl3 HZN KPS*TPPT*PSPSC OH S
31 """""" IgA-Pepld . H2N KPSTPPTPSPSC OH -
32 """""" lgA-Pepl5 . HZN KPST*PPTPS*PS*C OH S
33 """""" IgA-Pepl6 B HzN KPSTPPTPS*PSC OH -
34 """""" IgA-Pepl7 . HZN KPSTPPTPSPS*C OH B
35 """""" IgA-Pep18 HzN KPST*PPTPSPSC OH .
36 """"" Mannoses (Ma'r‘\"i's‘)' """ . -
37 LactoN neo—tetraos't‘am(‘I:NﬁT)
8 I‘3ul'c‘)“od group A tef‘r';;;;c

39  Blood group A pentaose

sequences resembling the Tn(+)IgA1 glycopeptides. We did not observe  predominantly of IgM subclass that is consistent with Fig. 1B and that
binding to any glycans with terminal GaINAc, which suggests that the  these antibodies bind to modeled glycopeptides based on Tn(+)IgAl.
anti-Tn antibodies do not bind to glycans simply expressing terminal In addition, to more directly demonstrate specific binding of anti-Tn
GalNAc (fig. S3D). These data indicate that anti-Tn antibodiesin seraare  antibodies to Tn(+)IgA1, we took advantage of the fact that the human
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Dakiki B cell line secretes IgA1 (17). Using the CRISPR-Cas9 system,
we deleted the X-linked Cosmc (C1GalT1C1) gene, thus creating a
CosmcKO (Cosmc-knockout) B cell line that is unable to generate
complex O-glycans and can only synthesize the Tn antigen on IgA1
and all other glycoproteins (fig. S4, A to E). Cosmc encodes the key
molecular chaperone that regulates formation of active T-synthase,
required for generating core 1 O-glycans and all further extended
forms (30-33). We purified the secreted IgA1 from both wild-type
(WT) Dakiki cells and CosmcKO B cells. SDS-PAGE immunoblot
analysis of the purified IgA1 shows that the KO cell line produces
the Tn(+)IgAl glycoform, as predicted, which is recognizable by the
lectin Vicia villosa agglutinin (VVA) and anti-Tn antibodies from
human sera. By contrast, normal WT-IgA1 [Tn(-)IgA1 glycoform]
lacks the Tn antigen and is not bound by reagents that bind the Tn
antigen (Fig. 1G). We then questioned whether Tn(+)IgA1 could
inhibit binding of affinity-purified anti-Tn antibodies to the Tn gly-
copeptide array, as observed in Fig. 1 (D and E). These results demon-
strate that Tn(+)IgA1, but not WT-IgA1, can inhibit the binding
of the anti-Tn antibodies to the Tn glycopeptide array (Fig. 1H).

Together, the results demonstrate that anti-Tn IgM antibodies can
specifically interact with Tn(+)IgALl.

Elevated level of anti-Tn antibodies in sera of patients with IgAN
With these tools in hand, we measured the level of anti-Tn antibodies
in sera from patients with IgAN compared to healthy controls. Because
affinity-purified anti-Tn antibodies contain predominantly the IgM
subclass (Fig. 1B), we focused measurements on the levels of anti-Tn
IgM. We established a highly sensitive flow cytometric assay that uses
high-density conjugation of Asialo-BSM to microbeads (Fig. 2A). We
created a standard titration curve using purified anti-Tn IgM from
healthy sera (Fig. 2B). Using this curve, we measured a relatively high
level of anti-Tn IgM in serum from patients with IgAN (2.2 to 10.6%
of total IgM), as compared to control sera (0.8 to 2.7% of total IgM).
There were no significant differences in total serum IgM in control
versus IgAN samples (Fig. 2C). SDS-PAGE immunoblots probed
for IgM, IgG, and IgA of the purified anti-Tn antibodies showed con-
sistent results, demonstrating elevations of IgM to the Tn antigen
(Fig. 2D). In addition, we measured the titer of serum IgA1 levels and
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Fig. 2. Elevated level of anti-Tn antibodies and total IgA1 in patients with IgAN. (A) Depiction of anti-Tn IgM detection directly from human sera using Asialo-BSM
microbeads, similar to Tn(+)matrix beads in fig. S1A, flow cytometry using Alexa Fluor 488-labeled anti-human IgM for signal detection. (B) Plot of standard curve of pu-
rified anti-Tn IgM from human sera and isotype human IgM serves as a control. (C) Sera with IgAN (P1 to P20) or control (C1 to C20) analyzed by flow cytometry using
Asialo-BSM microbeads. Donor information listed in Table 1. Serum IgM analyzed using enzyme-linked immunosorbent assay (ELISA). Box plot represents three indepen-
dent experiments (control, n=20; IgAN, n=20; ll, male; O, female). Student’s t test, ***P = 1.3 x 107%; n.s. (not significant), P = 0.07. (D) Affinity-purified anti-Tn antibod-
ies of parallel experiments, as in Fig. 1A, from healthy control (C2) and patient with IgAN (P1) were loaded as indicated on top of the immunoblots, and immunoblots were
probed for IgM, 1gG, and IgA antibodies as indicated on the right. (E) Depiction of Tn(+)IgA1 detection from human serum using HPA microbeads by flow cytometry using
fluorescein isothiocyanate (FITC)-labeled anti-human IgA1 for signal detection. (F) Sera with IgAN (P1 to P20) or control (C1 to C20) were analyzed by flow cytometry
using HPA microbeads. Purified Tn(+)IgA1 and Tn(-)IgA1 were used as 100 and 0%, respectively. Serum IgA was analyzed using ELISA. Box plots represent three indepen-
dent experiments (control, n=20; IgAN, n=20; ll, male; O, female). Student’s t test, *P=2.0 x 107 n.s., P=0.10.
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its percentage of Tn positivity using Helix pomatia agglutinin (HPA)
microbeads (Fig. 2E). Serum IgA1 levels were elevated in patients with
IgAN as compared to healthy controls as expected (Fig. 2F, left), but
the percentage of Tn positivity of IgA1 in serum did not change in
both groups (Fig. 2F, right), suggesting an increased amounts of Tn(+)
IgA1l in the circulation of the patient with IgAN. These data indicate
that the levels of both anti-Tn antibodies and Tn(+)IgA1 tend to be
higher in sera of patients with IgAN compared to sera of controls, thus
potentially contributing to enhanced formation of IgM and IgA1 ICs.

Characterization of circulating macromolecular anti-Tn CICs
purified from human sera

The above results collectively suggest the possibility of CICs com-
posed of IgM and Tn(+)IgAl (Figs. 1, B and D to H, and 2D). To
explore this possibility, we used a blue native-agarose PAGE (BN-
APAGE) system, which resolves native protein complexes up to 6
MDa or more (34). First, using the Tn(+)matrix, we affinity-purified
anti-Tn antibodies from control sera and sera from patients (P1, P3,
and P4) and used the BN-APAGE system to resolve the bound ma-
terials; the resulting immunoblots were then probed for IgM. The
results revealed that IgM-containing anti-Tn CICs migrated predom-
inantly as large-molecular weight species of 1.2 MDa and above, with
substantially higher-molecular weight species (several megadaltons)
than control IgM, which migrated at the expected size of ~0.9 MDa
(Fig. 3A). As a control IgM, we used ReBaGs6, which is a recombinant
anti-Tn mouse IgM that binds to Tn(+)matrix (35). This control
antibody was purified using a similar approach on the Tn(+)matrix;
the bound ReBaGs6 IgM had a predicted normal size when resolved
on BN-APAGE, demonstrating that no artificial complexes are formed
by possible leakage of Asialo-BSM from the Tn(+)matrix (Fig. 3B). In
parallel, we used BN-APAGE to analyze the sizes of affinity-purified
anti-Tn antibodies and total IgM (similar concentration used as in
Fig. 3A) from controls (C2, C3, and C6). These CICs also showed sim-
ilar behavior of anti-Tn IgM ICs from patients (Fig. 3C), indicating
that the ICs from both healthy controls and patients appear to be simi-
lar at least in terms of apparent mass but differ as shown above in total
levels, being higher in patient sera. We did not observe any anti-Tn
IgM antibody similar to the size of pentameric IgM in both healthy
and patients with IgAN (Fig. 3, A and C), suggesting that the anti-Tn
IgM is associated with other molecules, possibly IgA1 and/or IgG,
as these were observed also in the original Tn(+)matrix-bound ma-
terials (Fig. 1B), along with possibly other serum glycoproteins. In
similar analyses of the purified anti-Tn CICs from patients with
IgAN, as defined in Fig. 1B, we observed three to four distinguishable
bands in patients with IgAN, potentially representing IgM, IgG, and
Tn(+)IgAl (Fig. 3D). As controls, we also analyzed total sera from
both healthy control and IgAN cases using BN-APAGE system, probed
for total IgM, IgG, and IgA, and did not observe higher-molecular
weight complexes under these conditions, which suggests that CICs
are a relatively small component of overall sera (fig. S5, A to C). To-
gether, these data indicate that CICs of megadalton size could po-
tentially contain all of the components that account for complexes
in the megadalton mass. However, even the smallest CICs would be
predicted to contain at least IgM and one or more of IgA and/or IgG.

Anti-Tn CICs contain IgM and IgA1, and the Tn
antigen-based glycomimetics disrupt CICs

The above results do not exclude the possibility that Tn(+)IgAl
could be confined only to one complex or may not be present at all
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within the anti-Tn IgM complexes. To examine the distribution of the
Tn(+)IgA1 within the large anti-Tn CICs containing IgM (Fig. 3, A,
Cand D), we immunodepleted the anti-Tn CICs using anti-IgA and
control antibodies and observed specific codepletion of IgM with IgA
(Fig. 3E, middle lane). This result is consistent with the prediction that
IgM and IgA are associated with each other within the complexes.

Furthermore, we tested whether the anti-Tn IgM ICs can be
dissociated from Tn(+)IgAl using compounds that mimic the Tn
antigen-based glycomimetics. For this purpose, we affinity-purified
anti-Tn CICs from the sera of patients with IgAN; the anti-Tn CICs
were treated with mock, a-methylGalNAc (glycomimetic compound,
0GalNAc), or a-methylGlcNAc (control compound, aGlcNAc),
followed by BN-APAGE Western blot (WB) and probing for IgM and
IgA. Only a-methylGalNAc, but not the control a-methylGIlcNAc,
caused dissociation of the Tn(+)IgA1 from anti-Tn IgM ICs (Fig. 3F,
bottom, lane 2), releasing Tn(+)IgA1, which had a similar electro-
phoretic mobility to control native IgA1 (Fig. 3F, bottom, lanes 4
and 5). We were unable to detect an IgAl signal in mock and
o-methylGlcNAc-treated samples (Fig. 3F, bottom, lanes 1 and 3),
indicating that the IgA1 epitopes may be buried within the CICs
and thus not available in this native page setup for WB detection.

Next, we analyzed the efficacy of a-methylGalNAc to block bind-
ing of anti-Tn IgM, which could be used to prevent the formation of
the macromolecular anti-Tn CICs, because anti-Tn IgM complexes
have available Tn antigens sites and the IgM within binds to both Tn-
containing IgA1 glycopeptides and intact IgA1 (Fig. 1, D to H). Upon
analysis using the Tn glycopeptide array, as in Fig. 1, a-methylGalNAc
specifically inhibited binding of the anti-Tn IgM (Fig. 3G). We further
synthesized a dimeric version of the Tn antigen, termed DiaGalNAc
(i.e., GaINAc dimer) along with a control DiaGlcNAc (i.e., GIcNAc
dimer) (figs. S6 to S13). The DiaGalNAc exhibited higher inhibition
compared to a-methylGalNAc in terms of anti-Tn antibody bind-
ing to the array, as listed (Table 2 and fig. S14A). Furthermore, we
calculated the median inhibitory concentration (ICs) values using
an enzyme-linked immunosorbent assay (ELISA)-based approach,
where we used Tn glycopeptides from IgA1 (IDs 18 and 19; listed in
Table 2), and performed the inhibition experiments using the glyco-
mimetics (i.e., a-methylGalNAc and DiaGalNAc). We observed
higher inhibition of anti-Tn CICs binding with DiaGalNAc treatment
(fig. S14, B and C). Together, the result indicates that the anti-Tn CICs
are composed of at least IgM and IgA and Tn antigen glycomimetics
specifically dissociate Tn(+)IgA1 from the complexes.

Glycomimetic treatment inhibits the proliferative nature

of anti-Tn CICs on primary human mesangial cells

Several studies suggest that ICs containing Tn(+)IgAl from pa-
tients with IgAN stimulate mesangial cell proliferation (36-38).
We therefore analyzed whether the purified anti-Tn CICs have bio-
activity toward mesangial cells. First, we analyzed the binding nature
of anti-Tn CICs to mesangial cells. For this, the cultured cells were
fixed, permeabilized with 0.05% Triton X-100, and stained with
anti-Tn CICs. We found that anti-Tn CICs from both patient with
IgAN and healthy control bind to the cells, whereas isotype control
antibodies do not bind (Fig. 4, A to C); this is consistent with the
characteristics of autoantibodies. Furthermore, we also analyzed
anti-Tn CICs binding to mesangial cell surfaces, using flow cyto-
metric analysis; we stained the cells with anti-Tn CICs and analyzed
the binding, and we observed significant binding not only with the
predominant component of anti-Tn CICs (IgM) but also with IgA1
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Fig. 3. Identification of anti-Tn CICs in sera of patients with IgAN and healthy controls sera and complexes dissociate with glycomimetic. (A) BN-APAGE analysis
of Tn(+)matrix affinity purified anti-Tn antibodies and total purified IgM. Left: Native molecular weight markers for approximation of molecular weight (m.w.). P1, P3, and
P4 represent three patients; control IgM. (B) Tn(+)matrix affinity-purified ReBaGs6 antibody resolved by BN-APAGE system and blotted for murine IgM. (C) Similar to (A),
BN-APAGE analysis of affinity-purified anti-Tn antibodies and total purified IgM from three healthy controls (C2, C3, and C6) and control IgM immunoblotted for IgM.
(D) Coomassie-stained SDS-PAGE gel of affinity-purified anti-Tn antibodies from healthy control (C3) and patient (P3); control antibodies and BSA as indicated. Immuno-
blots (bottom) of same preparation probed as indicated. VVA and IgA blots performed with appropriate controls: purified Tn(+)IgA1 and Tn(-)IgA1 produced from
CosmcKO and WT Dakiki cells, respectively. (E) Anti-Tn CICs purified from serum of patients with IgAN immunodepleted with anti-IgA or isotype control antibodies (Ab);
depleted materials analyzed by BN-APAGE WB probed for IgM. IP, immunoprecipitation. (F) Anti-Tn CICs purified from serum of patient with IgAN treated with mock,
a-methylGalNAc (aGalNAc), or a-methylGIcNAc (aGIcNAc); samples analyzed by BN-APAGE WB and probed for IgM and IgA. (G) Tn glycopeptide array probed with anti-Tn
antibodies (C3) preincubated with 20 mM o-methylGalNAc or 20 mM a-methylGIcNAc and stained with Alexa Fluor 488-labeled anti-human IgM. Error bars represent +1
SD of four replicates. n = 3 except blot images from (A), (C), and (E); n = 2. Asterisk represents normal pentameric IgM.
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Fig. 4. Activity of anti-Tn CICs on HRMCs. (A to C) HRMC staining: 4',6-diamidino-2-phenylindole (DAPI) (nuclear), anti-Tn CICs (green), and vimentin (red); negative
control (mixture of isotypes IgM, IgG, and IgA). Experiments performed on three patients with IgAN (P5, P10 and Pmix) three healthy controls (HC) (C3, C6, and Cmix),
representative example. (D and E) Surface staining by anti-Tn CICs. HRMCs stained with anti-Tn CICs purified from IgAN (P5, P10, and Pmix) or healthy controls (C3, C6,
and Cmix), probed as indicated. Right: The respective mean fluorescent intensity (MFI) for each antibody is plotted against the control. Error bars represent +SEM (n = 6, two
independent experiments of n = 3). (F to H) MFI from (D) and (E) plotted (n =6, two independent experiments of n = 3); black and red circles, individual cases; bar, average.
(I'to L) Proliferation of anti-Tn CICs on starved HRMCs. (I) Unstimulated [0.5% fetal bovine serum (FBS)] and stimulated (10% FBS); HRMCs stimulated using IgAN serum (J)
(Pmix) or healthy control (K) (Cmix) where anti-Tn CICs immunodepleted using Tn(+)matrix beads (ID) or mock. Ki-67, cell proliferation marker (green); DAPI, nuclear
staining (blue). (L) Quantification of (1) to (K): error bars, triplicates measure (three areas per well). NC, negative control (unstimulated). (M to Q) Exogenous addition of
purified anti-Tn CICs stimulates HRMCs, and glycomimetic inhibits proliferation. (M, N) Similar to | and J. (O and P) Exogenous addition of anti-Tn CICs (50 ng/100 ml per well)
purified from IgAN patient or healthy control to Tn(+)matrix depleted sera from patient with IgAN, with/without prior treatment of anti-Tn CICs with o-methylGalNAc or
a-methylGIcNAc. Scale bars, 20 um. (Q) Quantification of (M) to (P), fold change of Ki-67-positive cells normalized to unstimulated. Error bars, triplicate measure (three areas
per well). Representative of three biological replicates, IgAN and healthy control. (R) Purified anti-Tn CICs from three healthy controls and three patients with IgAN
resolved by SDS-PAGE WB, probed as indicated (n = 3, technical replicates). Cm, Cmix; Pm, Pmix.
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and IgG (Fig. 4, D and E) to mesangial cells (except IgA1 in the case
of healthy control), indicating that anti-Tn CICs can interact with
the mesangial cell surface. We also asked whether there is any dif-
ference in anti-Tn CICs, purified from sera of patients with IgAN
and healthy controls, binding to mesangial cells, and our analysis
showed that there is no difference in binding except in the case of
IgA1l (Fig. 4, F to H).

To investigate the proliferative nature of the anti-Tn CICs, we di-
rectly used sera from both patients with IgAN and healthy controls to
stimulate primary mesangial cells, which were cultured under 0.5%
fetal bovine serum (FBS)-containing medium, directly stimulated the
cells with different concentrations of the serum, and then stained for
the proliferation marker Ki-67. Results using stained cells were calcu-
lated as a fold change. We found that both sources of sera stimulate
mesangial cells in a dose-dependent manner, but stimulation by sera
from patients with IgAN was significantly higher than healthy con-
trols, and the difference was more evident in lower serum concentra-
tions (1 and 2.5%); at 5%, the difference was not significant, perhaps
because of saturation (fig. S15, A and B). There were no obvious
changes observed in total serum protein with IgAN compared to
healthy controls (fig. S15 C). Next, we immunodepleted anti-Tn CICs
with the Tn(+)matrix or mock using the sera from both patients with
IgAN and healthy controls; the immunodepleted sera were added to
cells and stained for Ki-67. The results demonstrate that the depletion of
anti-Tn CICs from sera of patient with IgAN significantly reduces its
proliferative nature of the mesangial cells compared to mock depletion
(Fig.4,1,],and L, mock and ID in Pmix), indicating that anti-Tn CICs
are bioactive. In parallel experiments with healthy control sera, we did
not see significant changes in proliferative nature of the sera depleted
of anti-Tn CICs (Fig. 4, I, K and L, mock and ID in Cmix), which may
also be due to the significantly lower amount of anti-Tn CICs and po-
tential differences in the components of the CICs in the sera of healthy
controls as compared to those in patients with IgAN (Fig. 2C).

Nevertheless, to further explore the biological activity of the anti-Tn
CICs purified from both patient with IgAN and healthy controls on
mesangial cells, we purified the anti-Tn CICs from both sources. Simi-
lar to Fig. 4 (I and J), we prepared cultured cells with immunodepleted
IgAN serum, and then we stimulated the cells by adding the same
amount of anti-Tn CICs purified either from IgAN sera or from the
healthy control sera; for the specificity, we tested human embryonic
kidney (HEK) 293T cells, in parallel with HRMCs, as a control cell line
for the cell proliferation assay. We found that anti-Tn CICs do not
stimulate HEK293T cells (fig. S16, A and B). The results demonstrate
that the anti-Tn CICs from both IgAN and the control serum stimulate
the cells as seen by Ki-67 staining (Fig. 4, M to Q, ID and ID + anti-Tn
CICs). We again asked whether a-methylGalNAc, which dissociates
the anti-Tn CICs from patient with IgAN (Fig. 3F), could inhibit the
proliferative activity of the anti-Tn CICs. The result demonstrates that
the pretreatment of the anti-Tn CICs purified from patients with IgAN
with o-methylGalNAc inhibits their proliferative activity toward me-
sangial cells; in parallel control experiments, the control compound
o-methylGlcNAc did not inhibit the mesangial cell proliferation as
expected (Fig. 4, O and Q). The use of similarly a-methylGalNAc
pretreated anti-Tn CICs purified from healthy control sera did not
significantly inhibit mesangial cell proliferation (Fig. 4, P and Q).
Together, the results demonstrate that the purified anti-Tn CICs,
irrespective of IgAN status, can stimulate mesangial cell proliferation
and that the glycomimetics specifically inhibit the stimulatory nature of
only anti-Tn CICs purified from patients with IgAN.
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Prior studies suggest that complement plays an important role in
IgAN pathogenesis and IgA1-containing CICs have been observed
with complement C3, one of the components of the complement
pathway. It has been reported that complement can be activated
within the CICs in circulation or after the ICs being deposited to
glomerular mesangium (39-41, 42). Our MS analysis of the anti-Tn
CICs purified from healthy control sera demonstrated the presence
of complement C3 (fig. S2 and table S1). To better understand the
presence of complement C3 within the purified anti-Tn CICs from
patients with IgAN, we purified CICs from sera of both healthy con-
trol and patient with IgAN and analyzed the materials by SDS-PAGE
immunoblots. Purified anti-Tn CICs from sera of patients with IgAN
contain IgM, IgG, and Tn(+)IgA1 and substantially higher level of
complement C3 compared to CICs purified from healthy controls
(Fig. 4R). These results indicate that anti-Tn CICs purified from
patients with IgAN are different in terms of amounts of complement
C3. In addition, the substantially higher amount of complement C3
within anti-Tn CICs may explain the differential mesangial cell pro-
liferation by anti-Tn CICs from IgAN compared to healthy control
(Fig. 4, 1to Q). Together, anti-Tn CICs that we have purified from
serum of patient with IgAN contain IgM, Tn(+)IgAl, IgG, and com-
plement C3, suggesting a pathogenic nature of anti-Tn CICs of pa-
tients with IgAN in their serum.

DISCUSSION

Despite many years of study on the CICs responsible for IgAN
pathogenesis (9, 43), much remains to be learned about the nature
of such complexes. Here, we identified and purified novel anti-Tn
CICs of size ranging from ~1.2 MDa to several megadaltons and
demonstrate that these ICs consist predominantly of IgM and, to a
lesser extent, Tn(+)IgAl and IgG. These anti-Tn CICs are signifi-
cantly elevated in the sera of patients with IgAN together with com-
plement C3. Furthermore, these purified anti-Tn CICs specifically
stimulate primary HRMCs. Tn antigen glycomimetics can dissoci-
ate these anti-Tn CICs to release Tn(+)IgAl and also inhibit the
proliferative nature of the anti-Tn CICs on primary HRMCs. These
insights could have enormous potential for drug development to
treat and manage IgAN. We also developed a unique assay to detect
these anti-Tn CICs directly from serum, which could potentially be
used as a much-needed early diagnostic tool for I[gAN.

A key focus of our study was to define the identities, properties,
and major components of the anti-Tn CICs in human serum, par-
ticularly focused on IgAN. A key advantage of our approach was the
affinity purification of such complexes using a Tn(+)matrix, which
allowed us to identify and quantify the anti-Tn CICs and their ability
to bind the Tn(+)IgAl. In addition, a key aspect of our study was the
generation of unique glycoforms of IgA1, i.e., Dakiki cell-derived
materials with or without Cosmc expression representing Tn(—)IgA1
and Tn(+)IgA1l, respectively. We succeeded in both of these goals,
and the availability of the Tn(+)matrix and Tn(-)IgA1 and Tn(+)
IgA1 glycoforms should be very helpful in future studies to deter-
mine the interactions of IgA1 with autoantibodies.

We observed that IgM, Tn(+)IgA1, and IgG form CICs of several
megadalton sizes, which contain predominantly IgM. There may be
other proteins associated with these large molecular masses, based
on BN-APAGE size estimation and Coomassie-stained SDS-PAGE
bands, while the smaller size of CICs of ~1.2 MDa may contain IgM
and few IgA1 molecules. It is not unexpected that the anti-Tn CICs
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are heterogeneous in terms of combinations of IgM, Tn(+)IgAl,
and IgG as well as other apparent substoichiometric level of pro-
teins present within the complexes. We speculate that IgM directly
interacts with the Tn antigen of IgA1 within anti-Tn CICs that we
have purified, because both the Tn matrix used for the pull-down
and IgAl itself have the Tn antigen, and the IgM does bind to the
Tn antigen. However, we do not yet know whether the anti-Tn
CICs that we found deposit in the kidney and are responsible for
IgAN pathogenesis, but our hypothesis is that elevated levels of
anti-Tn CICs containing predominantly complement C3 deposit in
the kidney and promote IgAN pathogenesis. On the other hand,
whether such anti-Tn CICs that we have purified are common in
patients with IgAN is a very important question that is the subject
of our future studies.

Although IgAN is characterized by mesangial deposition of IgA1
with IgG and/or IgM (2), there is a lack of information as to whether
there is colocalization of Tn(+)IgA1 with either IgG and/or IgM in all
types of IgAN deposits. Because of the biochemical nature of our
work with a limited number of patients and their serum samples, we
were unable to expand our work to a large cohort of patients, so it is
not clear at this point whether the inclusion of anti-Tn IgM within
anti-Tn CICs is a common characteristic in IgAN or only limited to a
small number of patients. However, it has been reported that 4 to 70%
of pediatric patients presenting IgAN have mesangial deposits of IgM
(44). Such IgM deposition showed a significant association with
glomerular crescent, mesangial hypercellularity, segmental sclerosis,
and tubular atrophy/intestinal fibrosis (45). A similar study that focused
on IgM identified IgM antibody deposits in the glomerulus, along
with a similar distribution of IgA1 in a specimen from a patient with
IgAN (46). There are many other studies examining individual anti-
body levels (IgG, IgM, and IgA1) or some combinations of them, sug-
gesting their deposition in the kidney of the patients with IgAN or in
a mouse model (47-51). On the other hand, a recent study using
confocal microscopy on frozen kidney-biopsy specimens, along with
other biochemical approaches, observed colocalization of IgG and
IgA, thus suggesting a potential colocalization between Tn(+)IgAl
with IgG, but that study did not describe potential IgM colocaliza-
tion (52). Surprisingly, many studies in the field have focused on IgA1
but not specifically Tn(+)IgA1, which is the predicted antigen, nor
the glycosylation of these antigenic IgA1 glycoforms in deposits has
been well characterized chemically. Cumulatively, to determine the
importance of anti-Tn CICs in IgAN pathogenesis, a longitudinal
clinical study focused on a large cohort of human patients designed
to study IgM deposition and disease activity should be considered.
These are likely to be topics of future studies.

Our results demonstrate that the anti-Tn CICs purified from the
healthy controls, although present at lower levels in serum, compared
to patients, bind to and can stimulate primary HRMCs to a similar
level equivalently to ICs purified from a patient with IgAN when tested
under similar concentrations. However, a major difference in this
activity that we observed is their relationship upon treatment with glyco-
mimetics. For example, unlike anti-Tn CICs purified from healthy
controls, the CICs purified from patients with IgAN failed to stimulate
HRMCs when pretreated with o-methylGalNAc that can cause disso-
ciation of the CICs. This indicates possible differences between the ICs
purified from healthy control and patients in relation to composition,
stoichiometry, and specificity within the components. One of the major
differences that we found is the predominant presence of complement
C3, but to gain a deeper understanding of the role of C3 within anti-Tn
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CICs will require further study at the native macromolecular complexes,
proteomic, and compositional levels. It is possible that the components
of anti-Tn CICs in the sera of patients with [IgAN may have reorganized
toward low-affinity ICs together with higher accessibility of the
glycomimetic. Such future studies will define the components of the
complexes and further characterize IgM and Tn(+)IgA1 within
the complexes. In addition, our results indicate that the anti-Tn CICs
both from patients with IgAN and healthy controls bind to HRMCs
preferentially, as well as to their nuclei. Binding to the nuclei is puzzling
and will require further studies as to whether the CICs also contain
antinuclear antibodies or whether the Tn-containing antigens may
somewhat reside within cells, as has been proposed by others (53).
Such a finding might have implications for IgAN pathogenesis.

We envision that increased levels of circulating Tn(+)IgA1 to-
gether with the broad exposure of Tn antigens by various sources,
for example, microorganisms and parasitic infections during child-
hood and beyond with organisms expressing the Tn antigen, could
lead to the development of anti-Tn antibodies (particularly IgM)
(17, 21, 25, 54). In addition, some population-based genome-wide
association studies have indicated nearly 20 IgAN risk loci (55);
moreover, in a similar study, locus 7p21.3 (CIGALT1, T-synthase;
the enzyme that is important in generating extended O-glycans) and
locus Xq24 (CIGALTICI1, Cosmc; the specific molecular chaperone for
T-synthase) are associated with serum Gd-IgA1 levels (30, 32, 56, 57).
Consistent with these studies, defects in Cosmc and T-synthase, in
IgAl-producing B cells have been suggested to be responsible for
generating the Tn glycoform (58-61), but studies in this area are
continuing (57, 62-64). Thus, consistent with the multihit hypothesis
as to the origin of IgAN, the presence and elicitation of anti-Tn IgM
antibodies along with generation of the Tn(+)IgA1 create the back-
ground by which IgAN may arise.

The anti-Tn CICs that we have purified from human serum
show many biochemical and biological characteristics similar to
prior characterize CICs and align with evolving model of CICs
known to be important in IgAN pathogenesis (8, 9, 26, 65). Our data
unequivocally demonstrate that anti-Tn CICs that we have purified
contain galactose-deficient IgA1 as the key component together
with IgM; these complexes may also contain some IgG. Tn antigen-
based glycomimetics treatment followed by blue native gel analysis
shows the presence of polymeric IgA1 within the complexes. Puri-
fied anti-Tn CICs from healthy control can bind to and stimulate
proliferation of HRMCs; such occasional IgA1 deposition may occur
as seen in healthy kidney biopsies (66, 67), and the interactions may
be different or not sufficient to cause IgAN pathogenesis. For sera
from patients with IgAN, our results show that anti-Tn CICs are
elevated and that complement C3 is elevated within the ICs com-
pared to anti-Tn CICs found in healthy control sera; such differences
may be critical for driving IgAN pathogenesis. However, we do not
yet know whether the anti-Tn CICs that we have found deposit in
the kidney and are specifically responsible for IgAN pathogenesis,
but our hypothesis is that elevated levels of anti-Tn CICs containing
predominantly complement C3 deposit in the kidney and promote
IgAN pathogenesis. Establishing the relevance of anti-Tn CICs to
IgAN is important, which is part of ongoing work.

Another important aspect of our study is the development of a
sensitive assay to detect and monitor anti-Tn IgM antibodies in cir-
culation, which has important implications for IgAN diagnosis and
as a tool to follow disease progression. We have developed an assay
on the basis of our findings that IgM is dominantly present within
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the anti-Tn CICs, which contain IgM and IgA1 together. Our work
shows that IgM within the CICs can be easily detected by secondary
anti-IgM antibodies, whereas IgA1 and IgG cannot be directly and
easily detected in the native CICs. Hence, we reasoned that an assay
targeted toward detecting IgM bound to the Tn(+)matrix would be
more meaningful and sensitive. Accordingly, using this tool, we were
able to measure significant levels of anti-Tn CICs in the sera of patients
with IgAN as compared to healthy control sera. Many IgAN diagnostic
platforms have focused their efforts on detecting primarily IgA1-IgG,
complement C3 and, in very few instances, IgA1-IgM ICs. Future
studies should take into account the dominant presence of IgM within
the CICs together with other antibodies and complement C3.
Despite many years of studies since the original description of
the IgAN (1) and progress made for nonspecific inhibition of the
renin-angiotensin aldosterone system and steroids for patients,
there is no specific therapy for this disease (47). Our insights into
the carbohydrate-protein interactions within the CICs led us to test
a new class of small-molecule glycomimetics (68). We found that
the a-methylGalNAc-based glycomimetics can dissociate the puri-
fied anti-Tn CICs into IgA1 and IgM. On the other hand, they also
prevent the interaction of the purified anti-Tn antibodies with
Tn-containing IgA1 glycopeptides, suggesting that they can poten-
tially block the formation of the CICs. Cumulatively, glycomimetics
represent promising candidates to consider for the treatment of
IgAN. It has been reported that the properties of CICs (Tn-containing
IgA1l), for example, size, components, and antigen:antibody ratio,
influence the nature of the CICs deposited in the glomeruli (69, 70).
Thus, we imagine that the anti-Tn CICs that we purified behave simi-
larly and that treatment of the anti-Tn CICs with a-methylGalNAc-
based glycomimetics can dissociate the Tn(+)IgA1 from the complex
and reduce kidney deposition. Such glycomimetics may hold great
potential for treatment of patients if the compounds are orally ad-
ministrable and absorbable. Such possibilities are reasonable, as sim-
ple sugar compounds are used to treat other diseases, such as the use
of oral fucose or mannose supplements to treat congenital disorders
of glycosylation (71, 72-76). The glycomimetics, if accessible and
stable in the circulation, could be effective in disrupting anti-Tn ICs.

MATERIALS AND METHODS

Serum collection

Blood samples from patients with IgAN, biopsy-proven, were ob-
tained either from the Emory Clinic under the approved Institu-
tional Review Board (IRB) protocol (IRB00008410) as previously
described (17) or from the VU University Medical Center (VUMC)
Amsterdam, The Netherlands, approved by both the patients and by
the Medical Ethical Committee of the hospital (METC-VUMC) under
approved Central Committee on Research Involving Human Subjects
(CCMO) (NL12328.029.06). Blood samples for healthy donors were
obtained from Beth Israel Deaconess Medical Center under the ap-
proved IRB protocol (2016P000008) and from the VUMC Amsterdam,
under approved CCMO (NL12328.029.06). In addition, basic donor
information is listed in Table 1. Collected blood samples were kept
at room temperature (RT) (1 hour) and centrifuged (2000 rpm) for
10 min at RT; the resultant supernatants were collected as serum.

Preparation of Tn(+)matrix affinity resin
We prepared Tn(+)matrix [desialylated BSM (Asialo-BSM)] resins
as previously described (35). Briefly, ~2 ml of coupled BSM resins
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(50% slurry) were desialylated using 50 mU of neuraminidase
(catalog no. 10269611001, Roche) in 50 mM sodium acetate (pH 5.0)
for 1 hour at 37°C (10 rpm). The beads were washed three times
with 10 ml of phosphate-buffered saline (PBS) and desialylated one
more time to completely remove the remaining sialic acid. The pre-
pared Asialo-BSM beads [Tn(+)matrix beads] were kept at 4°C in
PBS for future uses. Beads alone were prepared with no proteins
in parallel.

Affinity purification of putative anti-Tn antibodies and WB
Human serum (~50 ml) was mixed with 1 ml of Tn(+)matrix beads
(50% slurry in PBS) at 4°C (10 rpm) overnight. The preparation of
Tn(+)matrix beads was washed six times with 5 ml of chilled 1 M NaCl
on a column (catalog no. 10561284, Pierce) dropwise (1 ml/min),
the bound material was eluted by 5 ml of chilled 0.1 M glycine-
NaOH (pH 10.5), and eluted sample was immediately neutralized
with chilled glycine-HCI. Eluted fraction (6 ml) was dialyzed in 1 liter
of PBS using Slide-A-Lyzer Dialysis cassettes (10,000 molecular weight
cutoff, 12 ml; Thermo Fisher Scientific) overnight at 4°C and con-
centrated using Amicon Ultra Centrifugal Filters (10,000 nominal
molecular weight limit; catalog no. UFC801096, MilliporeSigma)
down to 0.5 ml. The concentration of eluted protein was determined
by Bicinchoninic acid assay (catalog no. 23225, Thermo Fisher Scien-
tific). Each fraction (input, flow through, and washes) was propor-
tionally loaded, except elution of 10 ul, analyzed on SDS-PAGE, and
stained with Coomassie or transferred to nitrocellulose membrane
(catalog no. 1704158, Bio-Rad) using Trans-Blot Turbo Transfer System
(Bio-Rad). After blocking with 5% (w/v) nonfat milk (catalog no.
C701K28, EMD Millipore) in TBST [50 mM tris-HCl (pH 7.4), 150 mM
NacCl, and 0.05% Tween 20] for 1 hour at RT, the membranes were
incubated with horseradish peroxidase (HRP)-labeled goat anti-
human IgM (u chain) (catalog no. 5220-0328, KPL), goat anti-human
IgG (H+L) (catalog no. 109-005-003, Jackson ImmunoResearch Lab-
oratories Inc.), or goat anti-human IgA (a chain) (catalog no. 5220-
0360, KPL) antibodies at 1:10,000 dilution in TBST containing 1%
nonfat milk for 1 hour at RT. After washing three times with TBST
for 10 min, the signals were analyzed on an Amersham Imager 600
(GE Healthcare Life Sciences) using SuperSignal West Pico chemi-
luminescent substrate (catalog no. 34578, Thermo Fisher Scientific).
For lectin blot, the membranes were blocked with 5% (w/v) bovine
serum albumin (BSA) (catalog no. BP1600-1, Fraction V, Fisher
BioReagents) in TBST for 1 hour at RT and incubated with biotinylated
VVA (catalog no. B-1235-2, Vector Laboratories; diluted to 0.5 ug/ml)
in TBST containing 0.5% BSA for 1 hour at RT. HRP-labeled
streptavidin (catalog no. SA-5014, Vector Laboratories) at 1:10,000
dilution in TBST containing 0.5% BSA was used for detection.

Immunofluorescence of Tn(+)matrix beads

Tn(+)matrix beads (5 pl; 50% slurry in PBS) or control beads were
incubated with purified anti-Tn antibodies diluted to 1 pug/ml for
IgM staining and to 4 ug/ml for IgG and IgA staining in PBS for
1 hour on ice. The beads were washed three times with 1 ml of
chilled 1 M NaCl each time using centrifugation at 150g for 30 s at
4°C and incubated with respective Alexa Fluor 488-labeled goat anti-
human IgM (catalog no. A-21215, Thermo Fisher Scientific), goat
anti-human IgG (catalog no. A-11013, Thermo Fisher Scientific),
or fluorescein isothiocyanate (FITC)-labeled mouse anti-human IgA1
(catalog no. 9130-02, SouthernBiotech) at 1:400 dilution in PBS for
1 hour on ice in the dark. The beads were washed twice with 1 ml of
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chilled PBS and analyzed using a microscope (AMG EVOS FL digital
inverted microscope, Thermo Fisher Scientific; x100 magnification).
Isotype human IgM (catalog no. 31146; diluted to 1 pg/ml), human
IgG (catalog no. 31154; diluted to 4 pg/ml), or human IgA (catalog
no. 31148; diluted to 4 ug/ml) from Invitrogen in PBS was used as con-
trol. For inhibition assay, purified anti-Tn antibodies were preincubated
with 20 mM a-methylGalNAc (catalog no. sc-222088, Santa Cruz
Biotechnology) in PBS for 30 min on ice. For additional control
experiments, other proteins including BSM, BSA, and fetuin were also
coupled independently with beads as described in the “Preparation
of Tn(+)matrix affinity resin” section. Beads were incubated with a
murine recombinant anti-Tn IgM antibody [ReBaGs6 in house (35);
diluted to 1 ug/ml], or biotinylated VVA (diluted to 1 pg/ml) in
PBS and detected with Alexa Fluor 488-labeled goat anti-mouse IgM
(catalog no. A-21042, Thermo Fisher Scientific) or streptavidin
(catalog no. S11223, Invitrogen) at 1:400 dilution in PBS. Isotype mouse
IgM (catalog no. 0101-01, SouthernBiotech; diluted to 1 pg/ml) in
PBS was used as a control.

Tn glycopeptide microarray

The Tn glycopeptide microarray was prepared as previously de-
scribed (77). Briefly, the glycopeptides printed on the microarray is
as listed (Table 2). Purified anti-Tn antibodies (diluted to 10 pug/ml
for IgM and to 40 pg/ml for IgG and IgA detection) in TSM binding
buffer [20 mM tris-HCI (pH 7.4), 150 mM NaCl, 2 mM CaCl,, and
2 mM MgCl,, with 1% BSA and 0.05% Tween 20] were added to the
respective array slides for 1 hour at RT. Alexa Fluor 488-labeled
goat anti-human IgM or goat anti-human IgG or FITC-labeled goat
anti-human IgA antibody at 1:400 dilution in TSM binding buffer
was used for detection of IgM, IgG, and IgA within purified anti-Tn
antibodies. Slides were analyzed on a Genepix 4300A microarray
scanner (Molecular Devices). Images were analyzed with quantita-
tion software (GenePix Pro Microarray Analysis software version 7,
Molecular Devices). For inhibition assay, we used purified Tn(+)
IgA1l produced from CosmcKO Dakiki cells (see the “Generation
and characterization of CosmcKO Dakiki cells using CRISPR-Cas9
system” section) to inhibit anti-Tn antibodies binding to micro-
array and Tn(—)IgA1 produced from Dakiki cells as a positive control.
Purified anti-Tn antibodies (C1; 10 ug/ml) in TSM binding buffer
were preincubated with 1 ug of purified Tn(+)IgA1l or Tn(-)IgAl
for 30 min at RT. After 1 hour of incubation with the solution on
the array, Alexa Fluor 647-labeled goat anti-human IgM antibody
(catalog no. A-21249, Thermo Fisher Scientific; diluted at 1:400) in
TSM binding buffer was used for detection. For inhibition assay with
glycomimetics, purified anti-Tn antibodies (C3; 10 pg/ml) in TSM
binding buffer were preincubated with 20 mM o-methylGalNAc (or
o-methylGlcNAc) (catalog no. M0257, Sigma-Aldrich) or DiaGalNAc
(or DioGIcNAc) synthesized as described in the “Synthesis of
DioGalNAc and DiaGIcNAc” section for 30 min at RT; after 1 hour of
incubation with the solution on the array, Alexa Fluor 488-labeled
goat anti-human IgM (catalog no. A-21249, Thermo Fisher Scien-
tific; diluted at 1:400) in TSM binding buffer was used for detection.
Heatmap and correlation map of binding preferences were ana-
lyzed using GLAD (Glycan Array Dashboard; www.glycotoolKkit.
com/Tools/GLAD/).

CFG glycan microarray
The CFG glycan microarray version 5.0 was used (www.functional-
glycomics.org) (78). Briefly, purified anti-Tn antibodies (C1; diluted
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to 10 pg/ml) in TSM binding buffer were added to the array slides for
1 hour at RT. Alexa Fluor 488-labeled goat anti-human IgM at 1:400
dilution in TSM binding buffer was used for detection. Slides were
analyzed as described in the “Tn glycopeptide microarray” section.

Generation and characterization of CosmcKO Dakiki cells
using CRISPR-Cas9 system
Generation of CosmcKO cells
Human B cell line (Dakiki) was purchased from American Type
Culture Collection (ATCC; TIB-206) and cultured in RPMI 1640
medium (Corning) supplemented with 20% (v/v) FBS and penicillin-
streptomycin (200 U/ml; Thermo Fisher Scientific) at 37°C and 5%
CO5. The single-guide RNA sequence (Dharmacon) to target Cosmc
gene is described in fig. S4. Dakiki cells were infected by spinoculation.
Tn positivity serves as a cell surface marker of CosmcKO. Cells were
first selected using drug and then sorted for Tn-positive population
using ReBaGs6 on a cell sorter (MoFlo Astrios EQ Sorter, Beckman
Coulter). The resultant homogenous cell population was termed
CosmcKO cells.
Characterization of CosmcKO cells
First, we analyzed whole-cell extracts from WT and CosmcKO
Dakiki cells that were resolved on SDS-PAGE and immunoblotted
for Cosmc, T-synthase, and B-actin using anti-Cosmc antibody
(catalog no. sc-271829, H-10, Santa Cruz Biotechnology), anti-T-
synthase antibody (catalog no. sc-100745, F-31, Santa Cruz Bio-
technology), or anti-B-actin antibody (catalog no. sc-47778, C4,
Santa Cruz Biotechnology) at 1:1000 dilution in TBST with 1% nonfat
milk. Secondary detection was performed with HRP-labeled goat
anti-mouse IgG (H+L) antibody (catalog no. 115-035-003, Jackson
ImmunoResearch Laboratories Inc.) at 1:10,000 dilution in TBST
containing 0.5% nonfat milk. For lectin blots, cell extracts (~30 ug)
were pretreated with 50 mU of neuraminidase in 50 mM sodium
acetate (pH 5.0) for 1 hour at 37°C following the manufacturer’s
instructions and analyzed by SDS-PAGE-lectin blots. Biotinylated
peanut agglutinin (catalog no. B-1075-5, Vector Laboratories; diluted
to 1 pug/ml) or HPA (catalog no. L6512, Sigma-Aldrich; diluted to
1 pg/ml) in TBST containing 1% BSA was used as the primary
reagent. Secondary detection was performed with HRP-labeled
streptavidin at 1:10,000 dilution in TBST containing 0.5% BSA.
For the Tn expression levels on the cell surface in CosmcKO Dakiki
cell line, cells were incubated with 100 ul of a murine anti-Tn anti-
body (ReBaGs6; diluted to 1 ug/ml) or mouse isotype IgM (diluted to
1 pg/ml) in PBS for 1 hour on ice. Cells were washed twice with 3 ml of
cold PBS by centrifugation and incubated with 100 ul of Alexa Fluor
488-labeled goat anti-mouse IgM antibody at 1:400 dilution in PBS
for 1 hour on ice in the dark. After washing twice with 3 ml of cold
PBS by centrifugation, cells were resuspended in 500 ul of PBS and
then analyzed on a flow cytometer (FACSCalibur, Becton Dickinson).
The T-synthase enzyme activity was fluorescently assayed using
4-methylumbelliferyl 2-acetamido-2-deoxy-o-p-galactopyranoside
(catalog no. EM04782, Biosynth Carbosynth) as an acceptor sub-
strate and uridine 5’-diphosphate-galactose (MU06699, Biosynth
Carbosynth) as donor sugar as described previously (79). For a con-
trol, a-mannosidase activity was assayed using 4-methylumbelliferyl
o-p-mannopyranoside (catalog no. M3657, Sigma-Aldrich) as an
acceptor substrate. The T-synthase activity was normalized as a
ratio of T-synthase activity:o-mannosidase activity in Dakiki WT
cells. The purification procedure of IgA1 from Dakiki cell lines was
previously described (35).
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Tn(+)IgA1 binding study by purified anti-Tn antibodies
CosmcKO Dakiki cells were established as described above. Purifi-
cation of IgA1 from Dakiki cell line was previously described (35).
Purified IgA1 with or without extended O-glycans was analyzed by
SDS-PAGE WB as described in the “Affinity purification of putative
anti-Tn antibodies and WB” section with some modifications. WB
was performed using our purified anti-Tn antibodies (10 ug/ml) in
TBST containing 0.5% BSA as the primary antibody. VVA lectin
blotting was performed as described above.

Microbead flow cytometry: Diagnostic assay

Asialo-BSM (100 mg) and HPA (1 mg; catalog no. L3382, Sigma-
Aldrich) were conju§ated to 5 x 10° Polybead carboxylate 6.0-um
microspheres (2 x 10’ beads/ml; catalog no. 17141, Polysciences Inc.)
following the manufacturer’s instructions. For detection of anti-Tn
IgM in sera, ~5 x 10* Asialo-BSM microbeads were incubated with
100 pl of serum (diluted at 1:100 in PBS) for 1 hour on ice. For con-
trols, ~5 x 10* Asialo-BSM microbeads were incubated with isotype
human IgM (3.3 pg/ml) or serial diluted Asialo-BSM-purified anti-Tn
IgM (starting at 3.3 pg/ml) from human sera (catalog no. 7323901,
Lampire Biological Laboratories Inc., PA) for 1 hour on ice. The beads
were washed twice with 1 ml of chilled 1 M NaCl (beads pelleted 850g
for 30 s) and incubated with 100 pl of Alexa Fluor 488-labeled goat
anti-human IgM (u chain) antibody at 1:400 dilution in PBS for 1 hour
on ice in the dark. For detection of Tn(+)IgA1 in sera, ~5 x 10* HPA
microbeads were incubated with 100 pl of serum (diluted at 1:100 in
PBS) for 1 hour on ice. For controls, 5 x 10* HPA microbeads were
incubated with purified Tn(+)IgA1 or Tn(-)IgA1 (10 pg/ml) from
Dakiki cell lines for 1 hour on ice. The beads were washed twice with
1 ml of cold PBS and incubated with 100 ul of FITC-labeled mouse
anti-human IgA1 antibody at 1:400 dilution in PBS for 1 hour on ice
in the dark. After washing the beads twice with 1 ml of cold PBS, the
beads were resuspended in 500 pl of chilled PBS and analyzed on a
flow cytometer (FACSCalibur, Becton Dickinson). Total serum IgM
in sera was measured by an ELISA kit (catalog no. 88-50620-22,
Thermo Fisher Scientific). Total serum IgA in sera was measured by
an ELISA kit (catalog no. 88-50600-22, Thermo Fisher Scientific).

Preparation of BN-APAGE

CICs were resolved using BN-APAGE system as previously de-
scribed (34). Samples and unstained native markers (catalog no.
LC0725, Invitrogen) were mixed with the sample buffer [0.5%
Coomassie blue G-250 and 50 mM e-aminocaproic acid in 10 mM
bis-tris (pH 7.5) at final concentration] just before use, and electro-
phoresis was performed using 1x anode buffer [50 mM bis-tris HCI
(pH 7.0)] and 1x cathode buffer [50 mM tricine, 15 mM bis-tris,
and 0.0015% G-250 (pH 7.0)] for at ~18 hours using relatively low
voltage and low current (e.g., 15 to 20 V, ~2 mA, for four gels).

WB on BN-APAGE

Protein samples (~0.1 pg) or plain serum (1:200 dilution in PBS, 10 ul
loaded) run on BN-APAGE was transferred onto activated poly-
vinylidene difluoride membrane (catalog no. IPVH00010, EMD
Millipore, wet-transfer system; 40 V for 2 hours). The membranes
were quickly destained with 100% methanol, washed with TBST, and
blocked with 5% (w/v) nonfat milk in TBST for 1 hour at RT. The
blocked membranes were incubated with HRP-labeled goat anti-
human IgM (u chain) antibody or goat anti-mouse IgM (i chain) anti-
body (catalog no. 115-035-020, Jackson ImmunoResearch Laboratories
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Inc.) at 1:10,000 dilution in TBST containing 1% nonfat milk for
1 hour at RT, and the signals were detected onto the autoradiography
films (catalog no. 1141 J52, HyBlot CL, Thomas Scientific) using
SuperSignal West Pico Chemiluminescent Substrate.

Immunodepletion experiment

Approximately 10 ul (50% slurry in PBS) of goat anti-human IgA (a
chain) agarose beads (catalog no. A2691, Sigma-Aldrich) or isotype
goat IgG control beads (catalog no. ab104155, Abcam) were added
to the equal amount of purified anti-Tn CICs (~0.1 ng). After
2 hours of incubation in cold room (10 rpm), unbound/depleted
fractions were collected after centrifugation at 850¢ for 30 s and
analyzed by WB using the BN-APAGE system.

Glycomimetic treatment of anti-Tn CICs and

BN-APAGE analysis

For glycomimetic treatment, purified anti-Tn CICs (~0.1 pg)
were pretreated with a-methylGalNAc (100 mM), o-methylGIcNAc
(100 mM), or mock in PBS for 2 hours at 4°C on a rotator (10 rpm),
and the samples were analyzed by BN-APAGE WB and probed for
IgM and IgA.

ELISA-based glycomimetic inhibition assays

IgA1 glycopeptides (0.01 ug per well; ID 18 or ID 19 as listed in
Table 2) were immobilized using immobilization buffer (NaHCO3/
Na,COs3, pH 9.6) in a 96-well plate (Thermo Fisher Scientific, Poly-
Sorp) overnight at 4°C. The plate was washed three times with TSM
containing 0.05% Tween 20 (TSMT) and added 5% (w/v) BSA in
TSMT for 1 hour at RT. The plate was incubated with purified
anti-Tn CICs (1 pg/ml) from IgAN serum [P3 and pooled P1 to P10
(Pmix)] or healthy donors [C3 and pooled C1 to C10 (Cmix)] in TSMT
containing 0.5% BSA for 1 hour at RT. The plate was washed three
times with TSMT and incubated for 1 hour with HRP-conjugated
goat anti-human IgM at 1:1000 dilution in TSMT containing 0.5%
BSA at RT. The plate was washed three times with TSMT and de-
veloped using 3,3°,5,5’-Tetramethylbenzidine substrate solution
(catalog no. ab171523, Abcam) for 30 min, and the reaction was stopped
with 1 N HCI. Absorbance (450 nm) was read on an ImageXpress
Pico (Molecular Devices). The IC5 was calculated with GraphPad
Prism 6.0 (GraphPad Software Inc.) after subtraction from ID 19 as
a baseline. For inhibition assay, purified anti-Tn CICs were preincu-
bated with a serial dilution (1:3) of a-methylGalNAc or DiaGalNAc
(starting at 10 mM) for 30 min at RT.

Immunofluorescence on human primary mesangial cells

HRMC:s (catalog no. 4200, ScienCell) were cultured, as described in
the protocol of the company, on poly-L-lysine-coated (2 ug/cm?
catalog no. 0403) cover strip in 24-well plate. Cells were harvested
at ~90% confluency and fixed with 4% paraformaldehyde (PFA)
(catalog no. 50-980-487, Thermo Fisher Scientific) with 0.05% Triton
X-100 in PBS for 20 min at 4°C. Fixed cells were blocked with 5%
(v/v) goat serum (catalog no. 16210064, Thermo Fisher Scientific)
in PBS for 1 hour at 4°C and incubated with anti-Tn CICs (1 pg/ml)
and anti-vimentin antibody (catalog no. sc-6260, V9, mouse IgG,
Santa Cruz Biotechnology; diluted to 1:400) in PBS overnight at
4°C. Cells were washed three times with chilled PBS and incubated
with Alexa Fluor 488-labeled goat anti-human IgM and Alexa Fluor
633-labeled goat anti-mouse IgG (catalog no. A21052, Thermo Fisher
Scientific) at 1:400 dilution in PBS for 1 hour at 4°C in the dark.
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Cells were washed three times with chilled PBS and stained with
4’,6-diamidino-2-phenylindole (DAPI) (catalog no. 9542, Sigma-
Aldrich; diluted to 0.1 pM) in PBS for 10 min at RT and analyzed by
confocal microscope (Zeiss Axioimager Z1; X630 magnification).
Anti-Tn CICs from three healthy controls (C3, C6, and Cmix) and
three IgAN (P5, P10, and Pmix) were used on this assay. For isotype
control, human IgM, IgG, and IgA (1 ug/ml each) or mouse IgG
(catalog no. 0107-01, SouthernBiotech; diluted to 0.5 ug/ml) in PBS was
used. All images were taken in three different areas in 24-well plate.

Cell surface staining by anti-Tn CICs

HRMCs (~5 x 10°) were stained with anti-Tn CICs (5 pg/ml) puri-
fied from IgAN (P5, P10, or Pmix) or healthy control (C3, C6, or
Cmix) for 1 hour at 4°C. After washing three times with 2 ml of cold
PBS, cells were incubated with Alexa Fluor 488-labeled goat anti-
human IgM (u chain), goat anti-human IgG (H+L), or FITC-labeled
mouse anti-human IgA1 at 1:400 dilution in PBS for 1 hour on ice.
After washing three times with 2 ml of cold PBS, cells were re-
suspended in 500 pl of chilled PBS and analyzed on a flow cytometer
(FACSCalibur, Becton Dickinson). Mean fluorescent intensity (MFI)
(FL1-H) for each staining was plotted on a graph.

Cell proliferation assay

Serum (~500 ul) was mixed with 50 pl of Tn(+)matrix beads or
mock beads overnight at 4°C (10 rpm). Supernatant was collected
after pelleting the beads at 500g for 30 s at 4°C. After two rounds of
such sequential anti-Tn CIC immunodepletion (serum-ID) and its
control (serum-mock), collected serum was filtered by syringe filter
unit (catalog no. SLHP033RS, MilliporeSigma) before use. Cells
were cultured at ~90% confluency in 96-well plate and starved in
mesangial cell medium (catalog no. 4201) with 0.5% FBS (catalog no.
0010) and 0.05x mesangial cell growth supplement (catalog no. 4252)
from ScienCell for 24 hours at 37°C before stimulation. Cells were
stimulated with 5% serum-mock and 5% serum-ID with or without
exogenous anti-Tn CICs (total, 50 ng/100 ul per well) for 24 hours at
37°C incubator. Cells were fixed with 4% PFA with 0.05% Triton
X-100 in PBS for 20 min at 4°C. Fixed cells were blocked with 5% (v/v)
goat serum in PBS for 1 hour at 4°C and incubated with anti-Ki-67
antibody (SP6, rabbit IgG, catalog no. CRM325B, Biocare Medical;
diluted to 1:50) in PBS for 1 hour at 4°C. Cells were washed three
times with chilled PBS and incubated with Alexa Fluor 488-labeled
goat anti-rabbit IgG (catalog no. A27034, Thermo Fisher Scientific)
at 1:400 dilution in PBS for 1 hour at 4°C in the dark. Cells were
washed three times with chilled PBS, stained with DAPI (diluted to
0.1 uM) in PBS for 10 min at RT, and analyzed using a microscope
(AMG EVOS FL digital inverted microscope, Thermo Fisher Sci-
entific; x400 magnification). For inhibition assay, anti-Tn CICs were
preincubated with 100 mM o-methylGalNAc or a-methylGIcNAc
in PBS for 30 min at RT. Serum from three healthy controls (C3,
C6, and Cmix) and three IgAN (P5, P10, and Pmix) was used in this
assay. For cell proliferation studies using plain serum from patients
with IgAN and healthy controls, HRMCs were starved as described
above, and cells were stimulated with 1, 2.5, or 5% serum with IgAN
(Pmix) or healthy control (Cmix) for 24 hours in a 37°C cell culture
incubator. For the comparison of cell proliferation studies, cells
were stimulated with 2.5% serum with IgAN (P1 to P20) or healthy
control (C1 to C20) for 24 hours at 37°C incubation. One microliters
of serum with IgAN (P1 to P20) or healthy control (C1 to C20) was
analyzed on SDS-PAGE gel and stained with Coomassie.
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For control cell staining, HEK293T cells (catalog no. CRL-3216,
ATCC) were starved in Dulbecco’s modified Eagle’s medium (cata-
log no. 10-013-CV, Corning) with 0.5% FBS for 24 hours at 37°C
before stimulation. Cells were stimulated with 5% serum with IgAN
(mock), CIC-immunodepleted serum (ID), or exogenously adding
CICs from IgAN (ID + anti-Tn CICs) for 24 hours at 37°C CO; in-
cubator. Serum and anti-Tn CICs (P10 or Pmix) were used in this
assay. In parallel, healthy control serum and HRMCs were also used
as described above. All images were taken in three different areas in
96-well plate, and Ki-67—-positive cells were counted. All images were
taken in three different areas in 96-well plate, and Ki-67-positive
cells were counted.

WB analysis for complement C3 using purified anti-Tn CICs
Purified anti-Tn CICs (~0.1 pug) from three healthy controls (C3,
C6, and Cmix) and three patients with IgAN (P5, P10, and Pmix)
were analyzed on SDS-PAGE as described. Membranes were blocked
with 5% milk in TBST for 1 hour at RT and incubated with a re-
combinant anti-C3 antibody (EPR2988, catalog no. ab181147,
rabbit IgG, Abcam; diluted at 1:1000 in TBST) for 1 hour at RT. HRP-
labeled goat anti-rabbit IgG (catalog no. 5220-0336, KPL) at 1:10,000
dilution was used for detection. The signals were detected using
SuperSignal West Pico Chemiluminescent Substrate on an Amersham
Imager 600.

Protein identification by MS

Proteins (~5 pg) were resolved using SDS-PAGE shown in fig. S2,
and the appropriate bands were excised and processed for in-gel
trypsin treatment as described elsewhere (80). The next day, the
supernatant was removed from the gel pieces, and 50 pl of 50%
acetonitrile was added and incubated on the shaker for 10 min at
RT. Both supernatants were combined and dried in a SpeedVac
concentrator. The samples were taken up in 15 pl of water and
diluted two times in 0.1% formic acid.

Each sample (2 pl) was used for C18 reversed-phase liquid
chromatography-MS using an Ultimate 3000 nanoLC coupled to
an Orbitrap Fusion Lumos mass spectrometer (both Thermo Fisher
Scientific). Samples were loaded onto a C18 precolumn (C18 PepMap
100, 300 pm by 5 mm, 5 pm, 100 A, Thermo Fisher Scientific) with
solvent A at 15 ul/min [0.1% formic acid (FA) in H,O] for 3 min and
separated on a C18 analytical column (picofrit 75-um inside diameter
by 150 mm, 3 um, New Objective) using a linear gradient of 2 to 45%
solvent B (80% acetonitrile and 0.1% FA) over 39 min at 400 nl/min.
The mass spectrometer was operated under following conditions: The
ion source parameters have a spray voltage of 2100 V and ion transfer
tube temperature of 200°C. MS scans were performed in the Orbitrap
at aresolution of 60,000 within a scan range of mass/charge ratio
(m/z) 400 to 1600, a radio frequency (RF) lens of 30%, and Automatic
Gain Control (AGC) target of 1 x 10° for a maximum injection time
of 50 ms. The top 15 precursors were selected for MS/MS (MS?) in a
data-dependent manner, within a mass range of #/z 400 to 1600 and
a minimum intensity threshold of 1 x 10° and an isolation width of
2 m/z. Higher-energy C-trap dissociation (HCD) was performed in
stepped collision energy mode of 30% (+5%) and detected in the
Orbitrap with a resolution of 30,000 with the first mass at m/z 120,
an AGC target of 2 x 10°, and a maximum injection of 250 ms.

Data analysis was performed against the human SWISS-PROT
database (version 2016-05-11) using SEQUEST through proteome
discoverer (version 2.1.0.81, Thermo Fisher Scientific) under the
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following settings: trypsin (two missed cleavage sites), precursor mass
tolerance of 10 parts per million, and fragment mass tolerance of
0.02 Da. Dynamic modifications were oxidation on Met, deamidation
on Asn, phosphorylation on Ser/Thr, and N-terminal acetylation.
Static modifications were carbamidomethyl on Cys. False discovery
rate was set to 1%. Main protein hits were sorted on the basis of
their number of peptide spectrum matches (PSMs). The identified
peptides are listed in table S1.

Synthesis of DiaGalNAc and DiaGIcNAc

The synthesis began with the a-linked glycosidation of chloroethyl
linker to N-acetylgalactosamine (1) by using AcCl at 70°C (fig. S17).
Thioacetyl substitution to 2 was successful using potassium thio-
acetate (KSAc) in N,N’-dimethylformamide (DMF), which gave 3
in high yield. To dimerize this substrate, the thioacetyl group was
removed to expose the thiol using sodium methoxide in methanol, and
compound 2 was introduced to perform a direct Sy2 displacement
of the halide to render 4 in 33% yield (DiaGalNAc). The synthesis
of the Dio GIcNAc was repeated in a similar fashion as described
above to render 8 from N-acetylglucosamine (5) with comparable
yields (fig. S17).

General considerations
All commercially available reagents and solvents were used without
further purification. All reactions described were conducted under
argon atmosphere in an oven-dried glassware. 'H nuclear magnetic
resonance (NMR), *C NMR, and two-dimensional NMR experiments
were performed on a Varian MR 400-MHz spectrometer. The spectral
data were reported relative to deuterated peaks [dimethyl sulfoxide
(DMSO)-ds, 82.50], and chemical shifts were reported in parts per
million (8). "H NMR splitting patterns were designated as singlet (s),
doublet (d), triplet (t), doublet of doublets (dd), apparent triplet
(app. t.), or multiplet (m), and coupling constants were reported in hertz.
Thin-layer chromatography (TLC) was developed on glass-backed
TLC plates (silica gel 60 with a 254-nm fluorescent indicator and
250-mm layer thickness) that were stored over drierite in a desiccator.
TLC plates were visualized by coating with ammonium molybdate/
cerium(IV) sulfate stain heated mildly on a hot plate. Flash column
chromatography was performed on silica gel (32 to 63 um) with re-
ported solvent systems in v/v ratios. Reversed-phase high-performance
liquid chromatography (RP-HPLC) was performed using Waters
(Method A) Gradient Purification System 2767 equipped with Waters
2489 ultraviolet/visible detection module and Waters 2545 Binary
Gradient Module using a C18 100A (250 mm by 30 mm; Phenomenex)
column (PREPARATORY). Ultraflex II matrix-assisted laser de-
sorption ionization time-of-flight MS (MALDI-TOF MS) was used
to analyze samples cocrystallized using super 2,5-Dihydroxybenzoic
acid (DHB) matrix.

2-Chloroethyl 2-acetamido-2-deoxy-a-p-galactopyranoside (2):
Compound 2 was made according to a previous protocol (81).
2-Acetylthio 2-acetamido-2-deoxy-a-p-galactopyranoside (3): Po-
tassium thioacetate [3.0 equivalent (equiv.)] was slowly added to a
solution containing compound 2 (1.0 equiv.) in DMF and stirred
for 16 hours at RT. Upon completion, water was added to quench the
reaction and concentrated in vacuo. Flash column chromatography
using CHCl; and MeOH system (10:1, v/v) gave compound 3 in
84% yield as a brown solid [radiofrequency field (Rg) = 0.1]. 'HNMR
(400 MHz, DMSO-dg): 8 7.50 ppm (d, J = 8.4 Hz, 1H), 4.69 ppm (d,
J=3.6 Hz, 1H), 4.53 to 4.56 ppm (m, 2H), 4.43 ppm (br, 1H), 3.99 to
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4.05 ppm (m, 1H), 3.72 ppm (br, 1H), 3.56 to 3.63 ppm (m, 3H), 3.43
to 3.54 ppm (m, 3H), (td, J = 1.6, 6.2 Hz, 2H), 2.33 ppm (s, 3H), and
1.84 ppm (s, 3H). >C NMR (125 MHz, DMSO-dg): & 195.09 ppm,
169.65 ppm, 97.44 ppm, 71.53 ppm, 68.04 ppm, 67.39 ppm, 65.86 ppm,
60.60 ppm, 49.73 ppm, 30.54 ppm, 28.38 ppm, and 22.69 ppm.

0-D-2-Ethylthio 2-acetamido-galactopyranosyl a-p-2-Ethylthio
2-acetamido-galactopyranoside (4): Compound 3 dissolved in metha-
nol was added NaOMe (1.2. equiv.), and the reaction was stirred for
30 min at RT. Compound 2 (1.1 equiv.) predissolved in MeOH was
added to the reaction mixture and refluxed for 2.5 hours. Reaction was
quenched using acetic acid and concentrated in vacuo. Purification
using RP-HPLC gave compound 4 in 33% yield as a white lyophiliza-
te. [RP-HPLC condition: solvent A, water + 0.1% trifluoroacetic acid
(TFA); solvent B, acetonitrile. 0 to 5 min, 2% B; 5 to 16 min, 10% B;
16 to 19 min, 15% B; 19 to 23 min, 100% B; 23 to 25 min, 2% B. 4,
retention time (R,) = 8.26 min]. 'H NMR (400 MHz, DMSO-dy):
87.46 to 7.55 ppt (m, 2H), 4.74 ppt (dd, ] = 2.8, 16.4 Hz, 2H), 4.43 to
4.56 ppt (m, 2H), 3.96 to 4.08 ppt (m, 4H), 3.4 to 3.77 ppt (m, 10H),
2.67 to 2.72 ppt (m, 4H), and 1.84 ppt (s, 3H). ?C NMR (125 MHz,
DMSO-dg): 8 169.62 ppt, 97.62 ppt, 71.51 ppt, 68.12 ppt, 67.71 ppt,
67.40 ppt, 49.67 ppt, 43.63 ppt, 31.00 ppt, and 22.68 ppt. MALDI-TOF
analysis of 4: calculated [M + H'] (C20H36N,Na0,S*) =551.1m/z;
observed [M + H*] (C,0H3sN,NaO;,S") = 551.0 m/z.

2-Chloroethyl 2-acetamido-2-deoxy-a-p-glucopyranoside (6):
Compound 6 was made according to a previous protocol (81). a-p-
2-Ethylthio 2-acetamido-glucopyranosyl a-p-2-ethylthio 2-acetamido-
glucopyranoside (8): Potassium thioacetate (3.0 equiv.) was slowly
added to a solution containing compound 6 (1.0 equiv.) in DMF
and stirred for 16 hours at RT. Upon completion, water was added to
quench the reaction and concentrated in vacuo. NaOMe (1.2. equiv.)
was added to the crude containing compound 7 dissolved in meth-
anol, and the reaction was stirred for 30 min at RT. Compound 6
(1.1 equiv.) predissolved in MeOH was added to the reaction mix-
ture and refluxed for 2.5 hours. Reaction was quenched using acetic
acid and concentrated in vacuo. Purification using RP-HPLC gave
compound 8 in 30% yield as a white lyophilizate. (RP-HPLC condi-
tion: solvent A, water + 0.1% TFA; solvent B, acetonitrile. 0 to
5 min, 2% B; 5 to 16 min, 10% B; 16 to 19 min, 15% B; 19 to 23 min,
100% B; 23 to 25 min, 2% B. 8, R, = 8.53 min)."H NMR (400 MHz,
DMSO-dg): § 7.60 to 7.65 (m, 2H), 4.71 to 4.77 (m, 2H), 4.61 (d,
J =112, 1H), 4.47 to 4.52 (m, 1H), 3.42 to 3.81 (m, 12H), 3.11 to
3.21 (m, 2H), 2.67 to 2.76 (m, 4H), and 1.84 (s, 3H). °C NMR
(125 MHz, DMSO-dg): 8 169.58, 96.88, 72.95, 70.79, 70.63, 67.07,
60.85, 53.79, 31.02, and 22.62. MALDI-TOF analysis of 8: calcu-
lated [M + H'] (CyH3sN,NaO1,S*) = 551.1 m/z; observed
[M + H+] (C20H36N2Na0125+) =551.0 m/z.

Statistical analysis
Data were analyzed using Student’s f test (two-tailed), and the
differences were considered statistically significant at P < 0.05.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm8783
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