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Introduction
O-glycosylation is a common posttranslational modification of  
proteins implicated in many human disorders (1), such as cancer 
(2), autoimmunity (3), and the variation of  triglyceride levels (4). 
Alterations in O-glycosylation of  the immunoglobulin A1 (IgA1) 
hinge region is a salient characteristic of  IgA nephropathy (IgAN), 
the most common primary glomerulonephritis in many countries. 

IgAN is a synpharyngitic nephritis; patients often present during 
a mucosal insult (usually an upper-respiratory–tract infection or a 
gastrointestinal syndrome) and develop microscopic or macroscop-
ic hematuria and may progress to kidney failure in up to 20%–30% 
of  cases within 10 years from presentation (5). The pathogenesis 
of  IgAN is not fully understood. IgAN patients have characteristic 
IgA1-containing circulating immune complexes that deposit in the 
glomeruli, causing kidney injury. Multiple distinct abnormalities of  
the IgA system have been postulated to explain the formation of  
these immune complexes, including impaired O-glycosylation of  
IgA1 (6), dysregulated IgA production in response to mucosal anti-
gens (7, 8), abnormal IgA class switching (9), and defective homing 
of  B lymphocytes from mucosal sites to lymphoid organs (10). The 
temporal association of  IgAN following a mucosal insult, and the 
finding of  mucosally derived IgA1 in the serum, lymphoid organs 
(7, 11), and mesangial deposits (12), suggest that abnormal mucosal 
antigenic response and homing patterns of  mucosally primed IgA1 
B cells are important in the pathogenesis (13). Consistent with these 
findings, genome-wide association studies have uncovered many 
IgAN risk loci that encode genes involved in mucosal immunity, 
host response to pathogens, intestinal-epithelial barrier defense, and 
mucosal IgA production by gut-associated lymphoid tissue (14–18).

Aberrant O-glycosylation of the IgA1 hinge region is a characteristic finding in patients with IgA nephropathy (IgAN) and is 
thought to contribute to immune-complex formation and kidney injury. Other studies have suggested that abnormalities in 
mucosal immunity and lymphocyte homing are major contributors to disease. We identified a family with IgAN segregating 
a heterozygous predicted loss-of-function (LOF) variant in GALNT14, the gene encoding N-acetylgalactosaminyltransferase 
14, one of the enzymes involved in mucin-type protein O-glycosylation. While GALNT14 is expressed in IgA1-producing cells, 
carriers of the LOF variant did not have altered levels of poorly glycosylated IgA1, suggesting other disease mechanisms. 
Investigation of Galnt14-null mice revealed elevated serum IgA levels and ex vivo IgA production by B cells. These mice 
developed glomerular IgA deposition with aging and after induction of sterile colitis. Galnt14-null mice also displayed an 
attenuated mucin layer in the colon and redistribution of IgA-producing cells from mucosal to systemic sites. Adoptive-
transfer experiments indicated impaired homing of spleen-derived Galnt14-deficient B lymphocytes, resulting in increased 
retention in peripheral blood. These findings suggest that abnormalities in O-glycosylation alter mucosal immunity and B 
lymphocyte homing, pointing to an expanded role of aberrant O-glycosylation in the pathogenesis of IgAN.
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Results
Loss of  function variants in GALNT14 in familial and sporadic IgAN. 
We studied an Italian multiplex family segregating IgAN and per-
sistent microhematuria in multiple generations, consistent with 
autosomal dominant inheritance with incomplete penetrance and 
variable expressivity (Figure 1A). The family had 2 biopsy-proven  
IgAN cases, 4 individuals with microhematuria, as well as 1 indi-
vidual with IgA vasculitis (IgAV). We performed genome-wide 
genotyping in all available family members and exome sequencing 
in 2 individuals: the proband with biopsy-proven recurrent IgAN, 
necessitating 3 kidney transplants, and his mother, who presented 
with microhematuria. We conducted parametric analysis of  linkage 
under a rare-disease autosomal-dominant model with incomplete 
penetrance, which identified 7 genomic regions that cosegregated 
with the disease status (max LOD score 1.8, Figure 1B and Sup-
plemental Table 1; supplemental material available online with this 
article; https://doi.org/10.1172/JCI181164DS1). We next cross 
annotated these regions with the results of  exome sequencing per-
formed in the 2 individuals with IgAN in the family. We searched 
for rare, deleterious coding variants that mapped to these linkage 
intervals (defined as variants with a minor allele frequency of   
<0.0001, and a Polyphen score of  possibly or probably damaging 
and Combined Annotation Dependent Depletion score greater 
than 20, indicating the top 1% of  deleteriousness based on a large 
reference data set of  variants; see Filtering Pipeline in Supplemental 
Table 2). We identified 3 variants that fulfilled these criteria: a pre-
dicted loss-of-function (LOF) variant in GALNT14 (p.R315X) and 
missense variants in AVEN (p.N197S) and in UNC13C (p.S469F). 
No variants in collagen 4A genes were found. GALNT14 became 
the prime candidate because it encodes an N-acetylgalactosaminyl-
transferase with a role in the initiation of  O-glycosylation (Tables 
1 and 2). The p.R315X in GALNT14 was the only predicted LOF 
variant detected within linkage intervals and in all affected individ-
uals (IgAN, hematuria), the obligate carrier, and 2 unaffected fam-
ily members consistent with incomplete penetrance (representative 
sequencing chromatograms shown in Figure 1C). This variant 
was absent in 308 ethnically matched controls from Naples, Italy 
(where the family originated) and in 3,592 Italian individuals who 
underwent exome sequencing in a study of  myocardial infarction 
(49). This variant was detected in only 25 individuals (and never in 
homozygosity) in gnomAD, a database containing sequence infor-
mation from over 800,000 individuals (global MAF 1.6 × 10–5). 
We further measured the serum levels of  IgA and Gd-IgA1 in the 
index family but did not detect differences in IgA levels or the rela-
tive degree of  galactose deficiency of  IgA1 between carriers of  the 
p.R315X and noncarriers (Figure 1, D and E).

We next sequenced the coding exons of  GALNT14 in 52 pro-
bands with familial IgAN but did not identify any predicted LOF. 
We also searched for predicted LOF variants in GALNT14 in 418 
individuals with sporadic IgAN among 2,179 patients with chronic 
kidney disease (CKD) in a study evaluating the diagnostic utility 
of  exome sequencing in CKD (50). We found a single predicted 
LOF variant in GALNT14 (c.909delT, p.Y303X) in one individu-
al with IgAN but none in the remaining 1,761 individuals in the 
study who did not have IgAN (Figure 1F). The patient with IgAN 
was diagnosed at age 26 and required kidney transplantation at age 
32. There was no family history of  nephropathy and parents were 

The human IgA1 has an extended hinge region with 9 serine and 
threonine residues (19, 20), of  which usually 3–6 contain O-glycan 
modifications (21, 22). IgA1 mucin-type O-glycosylation occurs in 
a step-wise fashion, initiated by members of  a family of  N-acetylga-
lactosaminyltranferases (GalNAc-Ts), enzymes that add N-acetyl-
galactosamine (GalNAc) to serine or threonine residues (23). These 
GalNAc moieties are then galactosylated by core 1 β1,3-galactosyl-
transferase 1 (C1GalT1) (24), with its specific chaperone C1GalT1 
specific chaperone 1 (C1GalT1C1 [also called Cosmc]) ensuring 
stable C1GalT1 protein expression (25). Sialic acid residues can be 
attached by sialyltransferases (α2,3-linked to galactose; α2,6-linked 
to GalNAc) (26–28). Conversely, premature addition of  α2,6-linked 
sialic acid residues by ST6 N-Acetylgalactosaminide α-2,6-Sialyl-
transferase 2 (ST6GalNAc2) to GalNAc prevents galactosylation 
and the abbreviated glycan remains sialylated GalNAc (29–32). 
Patients with IgAN harbor poorly galactosylated O-linked gly-
cans on the IgA1 hinge region (termed galactose-deficient IgA1; 
Gd-IgA1) (33). Gd-IgA1 levels are elevated in the serum of  patients 
with IgAN and some family members with a high degree of  her-
itability (34). Gd-IgA1 is poorly cleared by the liver, is prone to 
self-aggregation, and acts as an autoantigen to form immune com-
plexes that may deposit in the glomerular mesangium leading to 
injury (6, 35–39). Serum levels of  circulating Gd-IgA1 are associat-
ed with disease progression (40, 41). Gd-IgA1 formation is attribut-
ed to an imbalance of  O-glycosylation enzymes in IgA1-producing 
cells. Patients with IgAN have decreased expression and activity 
of  C1GalT1 (42), reduced expression of  C1GalT1C1 (43), and 
increased expression and activity of  ST6GalNAc2 (26). This pro-
cess leads to either less galactosylation or premature sialylation of  
the GalNAc residues that blocks galactosylation (30). More recent-
ly, overexpression of  one of  the N-acetylgalactosaminyltransferas-
es, GALNT14, has been shown to increase Gd-IgA1 production in 
the Dakiki cell line (44), a model of  Gd-IgA1–producing cells that 
inherently overexpresses ST6GalNAc2 (26), further suggesting that 
dysregulation of  O-glycosylation enzymes is an important factor in 
Gd-IgA1 production.

Recent studies have implicated O-glycosylation in many oth-
er aspects of  immune regulation and IgA biology. For example, 
inactivation of  C1GALT1C1 in B lymphocytes results in decreased 
serum IgA levels, impaired homing, and reduced response to cyto-
kines (45, 46). O-glycosylation is also important for maintenance 
of  the intestinal mucus layer, as loss of  O-glycans on intestinal 
mucins can increase susceptibility to spontaneous or induced 
intestinal inflammation (47), likely enhancing mucosal IgA pro-
duction. Because O-glycosylation enzymes typically act on a vari-
ety of  substrates across many cell types, a defect in one of  them 
can impact multiple pathways that can coalesce and contribute to 
IgAN pathogenesis (48). Here, we report on the finding of  rare 
predicted LOF variants in an N-acetylgalactosaminyltransferase 
14-encoding gene, GALNT14, in a multiplex family segregating 
with IgAN and in a sporadic IgAN case. Detailed characteriza-
tion of  Galnt14-null mice demonstrated elevated serum IgA levels, 
altered IgA distribution in different tissues, and perturbations in B 
lymphocyte homing and glomerular IgA deposits, indicating that, 
beyond a role in O-glycosylation of  IgA1 hinge region, defective 
O-glycosylation can influence multiple aspects of  IgA and B cell 
biology relevant to IgAN pathogenesis.
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analysis of  the 20 well-known GALNTs in IgA1-producing cell lines 
from patients with IgAN (n = 4) and individuals in a healthy con-
trol group (n = 4), showed that GALNT14 was the only differen-
tially expressed GALNT between the 2 groups. Cells from patients 
with IgAN had a significantly higher expression of  GALNT14 when 
compared with those from healthy controls (Figure 1M, P = 0.006). 
Exome sequencing did not identify any rare variants in GALNT14 
in patients from whom the cell lines were derived.

Galnt14–/– mice have elevated IgA production. Given that murine 
IgA lacks the O-glycosylated hinge region of  human IgA1, a mouse 
model provides the opportunity to investigate the impact of  O-gly-
cosylation defects on immunomodulation, independent of  the 
O-glycosylation patterns of  the IgA. Toward this goal, we studied 
a mouse with a germline inactivation of  Galnt14 on the C57BL6/J 
background. Homozygous Galnt14–/– mice showed minimal to no 
expression of  Galnt14 levels when compared with WT mice (Sup-
plemental Figure 3). Galnt14–/– mice were born in expected Mende-
lian ratios and were healthy, fertile, and had no obvious anomalies. 
Gross histologic examination of  the heart, lung, kidney, liver, and 
spleen at 3 months of  age showed no overt morphological abnor-
malities (data not shown).

Serum IgA levels were significantly elevated in Galnt14–/– mice 
compared with their Galnt14+/+ and Galnt14+/– littermates, but there 
was no difference in the serum IgG concentration (Figure 2A and 
Supplemental Figure 4). Prior studies showed that mice that lack 
intestinal C1galt1–/– are unable to galactosylate GalNAc or mucin 
O-glycans, leading to an attenuation of  the O-glycan structure 
in the mucus layer, resulting in spontaneous colitis (54). Galnt14 
is expressed in the terminal ileum and colon in GTEx data, and 
IHC showed localization in the intestinal crypts, with high expres-
sion in goblet cells in the WT mouse colon (Supplemental Figure 
2D). Alcian blue staining revealed that 8-week-old Galnt14–/– mice 
also have a reduced mucin layer in the colon, without evidence of  
inflammation or spontaneous colitis when compared with WT 
mice (Figure 2B and Supplemental Figure 5). We did not observe 
attenuation of  the mucin layer in the kidney proximal tubule, where 
Galnt14 is also highly expressed (data not shown).

Galnt14–/– mice have increased mesangial IgA deposition with aging, 
and with the induction of  chemical colitis, in young mice. Histopatholog-
ical examination by light microscopy and IgA immunofluorescence 
demonstrated no evidence of  glomerular injury or IgA deposition 
in Galnt14–/– mice at 2–3 months of  age. Given the lack of  overt 
pathology, we tested whether stressors such as aging (55) or induc-

not available to test for variant segregation. This variant has nev-
er been reported and is absent from over 800,000 individuals from 
the gnomAD v4.0 database. Thus, altogether, we identified 2 GAL-
NT14 LOFs among 471 IgAN probands (allele frequency 0.002). 
We identified 7 GALNT14 LOF variants among 9,012 well-curat-
ed exomes from self-declared healthy individuals and participants 
from genetic studies of  neurological disorders from Columbia Uni-
versity (allele frequency 0.0004). This control LOF frequency is 
consistent with data from the gnomAD database (estimated LOF 
frequency 0.0008) (51, 52). We do not have access to phenotypic 
data in these control datasets to ascertain whether the LOF carriers 
have IgAN or related phenotypes, such has microhematuria and 
IgAV, but the approximate 5-fold–higher frequency of  LOF variants 
among IgAN cases, together with the cosegregation with disease in 
the original family, indicate GALNT14-LOF variants may be a risk 
factor for disease. Assuming a GALNT14-LOF variant frequency of  
0.0008 in controls, and an odds ratio of  5–10, we estimated that a 
cohort of  4,000–10,000 individuals with IgAN would be required to 
have 80% power to detect an association with GALNT14 LOF vari-
ants with exome-wide significance (approximately 2.5 × 10–6). We 
therefore decided to follow up our suggestive findings by functional 
characterization of  GalNAc-T14 and analysis of  Galnt14-null mice.

GALNT14 is expressed in human lymphoid tissue and immortal-
ized IgA1-producing B cells. In humans, there are 20 members in the 
N-acetylgalactosaminyltransferase family and they are known to 
have differential spatial and temporal expression patterns, capable 
of  glycosylating both redundant and unique acceptor proteins and 
peptides (53). Using a human cDNA library and the GTEx data-
base, we found that GALNT14 is expressed in epithelia-rich tissues, 
such as the pituitary, esophagus, mucosal tissues, lymphoid tissues, 
and whole blood, with the kidney having the highest expression 
(Supplemental Figure 1, A and B). Interestingly, in human and 
murine lymphoid tissues, GALNT14 mRNA localizes to the germi-
nal centers (GC) of  spleen and lymph nodes, which are the major 
sites of  B cell maturation, antibody class switching, and plasma-cell 
proliferation (Figure 1, G and H, and Supplemental Figure 2, A 
and B). IHC demonstrated that the expression of  GalNAc-T14 in 
the human kidney is limited to the proximal and distal tubules of  
the nephron with little or no localization in the glomerulus (Figure 
1, I–L, and Supplemental Figure 2C), suggesting a role for O-glyco-
sylation of  mucins on epithelial surfaces of  kidney tubules.

Concurrently, we characterized the expression profile of  GAL-
NTs in IgA1-producing cell lines using RealTime PCR. Expression 

Figure 1. Genetic variation of GALNT14 in familial IgAN and expression in lymphoid tissues. (A) A pedigree with 2 individuals with biopsy-proven IgAN 
(individuals with corresponding phenotype are indicated). Exome sequencing was performed in individuals with an asterisk (*) (the proband and his moth-
er). Genome-wide genotyping was performed on all individuals with available DNA, denoted by red circles. Individuals carrying the GALNT14 nonsense 
variant are denoted by a fully filled-in red dot, confirmed by Sanger sequencing. (B) Logarithm of odds (LOD) score plot for parametric linkage analysis 
under the autosomal dominant model with incomplete penetrance revealed 7 top signals (totaling about 2.4% of the genome) harboring about 1,800 
genes, including the nonsense variant (p.R315X) found in GALNT14. (C) Confirmatory Sanger sequencing was done in all individuals with available DNA. 
Representative chromatograms are shown here with corresponding amino acid sequence. (D) No differences in the total IgA serum levels between the vari-
ant carriers and noncarriers (denoted as reference). (E) No differences in Gd-IgA1 levels between carriers and noncarriers of the p.R315X variant. (F) Sanger 
sequencing of sporadic IgAN cases of revealed an additional patient with a nonsense variant resulting in a premature termination of translation (repre-
sentative chromatogram and amino acid sequence is shown). (G) IHC of GalNAc-T14 in the human spleen (n = 1), (H) human lymph node (n = 1), (I) human 
kidney cortex (n = 1). (J) human kidney medulla (n = 1). (K) human proximal and distal tubules of the kidney (n = 1). (L) Human kidney glomerulus (n = 1),  
(M) Comparison of the expression of different N-acetylgalactosaminyltransferases in immortalized IgA1-secreting cell lines demonstrates elevated expres-
sion of GALNT14 in the cells derived from the peripheral blood of patients with IgAN (n = 4) compared with those from healthy individuals (n = 4)  
(*P = 0.006). Original magnification, ×200 (G and H), ×400 (I—L).
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tine and the fecal pellets of  Galnt14+/+ mice and Galnt14–/– mice. As 
expected, microbiome composition differed significantly between 
the small intestine and the fecal pellets (Supplemental Figure 9). 
However, the α- and β-diversity indices of  the microbiome at both 
sites did not differ between Galnt14+/+ mice and Galnt14–/– mice 
(Figure 4, A and B and Supplemental Figure 8). Consistent with 
these data, there were no differences in the relative abundance of  
individual microbial species between the Galnt14+/+ and Galnt14–/– 
mice (Figure 4, C and D). These data suggest that alterations in the 
gut microbiome probably do not participate in the increased IgA 
levels and the propensity for IgA deposition in Galnt14–/– mice.

Altered distribution of  IgA+ B cells is observed in Galnt14–/– mice. We 
further investigated the source of  the elevated IgA level in Galnt14–/– 
mice. Using flow cytometry, we identified surface-IgA+ B cells in 
various immune tissues, including PBMCs, spleen, peritoneal cavity, 
Peyer’s patches (PPs), mesenteric lymph nodes (LN), mandibular 
LN, inguinal LN, lumbar LN, and popliteal LN in a new cohort of  
mice (gating strategy: Figure 5A). As before (Figure 2A), there was 
a significant increase in the circulating IgA level in the Galnt14–/– 
mice (Figure 5B, P < 0.001) but no differences in the serum IgG 
level (5C). We also did not observe a difference in serum secreto-
ry IgA (sIgA) level between Galnt14–/– and Galnt14+/+ mice (Figure 
5D). Lack of  elevated serum sIgA levels in Galnt14–/– mice argues 
against mucosal injury and a leaky gut as the source of  elevated 
circulating IgA. On the other hand, we noted a significant difference 
in the J-Chain–containing IgA in Galnt14–/– and Galnt14+/+ mice 
(Figure 5E), indicating elevated levels of  polymeric IgA in the circu-
lation of  Galnt14–/– mice. Consistent with this finding, serum levels 

tion of  chemical colitis (56) might alter mucosal IgA response and 
result in IgA mesangial deposition (57). Examining older mice, we 
detected increased spontaneous mesangial IgA deposition in 8- to 
12-month-old Galnt14–/– mice compared with both the Galnt14+/– and 
Galnt14+/+ mice (58.8% versus. 33.3% respectively, Fishers exact test 
P = 0.03, Figure 2C). However, no evidence of  mesangial prolifera-
tion, C3 deposition, or substantial glomerular injury was appreciat-
ed. Prior studies have shown that intestinal inflammation can lead 
to nephritis with IgA deposition in mice (57). We therefore induced 
sterile intestinal inflammation with dextran sodium sulfate (DSS), 
resulting in rectal bleeding, diarrhea, and weight loss, as expected. 
Histological examination of  the colon demonstrated broad sweeps 
of  crypt erosion, diffuse lymphocyte infiltration throughout the 
mucosa and submucosa, epithelial cell apoptosis, necrosis, presence 
of  crypt abscess, and evidence of  epithelial cell regeneration (Sup-
plemental Table 3). There was no genotypic difference in severity 
of  colitis and serum IgA levels among DSS-treated animals (Sup-
plemental Figure 6). However, 3-month-old Galnt14–/– mice treated 
with DSS had an increased incidence of  mesangial IgA deposition 
when compared with both Galnt14+/– and Galnt14+/+ mice (72.7% 
versus 20.0%, respectively, Fishers exact test, P = 0.0149, Figure 
2D). Similar to the findings in aged Galnt14–/– mice, these kidney 
lesions lacked C3 codeposits. In summary, Galnt14–/– mice demon-
strated elevated serum IgA levels and mesangial IgA deposition 
with aging or stressors such as induction of  sterile colitis.

Elevated IgA in mucosal compartments is observed in Galnt14–/– 
mice. We next examined the distribution of  IgA levels and IgA-pro-
ducing B cells in different compartments. In addition to elevated 
IgA levels in serum, Galnt14–/– mice had increased IgA levels, but 
not IgG, at multiple mucosal sites (peritoneal cavity, colon, and 
small intestine; Figure 3, A–E, and Supplemental Figure 7A). Bac-
teria-bound IgA was also increased in the small and large intestine 
of  Galnt14–/– mice (Figure 3, B and D). Flow cytometric analysis 
of  the fecal bacteria isolated from the colon also demonstrated 
enhanced IgA bound to bacteria in the Galnt14–/– mice (Figure 3, 
F–K, and Supplemental Table 4). In addition, ex vivo analysis of  
lymphocytes derived from the spleen demonstrated significantly 
elevated concentrations of  IgA and IgG in the culture supernatants 
from Galnt14–/– mice compared with supernatants from Galnt14+/+ 
mice but not in the peritoneal cavity (Figure 3, L and M, and Sup-
plemental Figure 7, B and C).

No differences were observed in gut microbiota between Galnt14+/+ and 
Galnt14–/– mice. To determine if  alteration in the microbiome accom-
panied attenuation of  the mucin layer of  the colon, we performed 
16S RNA analysis of  the microbiome derived from the small intes-

Table 1. Gene function of the 3 top candidate variants that are deleterious and segregate with disease

Gene Amino acid change gnomAD frequency CADD score Function
GALNT14 p.R315X 0.000016 40 Catalyzes the addition of N-acetyl galactosamine to target peptides
AVEN p.N197S 0.00000068 24.8 A caspase activator that suppresses apoptosis
UNC13C p.S469F 0.000182 24 May play a role in vesicle maturation during exocytosis as part of the diacylglycerol 

second messenger pathway

Based on the putative roles of the variants that segregated with disease in the family and its prediction to be deleterious, GALNT14 became the prime 
candidate given its function in O-glycosylation.

Table 2. Ancestry-specific allele frequency of the GALNT14 
variant in gnomAD

Gene Amino acid change Population gnomAD frequency
GALNT14 p.R315X Overall 0.000016

East Asian 0.000025
European 0.000020
Remaining 0.00002
Admixed American 0
European (Finnish) 0
Middle Eastern 0
South Asian 0
Ashkenazi Jewish 0
African/African American 0
Amish 0
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of  J-Chain–containing IgA correlated with the levels of  IgA in the 
circulation (Figure 5F, R2 = 0.3688, P = 0.001). There was no cor-
relation between the serum levels of  IgA and sIgA (Supplemental 
Figure 10A) and no correlation of  serum levels of  circulating IgG 

with the serum level of  either sIgA or J-Chain–containing IgA (Sup-
plemental Figure 10, B and C). Additionally, as expected, the great-
est percentage of  IgA+ cells were seen in PPs, consistent with the 
role of  IgA in host defense at the largest mucosal surface in the body.

Figure 2. Elevated IgA in the serum and deposition of IgA in the kidneys of Galnt14-null mice. (A) Serum IgA levels were significantly elevated in Gal-
nt14–/– mice (n = 11, 6 male and 5 female) compared with Galnt14+/+ mice (n = 17, 10 male and 7 female), unpaired t test, ****P < 0.001. No difference was 
observed in the IgG serum concentrations. (B) Histological analysis of the colon reveals the mucin levels are reduced in the Galnt14–/– mice (n = 3) compared 
with the Galnt14+/+ mice (n = 4). Mucin was measured at 3 points across the colon of Galnt14+/+ mice (15.9 + 2.6 μm) and Galnt14–/– mice (3.2 + 0.39 μm, 
Supplemental Figure 5). (C) Mesangial IgA deposition was observed more frequently in Galnt14-null mice aged 8–12 months (n = 17, 11 male and 6 female) 
compared with the heterozygous and WT littermate mice (n = 14, 9 male and 5 female, and n = 14, 10 male and 4 female, respectively). (D) The DSS-treat-
ed Galnt14-null mice (aged 3 months) more frequently displayed mesangial IgA deposits (n = 11, 6 male and 5 female) compared with the DSS-treated 
heterozygous and WT littermates (n = 4, 2 male and 2 female, and n = 11, 8 male and 3 female, respectively), or water-treated mice (Galnt14–/– mice, n = 11, 
5 male and 6 female; Galnt14+/– mice, n = 5, 1 male and 4 female; Galnt14+/+ mice n = 9, 6 male and 3 female). Original magnification, ×600 (C and D).
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In Galnt14–/– mice, the percentage and number of  IgA+ B cells 
were increased in PBMCs, spleen, and peritoneal cavity (Figure 
5, G–I) and decreased in the PPs (Figure 5J). In the analysis of  
mucosal LNs, we observed a reduction in the percentage of  IgA+ 
B cells in the mesenteric LN, and the number of  IgA+ B cells in 
the mandibular LN (Supplemental Figure 10, D and E). There was 
no difference in the distribution of  IgA+ B cells in the nonmuco-
sal LNs (inguinal, lumbar, and popliteal; Supplemental Figure 10, 
F–H). Altogether, serum IgA levels were positively correlated with 
the number of  IgA+ B cells in the PBMC (Figure 5K) and negative-
ly correlated with the number of  IgA+ B cells in the PPs (Figure 
5L). These data suggested a redistribution of  IgA-producing cells 
between lymph tissue and mucosal surfaces.

Germinal center B cells in Galnt14–/– mice have reduced O-glycosyla-
tion of  cell surface molecules. Prior studies have demonstrated human 
GC B cells express GALNT14 and GALNT12 and B cells from the 

GC express the O-glycosylated isoform of  CD45 on the cell surface 
(58), which accounts for most of  the staining with peanut aggluti-
nin (PNA) lectin (Figure 6A). We therefore tested whether GC B 
cells in Galnt14–/– mice have a reduced O-glycosylation of  cell sur-
face molecules. First, we detected a global reduction of  the GC B 
cell population in the PP and the spleen of  Galnt14–/– mice (Figure 
6B). Furthermore, analysis of  the PNA staining of  the PP showed a 
reduction in the PNA+ B cells and an overall reduction in the mean 
fluorescence intensity (Figure 6, C–E). In the spleen, we did not 
detect any changes in the total number of  PNA+ GC B cells (Figure 
6, F and G) but there was a significantly reduced percentage of  
PNA+ GC B cells and the MFI of  the PNA staining (Figure 6H). 
It may be hypothesized that the reduction in the percentage of  GC 
B cells in the PPs and the spleen may be due to either the inability 
to maintain residence in the tissue or an increased differentiation 
of  the GC B cells into memory cells. The data suggest that the  

Figure 3. Elevated IgA concentrations in the mucosal compartments of Galnt14–/– mice. (A) Increased IgA in the peritoneal cavity in Galnt14–/– mice (n = 11,  
6 male and 5 female) compared to Galnt14+/+ mice (n = 17, 10 male and 7 female) (B) Increased (of IgA bound to bacteria in the small intestine of the 
Galnt14–/– mice (n = 8, 4 male and 4 female) compared to the Galnt14+/+ mice (n = 15, 9 male and 6 female). (C) no difference in the ‘free’ IgA in the small 
intestine, (D), increased IgA bound to fecal bacteria in the colons, (E) increased free IgA in the colons the Galnt14–/– mice (n = 11, 6 male and 5 female) com-
pared to the Galnt14+/+ mice (n = 17, 10 male and 7 female). (F) Flow cytometric analysis identifying the fecal bacteria in Galnt14+/+ mice and (G) Galnt14–/– 
mice, (H) IgA bound to fecal bacteria in Galnt14+/+ mice, and (I) Galnt14–/– mice. (J) Increased percentage of fecal bacteria identified as IgA high/positive in 
Galnt14–/– mice and (K) in Galnt14–/– mice. Mouse numbers: Galnt14+/+ mice (n = 7, 4 male and 3 female) and Galnt14–/– mice (n = 6, 3 male and 3 female).  
(L) In ex vivo cultures, splenic lymphocytes from Galnt14–/– mice (n = 8, 4 male and 4 female) secreted significantly more IgA into the supernatant com-
pared with splenic lymphocytes from Galnt14+/+ mice (n = 15, 9 male and 6 female). (M) In ex vivo cultures of peritoneal lymphocytes, no genotype differ-
ences in the amounts of IgA secreted into the supernatant; Galnt14–/– mice (n = 8, 4 male and 4 female) and Galnt14+/+ mice (n = 14, 8 male and 6 female). 
All comparisons are based on unpaired t test. *P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001.
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in Galnt14–/– mice may be due to altered lymphocyte trafficking. 
We therefore performed adoptive transfer experiments, recipro-
cally transferring splenic CD19+ B cells between Galnt14+/+ and 
Galnt14–/– mice (Figure 7, A and B). Spleen-derived CD19+ B cells 
isolated from Galnt14–/– mice had a reduced ability to home to the 
spleen of  recipient mice regardless of  recipient genotype (either 
Galnt14+/+ or Galnt14–/–) (Figure 7C and Supplemental Figure 
12A). There was no abnormality in homing to the spleen for B cells 
derived from Galnt14+/+ mice transferred into the Galnt14–/– recipi-

deficiency in GalNAc-T14 alters the O-glycosylation of  cell-surface 
markers on B-cells in the GC of  the PPs and the spleen, impact-
ing the ability of  immune cells to home and maintain residence in 
lymph and nonlymph tissues. PNA cell-surface staining of  CD8+ 
T cells was detectable in only a small population and not affected 
in Galnt14–/– mice (Supplemental Figure 11, A–C), consistent with 
data indicating that Galnt14 expression is limited in T cells (44).

Galnt14–/– mice exhibit alteration in leukocyte homing. We next 
tested whether the abnormal distribution of  IgA-producing cells 

Figure 4. Microbiome analysis of the fecal pellets and the small intestine demonstrates no differences between the Galnt14–/– mice and Galnt14+/+ mice. 
(A) α diversity comparisons (Chao1) of the fecal pellets and the small intestine revealed no differences between the Galnt14+/+ mice and Galnt14–/– mice. (B) 
Principal Coordinates Analysis (PCoA) of microbial community composition across Galnt14+/+ mice and Galnt14–/– mice, faceted by Fecal and Small Intestine 
(SI) Pellets using Bray-Curtis plots, demonstrated no differences in the β diversity. (C) Bacterial abundance heatmap of the fecal pellets in the Galnt14+/+ 
mice and Galnt14–/– mice. (D) Bacterial abundance heatmap of the small intestine in the Galnt14+/+ mice and Galnt14–/– mice. In all analyses, 16 Galnt14+/+ 
mice (9 male and 7 female) and 19 Galnt14–/– mice (12 male and 7 female).
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Figure 5. Analysis of IgA B cells in tissues of mice. (A) Gating strategy to identify the CD3–, CD14–, CD19+, IgD–, IgA+ B cells. (B) Increased serum levels 
of IgA, (C) no differences in serum IgG, (D) no differences in serum sIgA, (E) increased polymeric serum IgA, (F) A significant positive correlation was 
observed between serum polymeric IgA and IgA between the genotypes (P = 0.001, Pearson 2-tailed test, Galnt14–/– mice (n = 13, 6 male and 7 female) and 
Galnt14+/+ mice (n = 13, 7 male and 6 female)). (G) A significant increase in the percentage and number of IgA+ B cells in the circulation of Galnt14–/– mice 
(n = 13, 6 male and 7 female) compared with Galnt14+/+ mice (n = 13, 7 male and 6 female); (H) the percentage and number of IgA+ B cells in the spleen of 
Galnt14–/– mice (n = 17, 9 male and 8 female) compared with Galnt14+/+ mice (n = 13, 7 male and 6 female); (I) the percentage and number of IgA+ B cells in 
the peritoneal cavity of Galnt14–/– mice (n = 17, 9 male and 8 female) compared with Galnt14+/+ mice (n = 15, 8 male and 7 female). (J) A significant decrease 
in the percentage and number of IgA+ B cells in the PPs of Galnt14–/– mice (n = 13, 6 male and 7 female) compared with Galnt14+/+ mice (n = 14, 7 male and 
7 female). (K) A significant positive correlation of the number of IgA+ cells in the circulation with serum IgA levels (P = 0.0001, Pearson 2-tailed test). (L) A 
significant negative correlation of the number of IgA+ cells in the PP with serum IgA levels (P = 0.0002, Pearson 2-tailed test). *P < 0.05, **P < 0.01,  
***P < 0.005, and ****P < 0.001, by an unpaired t test.
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Figure 6. Analysis of PNA staining on the germinal center B cells in the Payer’s patches and spleens of Galnt14+/+ and Galnt14–/– mice. (A) Identification 
of the GC B cells (CD19+, IgM–, IgG–, CD95+, and GL7+) in the PPs (top) and spleens (bottom). (B) A significant difference in the number of GC B cells was 
observed in the PPs of Galnt14–/– mice compared with Galnt14+/+ mice (P < 0.01, unpaired t test). (C) Histogram plots of PNA staining of GC B cells in the 
PPs. (D) A significant difference in the percentage and number of PNA+ GC B cells was observed in the PPs of Galnt14–/– mice compared with Galnt14+/+ mice 
(P < 0.01, unpaired t test) (E) A significant difference in the MFI of PNA+ staining on the GC B cells was observed in the PP of Galnt14–/– mice compared 
with Galnt14+/+ mice (P < 0.01, unpaired t test (F) Histogram plots of PNA staining of GC B cells in the spleen of Galnt14–/– mice and Galnt14+/+ mice. (G) No 
difference in the number of PNA+ GC B cells was observed in the spleen; however, a significant difference in the percentage PNA+ GC B cells was observed 
in the spleen of Galnt14–/– mice compared with Galnt14+/+ mice (P < 0.01, unpaired t test) (H) A significant difference in the MFI of PNA+ staining on the GC 
B cells was observed in the spleens of Galnt14–/– mice compared with Galnt14+/+ mice (P < 0.01, unpaired t test). For PP assessment, n = 12 (6 male and 6 
female) of Galnt14+/+ mice and n= 10 (5 male and 5 female) of Galnt14–/– mice. For spleen assessment, n = 13 (7 male and 6 female) for Galnt14+/+ mice and  
n = 15 (8 male and 7 female) for Galnt14–/– mice. *P < 0.05, **P < 0.01, ***P < 0.005, and ****P < 0.001.
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of  the adaptive immune system due to the reduction in the mucin 
barrier combined with the gradual age-related impairment of  the 
mucosal barrier (55). With the induction of  intestinal inflamma-
tion using DSS (a model of  human inflammatory bowel disease 
[IBD]), mesangial deposition of  IgA was observed in younger Gal-
nt14–/– mice. These findings are consistent with the observation that 
patients with IBD have a high number of  IgA-producing B cells 
(64), increased serum IgA levels, and systemic immune activation 
contributing to several inflammatory diseases including IgAN, 
which is most common glomerulonephritis in patients with IBD 
and is associated with progression of  kidney disease (65, 66). While 
the human genetic data led us to investigate a LOF mechanism in 
the mouse model, we detected increased GALNT14 expression in 
immortalized IgA-producing B cells from 4 patients with IgAN 
without coding variants in GALNT14. It is not clear whether the 
increased expression detected in this context is a primary defect or 
a reaction to other initiating events. These data motivate further 
investigation into the role of  GALNT14, including gain-of-function 
mechanisms, in B cell homeostasis and IgA production.

We did not detect an increase of  IgA-producing B cells in PPs of  
Galnt14–/– mice, which might be expected as a response to the atten-
uation of  the mucin layer. In contrast, we observed reduced num-
ber of  GC B cells and reduced PNA staining in PP and increased 
IgA B cells in the peritoneal cavity, spleen, and peripheral blood, 
suggesting alterations in lymphocyte homing. Consistent with this 
hypothesis, Galnt14–/– B cells exhibited defects in homing to lym-
phoid tissues. In adoptive transfer experiments, Galnt14–/– B cells 
derived from the spleen did not home appropriately in Galnt14+/+ 
mice, but Galnt14+/+ B cells homed correctly in recipient Galnt14–/– 
mice, indicating an intrinsic defect in Galnt14–/– B cells. Retention 
of  IgA+ B cells in the circulation explains the positive correlation of  
serum IgA levels with the number of  IgA+ B cells in the PBMC and 
their negative correlation with the number of  IgA+ B cells in the PP. 
These data are also consistent with the reports of  abnormal B cell 
homing after B cell–specific inactivation of  C1galt1c1 (a.k.a. Cosmc)  
(45). Cosmc-deficient B lymphocytes display reduced homing to 
lymph nodes and nonlymphoid tissues, attributable to impaired 
transendothelial migration and impaired response to cytokines. 
However, in contrast to Galnt14-null mice, serum levels of  IgA were 
reduced and IgG2 levels were increased (45). Similarly, inactivation 
of  Galnt1 encoding another GalNAc-T expressed in lymphocytes, 
resulted in impaired B cell homing, with the mice exhibiting ele-
vated IgG levels and normal IgA levels (67). The reasons for dif-
ferences in immunoglobulin profiles between these mouse models 
may be due to the redundancy of  O-glycosylation machinery. Our 
data indicate that many GalNAc-Ts have appreciable expression in 
IgA-producing cell lines, suggesting an extensive potential for inter-
actions and/or compensatory changes. Alterations in the activity 
of  GalNAc-Ts in B cells or in homing tissue can modify the Gal-
NAc acceptor sites for C1GalT1 and ST6GalNAc2 and substan-
tially affect protein O-glycosylation patterns and downstream phe-
notypes, as demonstrated by the reduction of  PNA staining on GC 
B cells in PPs and spleen of  Galnt14–/– mice. Genome-wide associ-
ation studies have identified many cytokine pathways in suscepti-
bility to IgAN and variation in IgA levels (68) and mice deficient 
in glycosylation enzymes exhibit altered responses to cytokines in 
vitro (69). Hence, differentially glycosylated chemokines and cyto-

ent mice. We also did not detect differences in the homing of  CD3+ 
T cells derived from either the Galnt14–/– or Galnt14+/+ mice to the 
spleens of  recipient mice (Supplemental Figure 13). Given these 
findings, we postulated that the number of  CD19+ B cells derived 
from Galnt14–/– mice might be increased in circulation. Consistent 
with this hypothesis, we observed significantly more CD19+ B cells 
and CD3+ T cells isolated from the spleen of  Galnt14–/– mice in the 
peripheral blood of  the recipient mice compared with Galnt14+/+ 
mice (both Galnt14+/+ or Galnt14–/–, CD19+ cells P = 0.0038, P = 
0.0002, respectively, and CD3+ cells P = 0.048, P = 0.002, respec-
tively, Figure 7D and Supplemental Figure 13).

Discussion
In this study, we implicate GALNT14, a gene encoding N-acetylga-
lactosaminyltransferase 14, in multiple IgAN-related phenotypes. 
We started by identifying independent LOF variants in GALNT14 in 
individuals with familial and sporadic IgAN and detected multiple 
abnormalities in IgA homeostasis in Galnt14-null mice. GalNAc- 
T14 is highly expressed in human and murine lymphoid GC and 
in human immortalized IgA1-producing B cells. It has been previ-
ously demonstrated that GalNAc-T14 can O-glycosylate the IgA1 
hinge region (59), and knocking down its activity might attenuate 
Gd-IgA1 levels from immortalized IgA1 B cells, such as the Dakiki 
cell line (44). However, we did not observe abnormalities in IgA1 
O-glycosylation between variant carriers and healthy family mem-
bers, leading us to explore alternative pathogenic mechanisms in 
a mouse model. Characterization of  Galnt14-null mice revealed 
an attenuation of  the intestinal mucin layer, an increase in bacte-
ria-bound IgA in the colon, and increased susceptibility to sponta-
neous mesangial IgA deposition with age and following a mucosal 
insult. Furthermore, Galnt14-null mice exhibited increased levels 
of  circulating IgA, increased ex vivo IgA production by splenic B 
cells, altered distribution of  IgA+ B cells in mucosal and nonmuco-
sal tissues, reduced O-glycosylation of  B cell surface molecules, and 
impaired B cell homing to secondary lymphoid organs.

As mice only have 1 isoform of  IgA that does not contain a 
hinge region with O-glycans, in vivo and ex vivo experiments in 
the mouse model provided the opportunity to examine alterna-
tive mechanisms through which Galnt14 inactivation affects IgA 
homeostasis. Galnt14-null mice have reduced intestinal mucin 
thickness, suggesting that GalNAc-T14 participates in O-glycosyla-
tion of  mucins in goblet cells and helps preserve the integrity of  the 
intestinal mucosal barrier. The mucosal lymphoid tissue, such as the 
PPs, is a site of  induction, class-switch recombination, and somatic 
hypermutation of  B cells in the humoral immune response to pro-
duce IgA and effectively limit the penetration of  mucosal patho-
gens into the intestinal epithelium and circulation (60–63). The 
elevated IgA concentration in the small intestine, colon, peritoneal 
cavity, and in the circulation and increased bacteria-bound fecal 
IgA in Galnt14–/– mice supports the hypothesis of  ongoing stimula-
tion of  the adaptive immune system and, potentially, a compensa-
tory effort to reduce gut inflammation and bacterial translocation. 
The Galnt14–/– B cells from the spleen produce more IgA and IgG 
ex vivo, reflecting ongoing activation of  B cells at mucosal surfaces 
or, potentially, an intrinsic defect induced by Galnt14 inactivation. 
Galnt14–/– mice are also susceptible to spontaneous mesangial IgA 
deposition with aging, which could be due to continued priming 
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Figure 7. Adoptive transfer of lymphocytes from Galnt14–/– mice demonstrates a deficiency in the homing ability of B cells. (A) Schematic of the adop-
tive transfer experiment. (B) Identification of the adoptively transferred B cells in the spleen and the peripheral blood of the recipient mice. (C) Adoptive 
transfer of 3.5 × 106 lymphocytes derived from Galnt14–/– mice had significantly less (P < 0.01, unpaired t test) CD19+ B cells identified in the spleens of the 
recipient mice (Galnt14+/+ or Galnt14–/–, n = 5 per group, 2 male and 3 female) compared with adoptively transferred lymphocytes derived from Galnt14+/+ 
mice into recipient mice (Galnt14+/+ or Galnt14–/–, n = 5 per group). (D) Adoptive transfer of 3.5 × 106 lymphocytes derived from Galnt14–/– mice had increased 
(P < 0.01) CD19+ B cells identified in the PBMC of the recipient mice (Galnt14+/+ or Galnt14–/–, n = 5 per group) compared with adoptively transferred lympho-
cytes derived from Galnt14+/+ mice into the recipient mice (Galnt14+/+ or Galnt14–/–, n = 5 per group, 2 male and 3 female).
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Statistics
Graphs and statistics were done in Prism (V10 for macOS). The data 

was initially analyzed for the distribution (normal or not normal) and 

statistical differences between 2 groups was identified using an unpaired 

2-tailed t test, or a 2-tailed Mann-Whitney test. A statistically signifi-

cant correlation was determined using Pearson 2-tailed test. P less than 

0.05 was considered to be statistically significant. Data in scatter plots 

represents the mean ± the SD.
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National Institutes of  Health guidelines, and the study was approved 

by the Institutional Animal Care and Use Committee, at Columbia 
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accordance with recommendations in the Guide for the Care and Use 
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kines may also contribute to the abnormal homing patterns in these 
mice (45, 67, 70). At the molecular level, the mechanisms respon-
sible for abnormal homing of  Galnt1-, Galnt14-, or Cosmc-deficient 
B lymphocytes is not known. Like other investigators (45, 67), we 
hypothesize that defective O-glycosylation impacts the function of  
yet unknown receptor(s) or ligand(s) required for B cell homing to 
lymphoid tissue. The abnormal PNA staining of  B cell surface in 
PPs and spleen supports this possibility.

Prior studies have shown 5%–10% kidneys in autopsy or donor 
biopsy series have IgA deposition without evidence of  inflammation 
or histopathological evidence of  IgAN. Donors with mesangial IgA 
deposition have higher rates of  hypertension and a higher frequen-
cy of  early transplant rejection. Altogether, these findings suggest 
that IgA deposition can become clinically important (71). Similar-
ly, Galnt14-null mice exhibited mesangial IgA deposition without 
other clinical or histopathologic findings of  IgAN but, upon further 
investigation, had abnormalities of  IgA homeostasis. Hence, the 
Galnt14-null mice may be an appropriate model for studying the 
mechanisms of  mesangial IgA deposition, which is considered an 
initiating mechanism in IgAN. Similarly, the presence of  LOF vari-
ants in approximately 1:1,250 apparently healthy individuals in the 
control group suggests that GALNT14 haploinsufficiency may consti-
tute a risk factor for IgAN but may not be sufficient to cause disease. 
The development of  IgAN and variation of  IgA serum levels may 
depend on environmental factors such as commensal flora. We did 
not identify major alterations in gut microbiota in Galnt14–/– mice in a 
standard barrier facility but genotypic differences may be uncovered 
under barrier-free conditions (72). The relationship between variants 
in genes for the O-glycosylation pathways, alterations in gut microbi-
ota, variations in serum and mucosal IgA levels, and propensity for 
IgA deposition will require additional investigation.

Altogether, our data indicate a role for GalNAc-T14 in IgA biol-
ogy, through the unexpected defect in B lymphocyte homing. These 
data suggest that, beyond their impact on the IgA1 hinge region, 
O-glycosylation defects can affect additional pathways relevant to 
IgAN pathogenesis and potentially provide a unifying explanation 
for multiple abnormalities detected or posited in IgAN. Particular-
ly, these findings encourage new areas of  investigation into the role 
of  O-glycosylation in the regulation of  the gut mucin layer, as well 
as the development, localization, and homing of  B cells to mucosal 
and nonmucosal lymphoid tissues. In addition, identification of  the 
homing molecule(s) that are impacted by aberrant O-glycosylation 
may provide critical insight into IgAN pathogenesis.

Methods
Full methods are available in Supplemental materials.

Sex as a biological variable
In genetic and immunological studies, sex was considered a biological 

variable. We have included both males and females in the recruitment 

in the genetic studies in humans, and both male and female mice were 

included in the mouse immunology studies.

Data availability
Values for all data points in graphs are reported in the Supporting 

Data Values file. Further requests for data should be directed to the 

corresponding authors.
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