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Alterations in the apoptosis of immune cells have been associated with autoimmunity. Here, we have identified a
homozygous missense mutation in the gene encoding the base excision repair enzyme Nei endonuclease VIII-like 3
(NEIL3) that abolished enzymatic activity in 3 siblings from a consanguineous family. The NEIL3 mutation was associated
with fatal recurrent infections, severe autoimmunity, hypogammaglobulinemia, and impaired B cell function in these
individuals. The same homozygous NEIL3 mutation was also identified in an asymptomatic individual who exhibited
elevated levels of serum autoantibodies and defective peripheral B cell tolerance, but normal B cell function. Further
analysis of the patients revealed an absence of LPS-responsive beige-like anchor (LRBA) protein expression, a known
cause of immunodeficiency. We next examined the contribution of NEIL3 to the maintenance of self-tolerance in Neil3–/–

mice. Although Neil3–/– mice displayed normal B cell function, they exhibited elevated serum levels of autoantibodies and
developed nephritis following treatment with poly(I:C) to mimic microbial stimulation. In Neil3–/– mice, splenic T and B
cells as well as germinal center B cells from Peyer’s patches showed marked increases in apoptosis and cell death,
indicating the potential release of self-antigens that favor autoimmunity. These findings demonstrate that deficiency in
NEIL3 is associated with increased lymphocyte apoptosis, autoantibodies, and predisposition to autoimmunity.
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Introduction
The clearance of apoptotic cells is initiated by the recognition of 
their modified surface molecules and subsequent engulfment by 
phagocytes (1). An imbalance between the rates of cell death and 
the clearance of cellular debris leads to the release of normally 
concealed self-antigens. Immune recognition of these self-anti-
gens promotes the development of autoimmunity (2). Defective 
clearance of DNA released from apoptotic cells can trigger auto-
immunity, as evidenced by the identification of a homozygous 
loss-of-function variant in DNASE1L3, encoding the deoxyribo-
nuclease I-like 3, as a monogenic cause of systemic lupus ery-
thematosus (SLE) (3). Alterations in apoptosis of immune cells 
have been associated with autoimmunity (4, 5). Autoimmunity 

has also been linked to defects in the central and/or peripheral 
tolerance checkpoints involved in the elimination of autoreac-
tive T and B cells. Central T cell tolerance is maintained by dele-
tion of autoreactive T cell clones in the thymus mediated by the 
transcription factor autoimmune regulator (AIRE) (6). Central 
B cell tolerance is established in the bone marrow by silencing 
autoreactive B cells using various tolerance mechanisms (7–10), 
and relies on signaling through the B cell receptor (BCR) and 
TLRs (11, 12). The activity of residual self-reactive T and B cells 
in the periphery is, in part, controlled by Tregs that express the 
transcription factor forkhead box P3 (FOXP3) (13, 14). A num-
ber of primary immunodeficiency diseases are associated with 
autoimmunity due to defects in central or peripheral tolerance. 
In particular, LPS-responsive beige-like anchor (LRBA)deficien-
cy is associated with decreased Treg number and function (15). 
However, the impact of defective LRBA production on B cell tol-
erance checkpoints has not yet been determined.

Endogenous DNA damages occur at the rate of about 30,000 
per human cell per day and are primarily repaired by the base exci-
sion repair (BER) pathway (16–19). This pathway is initiated by 
DNA glycosylases, which search the DNA for damage, then cleave 
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nephritis following chronic adminis-
tration of poly(I:C), a ligand for TLR3, 
the retinoic acid inducible gene I 
(RIG-I), and the melanoma differ-
entiation-associated gene 5 (MDA5) 
(43–45) to mimic microbial stimu-
lation. T and B cells and germinal 
center (GC) B cells from the Peyer’s 
patches (PP) of Neil3–/– mice showed a 
substantial increase in apoptosis that 
may promote autoimmunity through 
the release of abundant self-antigens. 
Hence, these findings indicate that 
the BER pathway normally protects 
from autoimmunity.

Results
Clinical presentation and immunologic 
findings. The index patient (patient 
1) and her 2 younger male siblings 
(patients 2 and 3), the products of 
a first-cousin marriage in a family 
from Kuwait, presented in childhood 
with recurrent respiratory tract infec-

tions associated with bronchiectasis, hemolytic anemia, recurrent 
bleeding episodes, chronic diarrhea, and failure to thrive (Table 
1). Patients 1 and 2 developed Aspergillus pneumonia, and patient 
2 had episodes of Candida esophagitis and streptococcal bacte-
remia. All 3 patients had anemia, with a positive direct Coombs 
test demonstrable in patients 1 and 2, and all 3 had autoimmune 
thrombocytopenia with demonstrable anti-platelet antibodies in 
patient 3 (Table 2). Patient 3 also had anti-endomysial antibodies 
and anti-gliadin antibodies. Endoscopy revealed gastroduodenitis 
in patient 1 and small intestinal inflammation with crypt abscesses 
and lymphocytic infiltration in patient 2. No endoscopy was per-
formed in patient 3. Patient 1 died at age 15 years of lung hemor-
rhage. Patients 2 and 3 died at 18 and 8 years, respectively, with a 
clinical picture of sepsis.

Patient 1 was found at the age of 9 years to have low IgG, low 
IgA, and normal IgM serum levels (Table 2). Patient 2 had normal 
Ig serum levels at presentation at age 7 years and 8 months, but 
repeated testing at the age of 11 years showed low IgG, low IgA, 
and normal IgM (Table 2); therefore, both patients were started 
on i.v. Ig replacement. Patient 3 was started on i.v. Ig at the age of 
14 months despite normal serum IgG, IgA, and IgM levels (Table 
2) because of recurrent respiratory tract infections and his family 
history. Lymphocyte phenotyping was performed on patient 2 at 
age 14 years, and on patient 3 at ages 18 months (Table 2) and 5 
years, 8 months (data not shown). The absolute lymphocyte num-
bers and numbers of CD3+, CD4+, and CD8+ T cells were normal 
to slightly elevated, and the number of NK cells were decreased 
in patient 2 and normal in patient 3 (Table 2). The percentage 
of memory CD4+ cells was elevated in patient 2 and normal in 
patient 3. CD19+ B cells were normal for patients 2 and 3; how-
ever, most of the B cells were naive (Table 2). Because patients 
1 and 2 had died by the time the study was initiated, lympho-
cyte proliferation and Ig secretion in vitro were examined only 

the N-glycosyl bond between the damaged base and the sug-
ar-phosphate backbone of DNA, releasing the damaged base. In 
humans, endogenous oxidative DNA damage is primarily recog-
nized by 5 different DNA glycosylases. NTH1 (20–23) and OGG1 
(19, 24–27) are the housekeeping enzymes that remove oxidized 
pyrimidines and purines, respectively. Nei endonuclease VIII-
like 1 (NEIL1) acts in concert with the replication fork, removing 
lesions before they are encountered by the DNA polymerases 
(28–31). NEIL2 acts during transcription-coupled repair (32–35). 
NEIL3 is an atypical glycosylase with an N-terminal glycosylase 
domain and a disordered C-terminal domain with unknown func-
tion. The glycosylase domain of NEIL3 preferentially removes oxi-
dized bases in single-stranded DNA, and the optimal substrates 
for NEIL3 are spiroiminodihydantoin (SP) and guanidinohydan-
toin (Gh), further oxidation products of 8-oxo-7,8-dihydroguanine 
(8-oxoG) (36–38). NEIL3 transcripts are expressed in human thy-
mus and testes (39, 40) and at high levels in tumor samples (41, 
42). Neil3 transcripts are expressed in mouse hematopoietic tis-
sues, proliferating cells, and regions of the brain that harbor pro-
genitor cells (39, 40). Since Neil3 is highly expressed in the lym-
phoid cells and tissues, a role for Neil3 in the immune response has 
been suggested. Neil3-deficient (Neil3–/–) mice have been generat-
ed with no observed overt phenotype, but their immune systems 
have not been studied (40).

We have identified a homozygous missense mutation in 
NEIL3 that abolished enzymatic activity in 3 siblings with severe 
recurrent respiratory infections, impaired B cell function and 
peripheral B cell tolerance, and severe autoimmunity, who were 
later found to also lack LRBA protein expression. The same homo-
zygous NEIL3 mutation was identified in an unrelated asymptom-
atic subject and was associated with autoantibody production, but 
normal B cell function. Neil3–/– mice had normal B cell function, 
but displayed elevated levels of autoantibodies and developed 

Table 1. Clinical features

Patient Patient 1 Patient 2 Patient 3
Sex Female Male Male
Age at diagnosis 7 years 7 years, 8 months 1 year
Failure to thrive Yes Yes Yes
Infections Yes Yes Yes
Sinopulmonary infections + + +
Bronchiectasis + - +
Sepsis - + +
Opportunistic infections Aspergillus pneumonia Aspergillus pneumonia 

Candida esophagitis
Adenovirus pneumonia 
Klebsiella pneumoniae

Autoimmunity Yes Yes Yes
AIHA (Coombs positive) + + -
ITP + + +
IBD +A +A +B

Death Yes Yes Yes
Age of death 15 years 18 years 8 years
Cause of death Lung hemorrhage Sepsis Sepsis
AThe diagnosis of inflammatory bowel disease (IBD) was made based on a history of chronic diarrhea and on 
intestinal biopsy. BThe diagnosis of IBD was made based on a history of diarrhea and family history. AIHA, 
autoimmune hemolytic anemia; ITP, immune thrombocytopenia.
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To test the function of the central 
B cell tolerance checkpoint, antibod-
ies expressed by FACS-sorted single 
CD19+CD10+CD21loIgMhiCD27– new 
emigrant/transitional B cells were 
cloned and their reactivity against 
dsDNA, insulin, and LPS was exam-
ined and found comparable in patient 
3 and normal controls (Figure 2, A and 
B). In contrast, the reactivity of anti-
bodies expressed by FACS-sorted single 
CD19+CD10–CD21+IgM+CD27– mature 
naive B cells against HEp-2 cells was 
substantially higher (38%) in patient 3 
than in healthy controls (19% averaged 
from 12 healthy controls) (Figure 2, C 
and D). These results indicate normal 
central B cell tolerance, but defective 
peripheral B cell tolerance in patient 3.

Because peripheral B cell toler-
ance is under the control of Tregs, we 
examined the presence and function 
of Tregs from patient 3. The proportion 
of CD3+CD4+CD25hiCD127loFOXP3+ 
Tregs among CD4+ cells was normal in 
patient 3 compared with controls (data 
not shown). We examined Treg func-
tion by testing the ability of CD4+CD25hi 

CD127lo T cells to suppress the prolif-
eration of CD4+CD25– T effector (Teff) 
cells sorted from a third-party healthy 
subject and stimulated with beads coat-
ed with anti-CD3, -CD28, and -CD2 
mAbs. Tregs from the patient had a sig-
nificantly decreased ability to suppress 
the proliferation of Teff cells compared 
with Tregs from controls (Figure 2, E 
and F), indicating that the patient’s 

Tregs were defective. Similar results were obtained when allo-
geneic Teff cells were used; hence the results were pooled. The 
patient’s Teff cells were suppressed by control Tregs comparably 
to the suppression of control Teff cells (data not shown). Thus, 
Tregs were qualitatively defective in patient 3.

A homozygous missense mutation in NEIL3 in the patients 
abolishes enzymatic activity. Because siblings of both sexes were 
affected and their parents were consanguineous, the disease was 
most likely inherited in an autosomal recessive manner. Microar-
ray analysis of genomic DNA (gDNA) isolated from patients 2 
and 3, their parents, and their 4 healthy siblings was performed 
with a custom build, rule-based Variant Explorer pipeline (Klaus 
Schmitz, unpublished observations), Birdsuite version 1.4, and 
PLINK version 1.07, and identified 2 regions of homozygosity 
(ROH) that were exclusively shared by the 2 patients. The 2 ROH 
were on chromosome 4, separated by 6.2 Mb, and spanning inter-
vals of 14.5 Mb (chromosome 4 position 139,726,301–154,220,311) 
and 21.3 Mb (chromosome 4 position 160,202,001–181,476,867), 
respectively. All original microarray data were deposited in 

in patient 3. T cell proliferation in response to stimulation with 
phytohemagglutinin and anti-CD3 mAb was within the normal 
range for age (data not shown). B cell proliferation was normal 
in response to stimulation with anti-CD40+IL-4 and modest-
ly decreased in response to stimulation with anti-CD40+IL-21 
(Table 2). IgE production in response to anti-CD40+IL-4 stim-
ulation and IgG production in response to anti-CD40+IL-21 
stimulation were markedly decreased compared with that in 5 
healthy controls (Table 2).

Elevated levels of serum autoantibodies, defective peripheral B 
cell tolerance, and impaired Treg function. We determined the spec-
trum of autoantibodies in available sera from patients 2 and 3 as 
well as 2 control subjects using an array of 76 autoantigens. The 
patients had significantly increased levels of IgM antibodies to 
24 autoantigens and IgG antibodies to 28 autoantigens compared 
with healthy controls (Figure 1, A and B). These autoantigens 
included cytoplasmic, structural, and nuclear proteins. There 
was no increase in the levels of autoantibodies in sera from the 
patients’ parents and unaffected siblings (data not shown).

Table 2. Laboratory investigations

Patient Patient 1 
9 years

Patient 2 
11 years

Patient 3 
14 months

Platelets (cells/μl ×103) 86 (227–350) 74 (185–399) 47 (147–423)
Hemoglobin (g/dl) 7.4 (11.5–15.5) 7.8 (11.5–15.5) 10.2 (10.5– 3.5)
Autoantibodies Direct Coombs positive Direct Coombs positive Anti-platelet antibodies

Anti-endomysial antibodies
Anti-gliadin antibodies

IgsA (mg/dl) at age 9 years 11 years 14 months
IgG 122 (633–1280) 352 (608–1572) 472 (294–1069)
IgA 11 (33–202)  <45 (45–236) 46 (16–84)
IgM 54 (48–207) 196 (52–242) 135 (41–149)
Immunophenotype at age 8 years 14 years 18 months
Total lymphocytes/ml 2,740 (1,900–3,700) 4,790 (3,600–8,900) 5,805 (3,600–8,900)
 CD3+ cells/ml ND 2,753 (1,000–2,200) 3,358 (2,100–6,200)
  CD3+CD4+ cells/ml ND 1,197 (530–1,300) 3,004 (1,300–3,400)
  CD3+CD8+ cells/ml ND 1,230 (330–920) 891 (620–2,000)
  % CD4+CD45RA+ ND 7 (33–66) 59.8 (63–91)
  % CD4+CD45RO+ ND 89 (18–38) 40 (2–12)
 CD19+ cells/ml ND 783 (720–2,600) 1629 (600–1,900)
  % CD27– ND  97.9 (76.5–94.7) 96.6 (82.1–95.2)
  % CD27+IgD+ ND 1.7 (3.0–0.7) 1.7 (2.5–8.7)
  % CD27+IgD– ND 0.10 (1.4–11.9) 0.4 (0.3–9.0)
 CD16+/CD56+ cells/ml ND 14 (70–480) 281 (180–920
B cell proliferation (cpm) 5 years, 8 months
Anti-CD40+IL-4 5,654 ± 1,076 (5,528 ± 510) NS
Anti-CD40+IL-21 7,058 ± 960.5 (14,350 ± 359.8) P < 0.05
Background 127.5 ± 31.50 (186.3 ± 37.25) NS
In vitro Ig secretion (ng/ml) 5 years. 8 months
IgE 3.49 ± 1.89 (21.82 ± 3.56) P < 0.05
IgG 7,973 ± 1,890 (35,470 ± 3,955) P < 0.05
Background 0 (0)
APrior to Ig replacement therapy. B cell proliferation and Ig secretion were determined in 5 controls and 
in patient 3 on 2 occasions. Values shown represent mean ± SEM. Values for the controls are shown 
in parentheses. The age-matched normal ranges shown in parentheses are from refs. 78–82. ND, not 
determined.
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We identified in the second ROH 2 adjacent coding variants 
in NEIL3, which codes for nei endonuclease VIII-like 3 enzyme 
(36–38). In addition, we found variants in the coding sequences 
of 3 other genes outside the 2 ROH: KCNA10 (codes for potassi-
um channel, voltage-gated shaker related subfamily A, member 
10), ST7L (codes for suppression of tumorigenicity 7-like protein), 
and ACTR1B (codes for actin-related protein 1 homolog B). The 

the NCBI’s Gene Expression Omnibus (GEO GSE85428) (46). 
Because there are 141 genes located in the 2 ROH, we performed 
whole genome sequencing (WGS) of gDNA from patients 2 and 3 
and their mother and focused our analysis on coding/splice non-
synonymous variants that were homozygous in the patients and 
heterozygous in their mother. The WGS data have been deposited 
in the NCBI’s Sequence Read Archive (SRA SRP082684).

Figure 1. Serum autoantibodies 
in patients 2 and 3. (A and B) 
Heat map display of IgM (A)  
and IgG (B) autoantibody reac-
tivity against self-proteins in the 
sera of patients (Pt.) and controls 
(Ctrl.). A value of 1 is equal to the 
mean of the  controls. P values 
were obtained by 2-tailed  
Student’s t test.  *P < 0.05;  
**P < 0.01; ***P < 0.001.
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Figure 2. Defective peripheral B cell tolerance checkpoint and impaired Treg function in 
patient 3. (A) Reactivity of recombinant antibodies expressed by single CD19+CD10+ 

CD21+IgM+CD27– new emigrant/transitional B cells from a representative healthy age-
matched control and patient 3 against dsDNA, insulin, and LPS. Clones were considered 
polyreactive when they recognized all 3 antigens. The frequencies of polyreactive B cells 
are summarized in the pie charts, with the number of antibody-secreting B cells tested 
shown in the center. (B) Percentage of polyreactive new emigrant/transitional B cell 
clones from patient 3 and 12 controls. (C) Reactivity of recombinant antibodies expressed 
by single CD19+CD10–CD21+IgM+CD27– mature naive B cell clones from a representative  
control and patient 3 against lysates of HEp-2 cells tested by ELISA. The frequencies of 
HEp-2– and non–HEp-2–reactive B cells are summarized in the pie charts, with the num-
ber of antibody-secreting B cells tested shown in the center. (D) Percentage of polyreac-
tive new emigrant/transitional B cell clones from patient 3 and 12 controls. (E) Suppres-
sion by CD4+CD25+CD127lo Tregs from control (left panel) and patient 3 (right panel) of the 
proliferation of CellTrace Violet–labeled CD4+CD25+ Teff cells sorted from a third-party 
healthy subject stimulated with anti-CD3/CD28/CD2 beads at a 1:1 Treg/Teff ratio. (F) 
Quantification of the suppressive function of Tregs sorted from controls and patient 3 
on Teff cells. Columns and bars in F represent mean ± SEM of 3 controls and patient 3. 
Dotted lines in A and C show the results from ED38. Horizontal lines show the OD405 cutoff 
for positive reactivity.
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mutations in KCNA10, ST7L, and ACTR1B were not pathogenic, 
since they were found in the homozygous state in one or more of 
the healthy siblings (data not shown). The mutation in NEIL3 was 
homozygous in both patients and heterozygous in the parents and 
all 4 healthy siblings (Figure 3, A and B). The 2 adjacent coding 
variants in NEIL3 are in a single codon in exon 3 (chromosome 
4 genomic position 178,256,958-178,256,959; c.395_396AC>TG) 
and would lead to a change of an aspartic acid (D) residue to 
valine (V) at position 132 in the protein (p.D132V; Figure 3C). 
The D132V mutation affects a conserved negatively charged res-
idue in the enzymatic domain of NEIL3 (Figure 3D) and is pre-
dicted to be damaged by SIFT (score 0.01) and PolyPhen (score 
0.998). This mutation was not found in the homozygous state, 
but was found in the heterozygous state in 1/6,500 individuals 
in the Exome Variant Server, the ExAC Browser, and the 1000 
Genomes databases. However, the D132V mutation was found 
in the heterozygous form in 8 out of 354 healthy Kuwaiti controls 
and in 1 out of 100 healthy Lebanese controls (data not shown), 
suggesting that this mutation is relatively common in the Middle 
Eastern population.

The D132V mutation in NEIL3 did not affect protein expres-
sion as determined by immunoblot analysis of EBV-transformed 
B cell lines from patient 3 (Figure 3E). The crystal structure of the 
unliganded mouse ortholog of human NEIL3 (mNEIL3) showed 
that D133 in mNEIL3, the equivalent to the mutated D132 in the 
patients’ NEIL3, is located in the DNA-binding pocket of the 
enzyme (38), suggesting that the D132 residue may be important 
for NEIL3 activity. To test this hypothesis, full-length WT and 
D132V NEIL3 were expressed in HeLa cells and immunoprecipi-
tated, and their glycosylase activity was determined by immuno-
precipitation-coupled glycosylase activity assay (47). Western blot 
analysis showed no difference in the expression levels of D132V 
NEIL3 compared with WT NEIL3 (Figure 3F), confirming that the 
D132V mutation does not affect the stability of the protein. How-
ever, the D132V mutant had severely decreased glycosylase activ-
ity compared with WT NEIL3 on single-stranded DNA substrates 
containing the S enantiomer of SP ([S]-SP) or Gh modification 
(Figure 3G). An empty vector control and a reaction blank with 
DNA substrate but no immunoprecipitation product were used 
as negative controls and showed no product formation. Mouse 

Figure 3. Family pedigree, NEIL3 mutation, and effect of the mutation on NEIL3 expression and enzymatic activity. (A) Family pedigree. (B) Sanger 
sequencing chromatogram depicting the c.395_396AC>TG homozygous mutation in NEIL3 from patients 2 and 3 and the heterozygous mutation in their 
parents compared with a control. (C) cDNA organization of NEIL3 and protein structure showing the domains and location of the patients’ mutation indi-
cated by the arrows. Boxes with numbers represent exons. H2TH, helix-2turn-helix; ZF, zinc finger; NLS, nuclear localization signal; TOPIIIα, topoisomerase 
IIIα. (D) Alignment of the aa sequence surrounding the conserved D132 residue in NEIL3 in homologues from 9 species. (E) Representative immunoblot of 
NEIL3 in lysates of EBV-transformed B cells from patient 3 and control. WB, Western blot. (F) Representative immunoblot of HA-tagged WT and D132V 
NEIL3 immunoprecipitated from transfected HeLa cells and detected with anti-HA mAb. (G) Enzymatic activity of HA-tagged WT and D132V NEIL3 immu-
noprecipitated from transfected HeLa cells and incubated with single-stranded DNA substrates containing the SP [(S)-SP] or the Gh modifications. Empty 
vector with substrate (vector) or substrate with no enzyme (blank) was used as negative control. Recombinant mouse NEIL3 was used as positive control. 
Data in E–G are representative of 3 independent experiments.
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NEIL3, which has high activity on both substrates, was used as a 
positive control and showed maximal product formation. Taken 
together, these data show that the human D132V NEIL3 mutant 
has severely impaired glycosylase activity.

Presence of autoantibodies in an asymptomatic individual homo-
zygous for the D132V mutation in NEIL3. A search of Boston Chil-
dren’s Hospital’s genomic database of 400 individuals of Middle 
Eastern ancestry identified an asymptomatic adult female who was 
homozygous for the same NEIL3 mutation present in our patients 
(Figure 4A). Genomic DNA from this individual was sequenced 
in the course of working up her son for severe combined immune 
deficiency. Immunologic analysis of this asymptomatic subject 
revealed normal immune function with normal percentage of 
memory B cells and normal levels of serum IgG and IgM (data not 
shown). B cells from the NEIL3D132V/D132V subject proliferated nor-
mally in response to stimulation with anti-CD40+IL-4 and anti-
CD40+IL-21 (Figure 4B) and secreted normal amounts of IgE and 
IgG in vitro (Figure 4C). However, the levels of several IgM and 

IgG autoantibodies were increased more than 2.5-fold and up to 
approximately 296-fold in her serum compared with the mean of 
2 simultaneously studied healthy controls who had no mutation in 
NEIL3 (Figure 4D). These findings suggest that the homozygous 
D132V mutation in NEIL3 predisposes to the development of auto-
antibodies, but not to immunodeficiency.

Lack of LRBA protein expression in patient 3. The absence of 
immunodeficiency in an adult homozygous for the D132V muta-
tion in NEIL3 prompted us to reexamine the ROH and the WGS 
data in patients 2 and 3 for intronic mutations associated with 
immunodeficiency. LRBA, which was not known to cause human 
disease at the start of this study, resides within the ROH shared 
by patients 2 and 3. Mutations in LRBA are now known to result 
in recurrent sinopulmonary infections and autoimmune disease, 
including enteropathy and cytopenias (15, 48–54). Reanalysis of 
the WGS data from patients 2 and 3 identified no exonic muta-
tions; however, a 47.8-kb duplication spanning exons 49–53 of 
LRBA was identified in both patients. This duplication was asso-

Figure 4. Homozygous NEIL3 mutation, B cell activation, and serum autoantibodies in an asymptomatic healthy unrelated individual. (A) Sanger 
sequencing chromatogram depicting the c.395_396AC>TG homozygous mutation in NEIL3 in a healthy unrelated adult asymptomatic subject  
(NEIL3D132V/D132V) compared with a control subject. (B and C) B cell proliferation (B) and Ig secretion (C) following stimulation of PBMC with anti-CD40+IL-4  
or anti-CD40+IL-21. Columns and bars represent mean ± SEM of 5 controls and the NEIL3D132V/D132V subject. (D) Heat map display of IgM and IgG autoanti-
body reactivity in the sera of the NEIL3D132V/D132V subject compared with 2 healthy controls. Only autoantibodies, the levels of which were more than 2.5-fold 
higher in the NEIL3D132V/D132V subject than the mean of the controls, are shown. Values between brackets represent the fold increase in autoantibody levels 
in the subject with the NEIL3D132V/D132V mutation compared with the mean of the 2 controls.
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patient (31%) compared with that seen in 12 healthy controls 
(average of 19%) (Figure 6, C and D). These results indicate 
that NEIL3 and LRBA are individually important for periph-
eral B cell tolerance. We and others previously documented 
decreased CTLA-4 expression and impaired Treg function in 
LRBA-deficient patients (15, 50). Intracellular CTLA-4 expres-
sion by Tregs in the subject with the single NEIL3 deficiency 
was comparable to that in healthy controls (Figure 6E). We were 
unable to examine Treg-suppressive ability in this subject because 
she only agreed to a single draw of a limited amount of blood.

Mice deficient in Neil3 have autoantibodies and are suscepti-
ble to poly(I:C)-induced nephritis. Although LRBA deficiency has 
been associated with immunodeficiency, the role of NEIL3 in host 
immunity has not been defined to date. Since the D132V muta-
tion abolished NEIL3 enzymatic activity, we took advantage of 
the availability of Neil3–/– mice to further investigate the impact of 
Neil3 deficiency on immune function in a homogeneous genetic 
background. Neil3–/– mice have no overt defects (40). T and B cell 
development, numbers, and subset distribution, T cell prolifera-
tion and cytokine secretion in response to mitogens and anti-CD3 
stimulation as well as B cell proliferation, and secretion of IgG1 
and IgE in response to LPS+IL-4 and anti-CD40+IL-4 stimulation 
were comparable in Neil3–/– mice and WT controls (Supplemental 
Figure 2 and Supplemental Figure 3, A, B, D and E). Moreover, 
the IgM and IgG antibody responses to immunization with the T 
cell–dependent antigen TNP-KLH, and the T cell–independent 
antigen TNP-Ficoll were normal (Supplemental Figure 3, F–I). 
Serum IgM, IgG, and IgA levels were not significantly different 
between Neil3–/– mice and WT controls (Supplemental Figure 4A). 
However, Neil3–/– mice had significantly increased serum levels of 
IgM and IgG antibodies to 48 and 6 out of 83 autoantigens tested, 
respectively (Figure 7, A and B). These autoantigens encompassed 
cytoplasmic, structural, and nuclear proteins. In addition, Neil3–/– 
mice had increased levels of IgM and IgG autoantibodies to sever-
al other autoantigens that trended toward statistical significance. 
Treg numbers and in vitro suppressive function were normal in 
Neil3–/– mice (Supplemental Figure 2E and Supplemental Figure 
3C), indicating that NEIL3 deficiency does not result in loss of 
peripheral tolerance in mice.

Neil3–/– mice remained healthy and developed no evidence of 
spontaneous autoimmune disease over a 9-month observation 
period, as determined by the maintenance of normal numbers 

ciated with the presence of a transposable Alu element in intron 
53 of the LRBA gene that was flanked by sequences from both 
introns 48 and 53 (Figure 5A). Reverse transcription polymerase 
chain reaction (RT-PCR) amplification of RNA extracted from 
an EBV–B cell line derived from patient 3 revealed that exons 
1–28 of LRBA gave a product of size and intensity similar to that 
obtained from normal EBV-B cells. In contrast, RT-PCR amplifi-
cation of exons 23–58 gave no detectable product in the patient, 
but a readily detectable product in the control (Figure 5B). These 
findings indicated that the promoter region of LRBA is functional, 
but that there was a structural variation between exons 23 and 58. 
RT-PCR and Sanger sequencing of cDNA from patient 3 demon-
strated the duplication of exons 49 to 53, resulting in a frameshift 
at the junction of exon 53 and the duplicated exon 49, leading 
to a premature stop codon 4 aa after the start of the duplicated 
exon 49 (Supplemental Figure 1; supplemental material available 
online with this article; doi:10.1172/JCI85647DS1). Immunoblot 
analysis using an antibody directed against an epitope N-termi-
nal to the duplication (aa 907-1038) revealed absence of LRBA 
protein expression in EBV–B cell lysates from patient 3 (Figure 
5C), confirming the deleterious effect of this structural variation. 
These results suggest that the immunodeficiency of the patients 
resulted from the absence of LRBA.

Defective peripheral B cell tolerance in single NEIL3 deficiency 
and single LRBA deficiency. Patient 3, who harbored deleterious 
mutations in both NEIL3 and LRBA, had intact central B cell 
tolerance, but defective peripheral B cell tolerance. To deter-
mine the effect of single NEIL3 deficiency and single LRBA 
deficiency on B cell tolerance, we examined the frequency of 
autoreactive B cell clones in the asymptomatic subject with the 
homozygous D132V NEIL3 mutation and in a patient homozy-
gous for the R2629fs mutation in LRBA (NM_006726, exon54, 
c.7885delA, p.R2629fs) who presented with classical features 
of LRBA deficiency and had no detectable expression of LRBA 
(data not shown). The frequency of autoreactive new emigrant/
transitional B cells in the subject with single NEIL3 deficiency 
and in the LRBA-deficient patient was not different from that of 
controls (Figure 6, A and B), further demonstrating that neither 
NEIL3 nor LRBA are required for the establishment of central 
B cell tolerance. In contrast, the frequencies of autoreactive 
mature naive B cell clones were elevated for both the subject 
with single NEIL3 deficiency (46%) and the LRBA-deficient 

Figure 5. Loss of LRBA protein expression in patient 3 as a result of the duplication of exons 49 to 53 of LRBA. (A) Schematic representation of exons 
48–54 of LRBA in the control and patient 3 showing the presence of an Alu element and the duplication of exons 49–53 of LRBA from patient 3. (B) 
RT-PCR of LRBA cDNA from EBV-transformed B cells from patient 3 and a normal control shows normal amplification of exons 1–28, but absent amplifica-
tion of exons 23–58 in patient 3, as compared with the control. (C) Immunoblot of LRBA in lysates of EBV-transformed B cells from patient 3 and a control 
showing absent LRBA protein expression in patient 3. Data are representative of 3 independent experiments.
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that Neil3 expression is important for the survival of the highly 
proliferating GC B cells in vivo, consistent with its high level of 
expression in this B cell population.

Autoantibodies have been associated with alterations in 
somatic hypermutation (SHM), which is mediated by activa-
tion-induced cytidine deaminase (AID, encoded by Aicda) 
expressed in GC B cells (56, 57). Moreover, knockin mice carry-
ing a hypomorphic mutation in the BER DNA polymerase β (Pol 
β) have a dramatically increased frequency of SHM and develop 
autoimmunity and lupus-like disease (58). As altered AID activi-
ty can result in apoptosis of GC B cells, we determined whether 
loss of NEIL3 affects Aicda expression and the frequency of SHM. 
The level of Aicda mRNA was not significantly different in FACS- 
sorted B220+Fas+GL7+ GC B cells from PP of Neil3–/– mice com-
pared with WT controls (Figure 9F). To determine whether Neil3 
deficiency alters SHM, gDNA was extracted from GC B cells isolated 
from the intestinal PP of Neil3–/– mice and WT controls (n = 3 per 
group), the VHJ558L framework 3 and JH4 3′ flanking regions were 
amplified from the Igh locus, cloned in the TOPO-TA cloning vec-
tor, and 200 clones from each mouse were Sanger sequenced. A 
551-bp fragment from each clone was analyzed for the presence 
of mutations and compared with the reference sequence of the 
C57BL/6J strain, as described previously (59). There was no signif-
icant difference in the frequency of total mutations in GC B cells 
between Neil3–/– mice and WT controls (11.92 ± 0.70 per 1000 bp 
in WT mice versus 12.38 ± 3.45 in Neil3–/– mice). In addition, the 
frequency of mutations per nucleotide was not different between 
Neil3–/– mice and WT controls (Supplemental Table 1). There was a 
modest increase in C to G transversions in Neil3–/– mice compared 
with controls (P = 0.04, Supplemental Table 2).

Discussion
We demonstrate that loss of function of the BER enzyme NEIL3 
is associated with the development of autoantibodies in humans 
and mice and promotes the development of kidney inflammation 
in mice chronically exposed to the TLR3/RIG-I/MDA5 ligand 
poly(I:C) to mimic microbial stimulation.

We studied 3 offspring of a consanguineous family who 
suffered from severe infections, autoimmune disease, chronic 
diarrhea, and early death. Autoimmune manifestations includ-
ed Coombs positive hemolytic anemia and autoimmune throm-
bocytopenia that was likely the cause of the fatal pulmonary 
hemorrhage in patient 1. Moreover, chronic diarrhea that was 
associated with intestinal inflammation was possibly autoim-
mune in origin. Hypogammaglobulinemia was demonstrat-
ed in 2 of the siblings. Phenotypic analysis performed on the 
patients revealed normal numbers of T, B, and NK cells and 
decreased memory B cells. Detailed immunologic studies in 
patient 3 revealed impaired Ig production by B cells in response 
to CD40 ligation in the presence of IL-4 and IL-21 in vitro. Sera 
available on the 2 younger siblings showed significantly elevat-
ed levels of IgM and IgG autoantibodies against a wide range 
of self-antigens (Figure 1). Studies on single B cells isolated 
from the youngest sibling revealed intact central B cell toler-
ance, but breakdown in peripheral B cell tolerance. Consistent 
with this finding, Treg function, but not number, was markedly 
impaired in the patient.

of red blood cells and platelets, absence of autoantibodies on the 
surface of these cells as determined by flow cytometry, and nor-
mal kidney histology (Supplemental Figure 4, B–D). Treatment 
of susceptible strains of mice with TLR ligands, which mimics the 
exposure to infectious pathogens in human patients, can provoke 
or accelerate the development of autoimmune kidney damage 
including glomerulonephritis (55). Neil3–/– mice on a C57BL/6 
background and WT congenic controls were treated weekly over 
a period of 90 days with the TLR3/RIG-I/MDA5 ligand poly(I:C). 
Histologic examination of kidney sections stained with periodic 
acid–Schiff (PAS) stain revealed glomerulonephritis in Neil3–/– 
mice, but not WT controls, as evidenced by enlargement of the 
glomeruli, expansion of glomerular cells, and periglomerular 
infiltrates (Figure 8A). Moreover, interstitial peritubular infiltrates 
were present in the kidneys of Neil3–/– mice, but not WT controls 
(Figure 8A). The histologic scores for both glomerulonephritis and 
interstitial peritubular infiltrates were significantly higher in kid-
neys from Neil3–/– mice compared with WT controls (Figure 8B). 
Sera from Neil3–/– mice that received poly(I:C) had significantly 
increased levels of IgM antibodies to 86 out of 95 autoantigens 
tested (90%) and of IgG antibodies to 50 out of 95 autoantigens 
(53%) compared with poly(I:C)-treated WT controls (Figure 8C). 
This represents a broader autoantigen reactivity than what was 
observed in Neil3–/– mice that did not receive poly(I:C) (53% for 
IgM autoantibodies and 7% for IgG autoantibodies). These find-
ings indicate that chronic TLR3/RIG-I/MDA5 stimulation exac-
erbates autoantibody production in Neil3–/– mice and predisposes 
these mice to develop nephritis.

Neil3 deficiency is associated with increased lymphocyte apopto-
sis and cell death. DNA modifications caused by oxidative stress 
that are not resolved by NEIL3 may result in cell death due to 
accumulated DNA damage. Increased lymphocyte apoptosis and 
cell death are associated with increased production of autoan-
tibodies (4, 5). We examined apoptosis and cell death in splenic 
T and B cells. The percentage of annexin V+7AAD+ apoptotic/
dead cells among freshly isolated T and B cells was minimally 
increased in Neil3–/– mice compared with WT controls (Figure 
9, A and B). Importantly, the percentages of annexin V+7AAD+ 
apoptotic/dead T and B cells after culture in complete medium, 
with anti-CD3 ± anti-CD28 for 48 hours in the case of T cells and 
with LPS ± IL-4 for 24 hours in the case of B cells, were substan-
tially and significantly higher in Neil3–/– mice compared with WT 
controls (Figure 9, A and B). These data demonstrate that lack of 
NEIL3 impairs T and B cell survival.

The GC compartment is a highly proliferative in vivo envi-
ronment where B cells are exposed to oxidative stress while 
diversifying their antibody repertoire (16, 56). GC B cells 
express high levels of Neil3 (for more information go to the 
Immunological Genome Project; www.immgen.org). We deter-
mined the rate of apoptosis of GC B cells freshly isolated from 
the PP of the intestine of Neil3–/– mice and WT controls. There 
was a significantly higher percentage of apoptotic annexin V+ 
cells among B220+Fas+GL7+ GC B cells from Neil3–/– mice com-
pared with GC B cells from WT controls (Figure 9C). There was 
no significant difference in the percentages of annexin V+ cells 
among B220+Fas–GL7– non-GC B cells, and B220– non–B cells 
between the 2 strains (Figure 9, D and E). These data indicate 
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NEIL3 and LRBA play discrete roles in preventing the accumula-
tion of autoreactive mature naive B cells in the blood. Impaired 
Treg function in LRBA-deficient patients is associated with 
decreased CTLA-4 expression (15). This likely contributes to 
autoimmunity in these patients, as administration of CTLA-4–Ig 
dampens their autoimmunity (50). We were not able to exam-
ine the function of Tregs in the patient with the single NEIL3 
deficiency; however, Tregs from this patient expressed CTLA-4 
normally. Treg function in vitro was intact in Neil3–/– mice, sug-
gesting that it may also be intact in human NEIL3 deficiency. 
Increased lymphocyte cell death due to unrepaired DNA dam-
age may drive the expansion of autoreactive B cell clones and 
autoantibody production in NEIL3 deficiency.

NEIL3 deficiency and LRBA deficiency likely synergized in 
causing the severe disease in our patients. Of 26 reported patients 
with immunodeficiency due to absent LRBA protein expression, 
2 have died of respiratory failure, at 19 and 24 years of age (15, 
48–54). The fact that 3 siblings in the family we studied died at 8, 
15, and 18 years of age suggests that NEIL3 deficiency may have 
exacerbated the severity of LRBA deficiency in our patients. Alter-
ation of disease phenotypes associated with a single gene defect 
due to mutations in modifier genes is well documented (62, 63) 
and is likely to be observed more frequently as more patients are 
studied by whole exome and whole genome sequencing.

GC B cells undergo programmed AID-induced DNA alter-
ations at the Igh locus in addition to DNA damage associated 
with oxidative stress due to high rates of replication. We did not 
find any evidence of altered Aicda expression or AID activity 
assessed by examining SHM in GC B cells and class switching to 
IgG or IgE. However, the percentages of apoptotic and/or dead 
cells were substantially higher in GC B cells from Neil3–/– mice 
compared with their WT controls as well as in splenic T and B 
cells from Neil3–/– mice cultured in complete medium or with 
mitogens. The modest increase in apoptosis observed in freshly 
isolated splenic T and B cells may be due to the presence of a 
small subpopulation of activated cells within these populations. 
These data indicate that NEIL3 does not affect SHM, but plays 
a role in the protection of lymphocytes from apoptosis, likely 
through its DNA damage–repair function. Increased apoptosis 
of B and T cells in Neil3–/– mice may drive autoimmunity and 
could be relevant to SLE, which is associated with apoptosis of 
B and T cells (5). Recently, Neil2–/– mice were shown to accumu-
late more DNA damage with aging compared with WT controls 
and to develop severe lung inflammation in response to intrana-

WGS of 2 of the patients and their mother identified a missense 
mutation in NEIL3. The mutation substituted a conserved nega-
tively charged aspartic acid residue with a neutral valine residue 
(D132V). The mutation did not affect the stability of the protein, 
but abolished its base damage excision repair enzymatic activity, 
demonstrating that it is a loss-of-function mutation. Two lines of 
evidence strongly indicated that the homozygous D132V mutation 
in NEIL3 results in the development of autoantibodies. First, as 
was seen in the patients, an unrelated individual homozygous for 
the same mutation in NEIL3 had elevated levels of serum autoanti-
bodies. Second, mice that lacked Neil3 had elevated levels of a wide 
range of autoantibodies to cytoplasmic, structural, and nuclear 
proteins, including antibodies to glomerular basement membrane.

In contrast with the patients, the unrelated asymptomatic indi-
vidual who was homozygous for the D132V mutation in NEIL3 had 
no recurrent infections or autoimmune disease, and her serum 
Ig levels, percentage of memory B cells, and B cell function in 
vitro were all normal. The decreased Ig production in the patient 
with double-NEIL3/LRBA deficiency, but not in the subject with 
single-NEIL3 deficiency, could be a consequence of the low per-
centage of memory B cells in this patient, a finding shared with 
patients with single LRBA deficiency (51, 60, 61). Similar to the 
subject with single NEIL3 deficiency, Neil3–/– mice did not devel-
op spontaneous autoimmune disease, had normal serum Ig lev-
els, and their B cells secreted IgG1 and IgE normally in response 
to stimulation with anti-CD40 or LPS and IL-4 in vitro. However, 
chronic administration of the TLR3/RIG-I/MDA5 ligand poly(I:C) 
to mimic chronic microbial stimulation resulted in the develop-
ment of glomerular and interstitial nephritis in Neil3–/– mice, but 
not in WT controls, suggesting that the absence of NEIL3 pro-
motes the development of autoimmunity in response to chronic 
microbial stimulation. Together, these observations indicate that 
NEIL3 deficiency did not cause the immune deficiency in our 
patients, but contributed to the development of the autoimmune 
disease and/or exacerbated it in the setting of chronic infection. 
In fact, further analysis revealed that the patients had a duplica-
tion in the LRBA gene that resulted in absent LRBA expression, 
an established cause of immunodeficiency associated with auto-
immunity and defective Treg function due, in part, to the critical 
role of LRBA in maintaining CTLA-4 expression in Tregs (15, 50).

Mature naive but not transitional/new emigrant B cells from 
patients with single NEIL3 and LRBA deficiency were enriched 
in autoreactive clones, a phenotype also shared by patient 3 
with NEIL3/LRBA double deficiency. These data indicate that 

Figure 6. Defective peripheral B cell tolerance checkpoint in the NEIL3-deficient subject and in an LRBA-deficient patient. (A) Reactivity of recombinant 
antibodies expressed by single new emigrant/transitional B cell clones from a representative healthy age-matched control, the NEIL3-deficient subject, and 
an LRBA-deficient patient against dsDNA, insulin, and LPS tested by ELISA. Dotted lines show the results from a positive control designated ED38. Horizontal 
lines show the OD405 cutoff for positive reactivity. The frequencies of polyreactive B cells are summarized in the pie charts, with the number of antibody- 
secreting B cell clones tested shown in the center. Clones are considered polyreactive when they recognize all 3 antigens. (B) Percentage of polyreactive new 
emigrant/transitional B cell clones from the NEIL3-deficient subject (NEIL3-def.), the LRBA-deficient patient, patient 3, and 12 controls. (C) Reactivity of 
recombinant antibodies expressed by single mature naive B cell clones from a control, the NEIL3-deficient subject, and the LRBA-deficient patient against 
lysates of HEp-2 cells tested by ELISA. Dotted lines show the results from the positive control ED38. Horizontal lines show the OD405 cutoff for positive 
reactivity. The frequencies of HEp-2– and non–HEp-2–reactive B cells are summarized in the pie charts, with the number of antibody-secreting B cell clones 
tested shown in the center. (D) Percentage of HEp-2–reactive mature naive B cell clones from the NEIL3-deficient subject, the LRBA-deficient patient, patient 
3, and 12 controls. The percentage of reactive clones from patient 3 represented in Figure 2 was added to B and D for comparison with the subject with NEIL3 
deficiency and the patient with LRBA deficiency. Each symbol represents 1 individual. The horizontal bar represents the mean of the controls. (E) Intracellular 
CTLA-4 staining in Tregs from 2 controls and the NEIL3-deficient subject. The numbers in the plots represent mean fluorescence intensity (MFI).
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immgen.org), while Ogg1 is ubiquitously expressed (26, 65). Fur-
thermore, NEIL3 has a broad substrate specificity (36), including 
removal of DNA base damages from quadruplex DNA, unique 
DNA structures that have been implicated in DNA replication, 

sal treatment with lipopolysaccharide (64). Unlike Neil3–/– mice, 
mice deficient in the BER enzyme OGG1 have not been report-
ed to develop autoantibodies. Neil3 expression is restricted to 
hematopoietic cells and highly proliferative cells (ref. 40; www.

Figure 7. Elevated levels of autoantibodies in the sera of Neil3–/– mice. (A and B) Heat map display of IgM (A) and IgG (B) autoantibody reactivity against 
self-proteins in the sera of Neil3–/– mice compared with WT controls. A value of 1 is equal to the mean of the WT. Thirteen Neil3–/– and 9 WT mice were 
used in this assay. P values were obtained by 2-tailed Student’s t test. *P < 0.05; **P < 0.01.
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Sequencing Project; http://evs.gs.washington.edu/EVS/), the Exome 
Aggregation Consortium (ExAC; http://exac.broadinstitute.org), and 
the 1000 Genomes database (75).

Custom TaqMan primers (Applied Biosystems) were used to 
determine the frequency of the mutation identified in NEIL3 in the 
Kuwaiti population using Applied Biosystems 7900HT Real-Time 
PCR. Sanger sequencing was used to determine the mutation in the 
Lebanese populations.

Immunoblotting. Lysates from EBV-transformed B cells were 
immunoblotted with rabbit polyclonal antibodies against NEIL3 
(AssaybioTech; C15635), LRBA (Sigma-Aldrich; HPA023597), and 
actin (Sigma-Aldrich; A1978).

Plasmids. Human NEIL3 cDNA with a C-terminal HA tag was cloned 
into the pEGFP-N3 plasmid (Invitrogen). QuikChange site-directed 
mutagenesis (Stratagene) was used to create plasmids with the D132V 
mutation. Primer sequences are in Supplemental Table 3.

Immunoprecipitation-coupled glycosylase activity assay. HeLa cells 
were transfected with WT or D132V pNEIL3-HA using Lipofectamine 
2000 (Life Technologies) and lysed in NP-40 lysis buffer (Invitro-
gen) 24 hours later. Then 2 μg of anti-HA antibody (Abcam ab9110) 
were prebound to 50 μl Dynabeads protein G (Life Technologies) and 
incubated with lysates for 2 hours at 4°C with rotation. Washed beads 
were suspended in NEIL3 reaction buffer (40 mM HEPES pH 7.0, 50 
mM NaCl, 0.01% NP-40, 1 mM EDTA, and 1mM DTT), and 5 μl beads 
were denatured and subjected to immunoblotting using anti-HA mAb. 
Glycosylase activity was measured as previously described (38).

Mouse T and B cell proliferation, cytokine and Ig secretion. Splenic 
T and B cells were purified using the Pan T Cell Isolation Kit II and 
CD43-bound microbeads, respectively (Miltenyi Biotec). T cells were 
stimulated for 72 hours with 1 μg/ml immobilized anti-CD3 (145-2C11; 
eBioscience) with or without 1 μg/ml anti-CD28 (37.51; eBioscience) 
or 20 ng/ml IL-2 (R&D systems). B cells were stimulated for 72 hours 
with 50 ng/ml IL-4 (R&D systems), 100 ng/ml anti-CD40 (1C10; 
eBioscience), and 10 μg/ml LPS (Invivogen) alone or in combination. 
Proliferation was determined as above. IL-2, IFN-γ, IgE, and IgG1 
were measured by ELISA (BioLegend).

Antibody production. Mice were anesthetized with 2,2,2-tribromoeth-
anol (Sigma-Aldrich), immunized i.p. on day 0 (10 μg/mouse), and boost-
ed on day 14 (2.5 μg/mouse) with 2,4,6,-trinitrophenyl hapten conjugated 
to protein keyhole limpet hemocyanin (TNP18-KLH; Biosearch Technol-
ogies Inc.) in ALUM (Thermo Scientific). Mice were sacrificed at day 21 
for T-D antibody production or were immunized with 25 μg/mouse of 
TNP83-Ficoll and sacrificed at day 14 for T-I antibody production. IgM and 
IgG anti-TNP and serum IgM, IgG, and IgA were detected by ELISA (76).

Treatment of mice with poly(I:C) and kidney histology. Mice were 
injected weekly with 50 μg/mouse of poly(I:C) (Invivogen) in 100 μl 
PBS for 90 days. Kidneys were then obtained, fixed in 10% buffered 
formalin, and embedded in paraffin. Multiple 4-μm sections were 
stained with PAS and visualized on a Nikon Eclipse E800 micro-
scope (Nikon). Images were captured with Nikon DS Fi1 camera and 
NIS-Elements AR3.2 software (Nikon). Kidney damage was scored 
as previously described (77).

Apoptosis of GC B cells. PP were isolated and GC B cells were 
stained with antibodies against B220 (RA3-6B2), Fas (15A7), GL7 (GL-
7), annexin V, and 7AAD (all from eBioscience).

Amplification, cloning, and sequence analysis of the J558VH-
FR3-JH4 3′ intron and exon segments. Viable (7AAD−) GC (B220+ 

transcription, and telomere functions (66–68), while OGG1 
activity is limited almost exclusively to removing 8-oxoguanine 
(19, 26). Differences in expression pattern and/or substrate spec-
ificity between NEIL3 and OGG1 might account for the role of 
NEIL3 in protecting against the development of autoantibodies.

To our knowledge, this is the first study implicating a DNA gly-
cosylase in the development of autoimmunity. The carrier rate of 
the NEIL3 D132V mutation was found to be approximately 2% in 
healthy Middle Eastern subjects. Thus, this mutation may confer a 
risk factor for autoimmune disease in Middle Eastern populations.

Methods
Flow cytometry. Anti-human antibodies with isotype-matched controls 
were used for staining CD19 (HIB19), CD27 (O323), and IgD (IA6-2) 
(all from BioLegend). Anti-mouse antibodies were used for staining 
B220 (RA3-6B2), CD3 (145-2C11), CD4 (GK1.5), CD8 (53-6.7), CD25 
(PC 61.5), and FOXP3 (FKJ.16s) (all from eBioscience). Samples were 
collected with an LSRFortessa (BD Biosciences) and analyzed with 
FlowJo software (Tree Star Inc.).

In vitro human B cell function. PBMCs were cultured with anti-CD40 
(5 μg/ml; 626; Santa Cruz Biotechnology Inc.) with or without rhIL-4 
(5ng/ml; R&D Systems) or rhIL-21 (20ng/ml; R&D Systems). Prolifera-
tion was assayed 4 days later by measuring 3H-thymidine incorporation 
into gDNA added for the last 16 hours of culture. The production of IgE 
and IgG was measured after 14 days by ELISA (eBioscience).

Autoantibody-producing B cells. Autoantibody production by sort-
ed single CD19+CD10+IgMhiCD21loCD27– new emigrant/transitional 
and CD19+CD10–IgM+CD21+CD27– mature naive B cells was deter-
mined as previously described (69). A highly polyreactive antibody 
(ED38) (69, 70) was used as a positive control.

Treg suppression assays. CD4+ T cells were isolated by negative 
selection (Miltenyi Biotec). For isolation of CD4+CD25– Teff cells, 
CD25+ cells were depleted with anti-CD25 beads. Tregs were sorted 
for CD4+CD25+CD127– human cells, and CD4+CD25hiCD39+ mouse 
cells. Teff cells were labeled with CellTrace Violet (Life Technolo-
gies) and stimulated with anti-CD3/CD28/CD2–coated beads (Treg 
Suppression Inspector, human; Miltenyi Biotec) or with mouse anti-
gen-presenting cells and 1 μg/ml anti-CD3. Autologous or allogeneic 
Tregs were added at different ratios, and cell divisions were evaluated 
using flow cytometry.

Autoantibody assays. Human and mouse IgG and IgM autoanti-
bodies were measured on an autoantigen proteomic array (University 
of Texas Southwestern Medical Center, Dallas, Texas, USA) as previ-
ously described (71). Levels of autoantibodies against self-antigens 
were visualized as heat maps. Values from control samples were aver-
aged for each antigen, and the averages of controls plus 2 SDs were cal-
culated to generate relative autoantibody reactivity. Data were visu-
alized by Multiple Experiment Viewer (MeV) 4.8 (version 10.2) (72). 
Student’s t test was used to compare the differences between groups, 
using GraphPad PRISM (GraphPad Software).

Genetic analysis. Homozygosity mapping was performed with the 
Affymetrix genome-wide human SNP array 6.0 and analyzed with  
Birdsuite version 1.4, and PLINK version 1.07, as previously described 
(73). WGS was performed through Complete Genomics Inc. and ana-
lyzed with Mol-BioLib (74). The frequencies of the identified variants 
were determined in the Exome Variant database (Exome Variant Serv-
er, National Heart, Lung, and Blood Institute [NHLBI] GO Exome 
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Figure 8. Poly(I:C)-induced glomerulonephritis in the kidneys and 
elevated levels of autoantibodies in the sera of Neil3–/– mice. (A) 
Representative photomicrographs of kidney sections stained with 
PAS from Neil3–/– mice and WT controls treated with poly(I:C). Kidney 
sections from Neil3–/– mice show glomerulonephritis with periglomerular 
infiltrates (upper right panel, arrows) and interstitial infiltrate (lower 
right panel, arrow). Original magnification, ×40 (upper panels); ×20 (low-
er panels). Data are representative of 10 mice per group. (B) Histologic 
scores of glomerulonephritis and interstitial infiltrates, scored according 
to ref. 77. Columns and bars represent mean ± SEM of 10 mice per group. 
P values were obtained by 2-tailed Student’s t test. (C) Heat map display 
of IgM and IgG autoantibody reactivity against self-proteins in the sera 
of poly(I:C)-treated Neil3–/– mice and WT controls (n = 5 mice per group). 
A value of 1 is equal to the mean of the poly(I:C)-treated WT controls. P 
values were obtained by 2-tailed Student’s t test. *P < 0.05; **P < 0.01.
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tent cells. TA-plasmids were extracted from 200 clones using the 
Gene Jet Plasmid Miniprep Kit (Thermo Scientific) and Sanger 
sequenced; then a 551-bp fragment was analyzed for the presence 
of mutations (59).

RNA extraction and RT/PCR of LRBA. RNA was extracted from 
EBV-transformed B cells using TRIzol (Life Technologies) and used 

CD95+GL7+) B cells were FACS sorted and gDNA extracted. The 
VHJ558L framework3-JH4 3′ flanking region was PCR amplified 
as previously described (59). PCR product (600 bp) was purified 
(QIAquick Gel Extraction Kit; QIAGEN), dA tails were added with 
Taq polymerase (Thermo Scientific), cloned in TOPO-TA vectors 
(Invitrogen), and used to transform Escherichia coli DH5α compe-

Figure 9. Percentages of apoptotic/dead T, B, and GC B cells and Aicda mRNA levels in GC B cells from Neil3–/– mice. (A and B) Representative annexin V 
and 7AAD staining and quantitative analysis of the percentages of annexin V+7AAD+ cells among splenic CD4+ T cells (A) and B220+ B cells (B) freshly isolated 
from Neil3–/– mice and WT controls (0 hours) and after in vitro T cell stimulation with anti–CD3 ± CD28 for 48 hours or B cell stimulation with LPS ± IL-4 for 24 
hours. (C–E) Representative annexin V and 7AAD staining and quantitative analysis of the percentages of annexin V+ cells among B220+Fas+GL7+ GC B cells (C), 
B220+Fas–GL7– non–GC B cells (D), and B220– non–B cells (E) from PP of Neil3–/– mice and WT controls. (F) Aicda mRNA levels in sorted GC B cells from Neil3–/– 
mice and WT controls expressed relative to the average levels of Aicda mRNA in WT GC B cells set at 1. Columns and bars represent mean ± SEM of 3 mice per 
group for A–B, and F, or 8 mice per group for C–E. P values were obtained by 2-tailed Student’s t test. *P < 0.05. NS, not significant.
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102923), the WHI Sequencing Project (HL-102924), the Broad GO 
Sequencing Project (HL-102925), the Seattle GO Sequencing Proj-
ect (HL-102926), the Heart GO Sequencing Project (HL-103010), 
the Exome Aggregation Consortium, and the groups that provided 
exome variant data for comparison (http://exac.broadinstitute.org/
about). This work was supported by a Boston Children’s Hospital 
Investigatorship Award (to MJM), grants from the Perkins Fund and 
the Dubai-Harvard Foundation for Medical research (to RSG), the 
Kuwait Foundation for the Advancement of Sciences (2010-1302-05 
to WAH), the NIH National Cancer Institute (P01098993 to SSW), 
the Japan Society for the Promotion of Science (22221004 to YN), 
and the National Institute of Allergy and Infectious Diseases (NIAID) 
(AI061093 to EM).
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to amplify LRBA cDNA exons using the SuperScript III One-Step 
RT-PCR System with Platinum Taq (Life Technologies). Primers 
used are listed in Supplemental Table 4.

Statistics. Two-tailed Student’s t test and 2-way ANOVA were 
used to compare the differences between groups, using GraphPad 
PRISM (GraphPad Software). A P value of less than 0.05 was con-
sidered significant.

Study approval. Blood samples were obtained after securing 
informed consent approved by the Institutional Review Board of 
Boston Children’s Hospital. Deidentified DNA samples from 384 
healthy Kuwaiti and 100 healthy Lebanese donors were used as con-
trols. Neil3–/– mice have been described (40). Mouse studies were 
performed in accordance with Boston Children’s Hospital policies 
and procedures.
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