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Although B cells reactive with islet autoantigens are si-
lenced by tolerance mechanisms in healthy individuals,
they can become activated and contribute to the devel-
opment of type 1 diabetes. We previously demonstrated
that high-affinity insulin-binding B cells (IBCs) occur ex-
clusively in the anergic (Byp) compartment in peripheral
blood of healthy subjects. Consistent with their activa-
tion early in disease development, high-affinity IBCs are
absent from the Byp compartment of some first-degree
relatives (FDRs) as well as all patients with autoantibody-
positive prediabetes and new-onset type 1 diabetes, a time
when they are found in pancreatic islets. Loss of Byp IBCs
is associated with a loss of the entire Byp B-cell com-
partment consistent with provocation by an environmen-
tal trigger or predisposing genetic factors. To investigate
potential mechanisms operative in subversion of B-cell
tolerance, we explored associations between HLA and
non-HLA type 1 diabetes-associated risk allele genotypes
and loss of Byps in FDRs. We found that high-risk HLA
alleles and a subset of non-HLA risk alleles (i.e., PTPN2
[rs1893217], INS [rs689], and IKZF3 [rs2872507]), rele-
vant to B- and T-cell development and function are asso-
ciated with loss of anergy. Hence, the results suggest a
role for risk-conferring alleles in perturbation of B-cell
anergy during development of type 1 diabetes.

Type 1 diabetes is an autoimmune disease in which self-
reactive lymphocytes destroy insulin-producing pancreatic

B-cells. Although genetic variation is believed to be the
major contributor to the risk of developing type 1 diabetes,
environment also plays a contributing role. Together, these
factors may impart their effects by compromising mainte-
nance of immune tolerance in T cells and/or B cells, both of
which are known to be essential in the pathogenesis of
the disorder (1-4). Studies have shown that B cells likely act
as antigen-presenting cells and autoantibody producers in
type 1 diabetes (5,6). How self-reactive B cells, which nor-
mally are silenced in healthy individuals, become activated
to participate in this disease is not known.

Previous studies have demonstrated that up to 70% of
all B cells generated in the bone marrow are autoreactive
(7). Autoreactive B cells are silenced by multiple mecha-
nisms. Those reactive with highly avid self-antigens (e.g.,
cell surface proteins) undergo receptor editing in which they
rearrange their antigen receptor light chains, modifying
specificity (8). If this process fails to eliminate autoreactiv-
ity, cells can undergo apoptosis through a mechanism
referred to as clonal deletion (9). Cells reactive with low-
avidity autoantigens, even if they have high affinity, do
not receive signals that are sufficiently strong to induce
receptor editing or clonal deletion. These cells mature and
proceed to the periphery where they are maintained in
a state of unresponsiveness, termed anergy. Anergic B cells
show evidence of previous antigen exposure, including
downregulation of surface IgM, elevated basal calcium,
and activation of negatively regulating signaling circuitry,
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but are refractory to further stimulation (10-12). Of note,
studies in mice have demonstrated that anergy is rapidly
reversed if autoantigen dissociates from the B-cell receptor
(BCR), suggesting that this unresponsive state is maintained
by a nondurable, presumably fragile, biochemical mechanism
rather than by genetic reprogramming (13). Consistent with
this mechanism, inhibitory signaling pathways are upregu-
lated in anergic cells by protein phosphorylation (e.g., SHIP1,
SHP-1) and microRNA regulation of effector expression (e.g.,
PTEN) (14,15). B-cell intrinsic expression of these regula-
tory phosphatases is required for maintenance of anergy
(14). Additional genetic factors likely play a role in tuning
B-cell responsiveness to antigen and maintenance of anergy.
Obvious candidates reside among the products of gene alleles
that have been shown to confer an increased risk of devel-
oping autoimmunity.

We previously examined the status of insulin-reactive
B cells (IBCs) in peripheral blood of healthy individuals.
We observed that B cells with high affinity for insu-
lin occur in blood of healthy subjects where they are re-
stricted in the anergic compartment (16). These cells are
polyreactive, binding to lipopolysaccharide and chromatin
as well as to insulin. Of note, they disappear from this
compartment in subjects with islet autoantibody-positive
and recent-onset type 1 diabetes as well as in a portion of
healthy first-degree relatives (FDRs) (Fig. 1 and Supplemen-
tary Fig. 1). Preliminary studies in our laboratory have sug-
gested that the disappearance of these cells reflects their
relocalization to the pancreas and pancreatic lymph nodes.
Specifically, IBCs are enriched among B cells in pancreatic
islets of subjects with type 1 diabetes (M.J.S. and J.C.C,,
unpublished observations). However, we cannot rule out
the possibility that these cells simply upregulate surface
IgM and thus enter the mature naive compartment or do not
enter the anergic compartment. To better understand what
factors that contribute to the loss of B cells from the anergic
compartment of blood early in type 1 diabetes, we explored the
correlation between Byp frequency among FDRs and high-
risk HLA and non-HLA type 1 risk allele genotype.

RESEARCH DESIGN AND METHODS

Subject Selection and Peripheral Blood Processing

Peripheral blood was obtained with informed consent at the
Barbara Davis Center for Childhood Diabetes by using pro-
tocols approved by the University of Colorado Institutional
Review Board. Eligible subjects with type 1 diabetes were
males or females who met the American Diabetes Assodi-
ation criteria for classification of disease. Insulin autoanti-
body (IAAs), GAD, IA2, and zinc transporter 8 antibody were
assayed by radioimmunoassay, as previously described (17).
Peripheral blood mononuclear cells from autoantibody-
negative FDRs (n = 103); subjects with autoantibody-posi-
tive prediabetes (n = 18; identified in the Type 1 Diabetes
TrialNet Natural History study), new-onset type 1 diabetes
(n = 21; duration <12 months), and long-standing type 1
diabetes (n = 21; duration >12 months); and healthy
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age- and sex-matched control subjects (n = 49) were isolated
from heparinized blood by Ficoll-Hypaque fractionation.
DNA was extracted from the granulocyte layer by using
the DNA Mini Kit (QIAGEN).

Flow Cytometric Analysis and Enrichment of IBCs

To maintain consistency of gating of flow cytometry data,
each subject sample set was analyzed in parallel with an age-
and sex-matched healthy control subject. The healthy
control cells were used to construct gates, which were
then copied to the FDR subject cells. Gating for IBC anergic
(Bxp) cells was based on T cells (CD197) and fluores-
cence minus one compensation controls. Peripheral blood
mononuclear cells were stained in PBS, 1% BSA, and 0.02%
sodium azide with human FcR Blocking Reagent (Miltenyi
Biotec); 0.1 pLg/lO6 cells insulin biotin; and mouse
monoclonal anti-human antibodies against CD19-BV510
(BioLegend), CD27-PerCP or CD27-BUV395 (BioLegend),
IgM-PE (SouthernBiotech), and IgD-fluorescein isothiocy-
nate (BD Biosciences) or IgD-BV421 (BioLegend) for
20 min at 4°C. After washing, cells were fixed with 2% for-
maldehyde at 4°C followed by incubation with streptavidin-
Alexa Fluor 647 for 20 min at 4°C. Cells were washed,
suspended in magnetic-activated cell sorting (MACS) buffer
(PBS, 0.5% BSA, 2 mmol/L EDTA) and incubated with anti-
CyS/anti-Alexa Fluor 647 microbeads (Miltenyi Biotec) for
15 min at 4°C. Samples were then passed over magnetized
large separation columns (Miltenyi Biotec) and washed
three times with 2 mL of MACS buffer, and bound cells
were eluted with 6 mL of MACS buffer. Flow cytometry was
performed with an LSR II (BD Biosciences) and data ana-
lyzed with FlowJo software version 8.8.4. Absolute cell
counts were performed by using a hemocytometer (Thermo
Fisher Scientific) to enumerate total lymphocytes. Total
B-cell numbers were then determined by multiplying the
frequency of CD19" B cells determined by FACS by the total
cell count determined by the hemocytometer. Absolute IBC
numbers were determined by multiplying the frequency of
IBCs in the CD19" B-cell gate by the total B-cell count.
Absolute IBC Byp cells were determined by multiplying
the frequency of CD27~ IgM"~ IgD" cells within the IBC
gate by the total IBC cell count.

HLA and Non-HLA Genotyping

By using established protocols (18), DNA from FDRs (n =
103) and healthy control subjects (n = 49) was HLA geno-
typed at the Autoantibody/HLA Service Center at the Bar-
bara Davis Center for Childhood Diabetes. DNA from 60
FDRs was sent to the University of Florida Center for Phar-
macogenomics for non-HLA genotyping. The purified DNA
was then genotyped on a custom TagMan single-nucleotide
polymorphism (SNP) genotyping array (Thermo Fisher Sci-
entific). All results from non-HLA genotyping are available
in Supplementary Table 1.

Statistics
Data were analyzed by using GraphPad Prism software. One-
way ANOVA followed by a Bonferroni multiple comparison
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Figure 1—Loss of IBC Byp cells in subjects with autoantibody-positive (AAb+) prediabetes and recent-onset type 1 diabetes (R/O T1D) and
some FDRs. A: Diagram of the adsorbent used to identify and enrich for IBCs. B: Representative gating strategy from a healthy control subject
(H/C) to identify anergic (Byp) IBCs. Gates for IgM and IgD are drawn on the basis of T cells (CD197) and verified by using fluorescence minus
one controls. C: Byp cells (as a percentage of CD27 "~ IBC-positive B cells) in peripheral blood of FDRs (n = 103); subjects with AAb+ prediabetes
(n =18), R/O T1D (n = 21), and long-standing type 1 diabetes (L/S T1D) (n = 21) and H/Cs (n = 49). D: Byp cells (as percentage of CD27 " IBC-
positive B cells) in blood of FDRs of various age-groups (years). **P < 0.001 by Student t test. ns, nonsignificant.

posttest was used to determine significance of differences RESULTS

among the five patient groups, defined as P < 0.05. Mann-  As previously described and depicted in Fig. 14, we used
Whitney nonparametric unpaired t tests were used to de- magnetic nanoparticles to enrich IBCs from the peripheral
termine differences in non-HLA genetic risk alleles. blood of healthy individuals and subjects along a continuum
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of diabetes development (16,19), including FDRs (n = 103);
subjects with autoantibody-positive prediabetes (n = 18),
recent-onset (<12 months) type 1 diabetes (n = 21), and
long-standing (>12 months) type 1 diabetes (n = 21); and
healthy control subjects (n = 49). We conducted a phenotypic
analysis of IBCs to determine what proportion fell into the
Bnp population (Fig. 1B). Phenotypically, Byp cells appear as
mature naive B cells but have downregulated surface IgM but
retained IgD. We have previously reported that IBCs in the
Byp population have a very high affinity (~6.6 X 10~ *°
mol/L) for insulin but are refractory to stimulation through
BCR on the basis of decreased calcium flux and phosphor-
ylation of Syk (16).

Although the absolute number (Supplementary Fig. 1)
and frequency of total B cells and IBCs did not vary signif-
icantly among subject groups, we found that the anergic
IBCs were absent, both in frequency and cell number, in
blood of all subjects with autoantibody-positive prediabetes
and recent-onset type 1 diabetes compared with those with
long-standing diabetes and healthy control subjects (Fig. 1C
and Supplementary Fig. 1). The observed loss of IBC Byp
cells from peripheral blood without a change in total IBC
numbers is likely due to the very-low frequency of anergic
cells within this population and variability in the number of
total B cells among individuals. As previously shown, FDRs
display heterogeneity in Byp phenotype. We hypothesized
that Byp-low individuals may be at an increased risk for
development of autoantibodies and, eventually, type 1 diabe-
tes. To first rule out the possibility that loss of Byp is simply
a function of young age, we analyzed the frequency of Byp
cells in FDRs in various age-groups. As seen in Fig. 1D, no
significant age-associated differences were found in Byp
frequency.

To understand what drives loss of IBC Byp cells from
peripheral blood and determine whether the low IBC Byp
phenotype of FDRs is associated with specific type 1 diabe-
tes risk alleles, we HLA genotyped FDRs. FDRs who carried
the high-risk HLA-DR3/4-DQ2/8 and HLA-DR4/4-DQ8/8
haplotypes uniformly had very-low IBC Byp cell frequency
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in blood, whereas subjects heterozygous for the moderate-
risk HLA-DR4-DQ8 and HLA-DR3-DQ2 genotypes showed
similar levels as subjects who carried non-type 1 diabetes
risk-associated HLA haplotypes (Fig. 24). Of note, FDRs
who carried the type 1 diabetes protective HLA-DQB1*0602
(DQ6) allele (20) had a significantly elevated frequency of
IBC Byp cells in blood, suggesting enhanced tolerance of
autoreactive cells in these individuals. In particular, if high-
risk type 1 diabetes HLA genotypes function in isolation (i.e.,
not influenced by other risk-conferring alleles or environmen-
tal factors) to regulate IBC levels, the effect of these genes
might be seen in healthy control subjects. Although none of
the control subjects we genotyped carried the high-risk HLA-
DR3/4-DQ2/8 genotype, we saw a significant decrease in IBC
Bup frequency in carriers of the HLA-DR4/4-DQ8/8 geno-
type associated with a high risk for type 1 diabetes and
a significant increase in IBC Byp in carriers of the protective
HLA-DQS6 allele (Fig. 2B).

Finally, we explored whether non-HLA type 1 diabetes
susceptibility risk-conferring alleles affect maintenance of
B-cell anergy. We used an Immunochip to assay >50 non-
HLA risk-associated SNPs. To best detect the effect of each
allele, we analyzed only FDRs who were heterozygous for
the HLA-DR3-DQ2 or non-type 1 diabetes—associated HLA
alleles (n = 60) because these individuals were most hetero-
geneous in Byp frequency. We reasoned that the impact of
non-HLA risk alleles might be evident in this population.
These studies indicated that loss of IBC Byp cells is as-
sociated with polymorphisms in the INS (rs689), PTPN2
(rs1893217), and IKZF3 (rs2872507) genes. In addition, re-
duced IBC Byp frequency was observed in carriers of the
high-risk PTPN22 (rs2476601) SNP, although significance
was not reached because of the low frequency of this allele
in the subject group (Fig. 3).

DISCUSSION

Previous studies have shown that HLA class II is the major
determinant of risk for type 1 diabetes development (21).
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Figure 2—Loss of IBC Byp cells is associated with high-risk type 1 diabetes HLA genotypes. A: Percentage of IBC Byp cells in FDRs stratified
by HLA genotypes (n = 103). B: Percentage of IBC By cells in healthy control subjects (H/Cs) (n = 49) stratified by HLA genotypes. On the x-axis,
HLA genotypes are listed from highest to lowest risk (left to right) for development of type 1 diabetes. *P < 0.05 by Student ¢ test.
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Although both the HLA-DR4-DQ8 and HLA-DR3-DQ2
haplotypes confer the highest risk (22), development of IAAs
is more frequent among subjects with HLA-DR4-DQ8 (23,24).
Investigations also have demonstrated that the HLA-DQS8
molecule has an amino acid substitution at position 57 in
the P9 pocket of the binding groove that creates a wider
peptide-binding groove (25,26). Some argue that this sub-
stitution allows promiscuous binding and presentation
of peptides, including those of insulin (26). Hence, the de-
creased frequency of anergic insulin-reactive B cells being
closely associated with the DR4-DQ8 haplotype in FDRs is
interesting. It is tempting to speculate that CD4" T cells
recognizing insulin peptides presented by IBCs may pro-
mote loss of anergy. However, in a parallel study, we found
that unlike ex vivo IBCs from NOD mice, anergic IBCs from
C57BL/6.H-287 do not process and display insulin 9-23
peptide in association with MHC dass II (M.J.S. and J.C.C,,
unpublished observations). Thus, we hypothesize a two-step
process in which B cells first lose anergy, gaining the ability
to signal through the BCR and to process and present
antigen, and are then further stimulated by T cells. These
activated cells accumulate in pancreatic islets as shown by
Leete et al. (27).

Consistent with the possibility that T cells promote
departure of IBCs from the Byp compartment is the asso-
ciation with SNP rs689 located in the highest risk-conferring
non-HLA region INS. Carriers of this risk allele are be-
lieved to have decreased expression of insulin peptides
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in the thymus, leading to decreased negative selection of
insulin-reactive T cells (28). In addition, a recent study
found that SNP rs689 is significantly associated with devel-
opment of [AAs, but not other autoantibodies, in patients
with type 1 diabetes (29). Hence, it seems plausible that
carriers of this polymorphism have increased numbers of
peripheral insulin-reactive T cells that because they escaped
central tolerance, could promote loss or prevent the estab-
lishment of B-cell anergy by providing the necessary T-cell
help to an insulin-reactive B cell.

Departure of IBCs from the Byp compartment also is
associated with the PTPN2 SNP rs1893217. PTPN2 is
broadly expressed in both B and T cells as well as in pan-
creatic 3-cells. Studies have shown that PTPN2 has a range
of functions, including negative regulation of JAK/STAT
signaling (30) and dephosphorylation of Lck and Fyn after
stimulation through the T-cell antigen receptor (31). In
addition, the type 1 diabetes susceptibility PTPN2 SNP
rs1893217 is associated with decreased interleukin-2 signal-
ing in CD4" T cells in healthy subjects (32). In subjects with
type 1 diabetes, decreased interleukin-2 signaling has been
shown to affect maintenance of FOXP3 expression in reg-
ulatory T (Treg) cells (33). Hence, it is plausible that the
PTPN2 SNP rs1893217 could alter B-cell signaling, as it has
been shown to do in T cells, or impair the development of
Treg cells. The absence of Treg cells in the periphery has
been shown to lead to the accumulation of autoreactive
B cells (34) and loss of B-cell anergy (35). Consistent with
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Figure 3—Loss of IBC Byp cells is associated with high-risk type 1 diabetes non-HLA genotypes. Percentage of IBC Byp cells in FDRs who
carry the risk allele for a particular SNP or do not. Risk alleles are in bold. @, FDRs who carry the nonrisk allele; O, FDRs who carry the risk allele.
A total of 60 FDRs were analyzed for the presence or absence of each risk allele. *P < 0.05, **P < 0.01 by Student ¢ test.
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this, studies in our laboratory have demonstrated that loss
of IBC Byp cells in FDRs is correlated with decreased fre-
quency of CD4"CD25"CD127" Treg cells in the peripheral
blood (Supplementary Fig. 2).

IKZF3 is a member of the Ikaros family of zinc-finger
proteins that regulate B-cell proliferation and differentia-
tion. Although not well studied in the context of type 1
diabetes, B cells in IKZF3-deficient mice have an activated
phenotype (36), and the mice spontaneously develop hu-
man systemic lupus erythematosus-like features, including
production of antinuclear antibodies and glomerulonephri-
tis (37). Hence, loss of IBC Byp cells in individuals carrying
the type 1 diabetes risk-associated IKZF3 SNP could be due
to changes in activation threshold caused by the polymorphism.

Taken together, the current results indicate that loss of
anergy in IBCs is associated with high-risk HLA and non-HLA
type 1 diabetes genotypes. These risk alleles could act in a
B-cell intrinsic fashion to undermine B-cell anergy, thereby
enabling autoantigen presentation and, consequently, devel-
opment of type 1 diabetes. Genetic risk could also act in
a B-cell extrinsic fashion by allowing more insulin-reactive
T cells to enter the periphery, increasing T-cell help. Finally,
risk alleles may promote loss of Treg cells. Studies are under
way to explore these possibilities, including experiments
in reductionist models of the effect of the individual risk
alleles on B-cell anergy in a fixed genetic background. In
addition, we are undertaking longitudinal studies to deter-
mine whether disappearance of anergic cells from peripheral
blood of FDRs is predictive of later development of autoanti-
bodies and disease.
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