1duosnue Joyiny 1duosnuen Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

/ HHS Public Access

Author manuscript
ﬁ J Immunol. Author manuscript; available in PMC 2016 November 15.

WEALTY 4
of %,

Published in final edited form as:
J Immunol. 2015 November 15; 195(10): 4730-4741. doi:10.4049/jimmunol.1500438.

Targeting Anti-Insulin B Cell Receptors Improves Receptor
Editing in Type 1 Diabetes-Prone Micet 2 3

Rachel H. Bonami® and James W. Thomas™T

"Department of Medicine, Division of Rheumatology and Immunology, Vanderbilt University,
Nashville, TN 37232

TDepartment of Pathology, Microbiology and Immunology, Vanderbilt University, Nashville TN
37232

Abstract

Autoreactive B lymphocytes that commonly arise in the developing repertoire can be salvaged by
receptor editing, a central tolerance mechanism that alters BCR specificity through continued L
chain rearrangement. It is unknown whether autoantigens with weak cross-linking potential, such
as insulin, elicit receptor editing, or if this process is dysregulated in related autoimmunity. To
resolve these issues, an editing-competent model was developed in which anti-insulin V125 was
targeted to the Igx locus and paired with anti-insulin VH125Tg. Physiologic, circulating insulin
increased RAG-2 expression and was associated with BCR replacement that eliminated
autoantigen recognition in a proportion of developing anti-insulin B lymphocytes. The proportion
of anti-insulin B cells that underwent receptor editing was reduced in the type 1 diabetes-prone
NOD strain relative to a non-autoimmune strain. Resistance to editing was associated with
increased surface IgM expression on immature (but not transitional or mature) anti-insulin B cells
in the NOD strain. The actions of mAb123 on central tolerance were also investigated, as selective
targeting of insulin-occupied BCR by mAb123 eliminates anti-insulin B lymphocytes and prevents
type 1 diabetes. Autoantigen-targeting by mAb123 increased RAG-2 expression and dramatically
enhanced BCR replacement in newly developed B lymphocytes. Administering F(ab’),123
induced IgM downregulation and reduced the frequency of anti-insulin B lymphocytes within the
polyclonal repertoire of VH125Tg/NOD mice, suggesting enhanced central tolerance by direct
BCR interaction. These findings indicate that weak or faulty checkpoints for central tolerance can
be overcome by autoantigen-specific immunomodulatory therapy.
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Introduction

Discrimination between foreign and self antigens by the immune system is critically
important to maintaining protective immunity while limiting autoimmune disease. 55-75%
of newly formed B cells in humans are estimated to be autoreactive, whereas the mature
repertoire is markedly depleted of autoreactive specificities (1). Several immune tolerance
mechanisms act in concert to limit this liability in developing B lymphocytes, including
anergy, receptor editing, and deletion. Anergy compromises the functional status of
autoreactive B cells, whereas deletion eliminates them from the repertoire (2—4). However,
the major mechanism of central tolerance is receptor editing, by which the B cell receptor
(BCR) specificity is changed through novel L chain rearrangement (5-8). Faulty central
tolerance has been linked with autoimmune diseases such as type 1 diabetes, systemic lupus
erythematosus, and rheumatoid arthritis (9—12). Understanding how central tolerance is
maintained or lost for specific autoantigens will provide insight into ways to limit the
participation of such B cells in autoimmune disease.

Immunization of hon-autoimmune mice with heterologous insulin frequently induces insulin
autoantibodies (13), as does therapeutic administration of insulin for the treatment of human
diabetes (14-17). Insulin autoantibody detected in the prodrome of type 1 predicts diabetes
in both patients and NOD mice (18-20), revealing that breaches in immune tolerance ignite
disease. The hormone, insulin thus exemplifies an autoantigen that escapes tolerance in both
normal and autoimmune states. The use of anti-insulin Ig transgenes has enabled the study
of rare anti-insulin B lymphocytes that are inaccessible even in autoimmune NOD mice
(21). These models include the H chain only VH125Tg model and the H chain plus L chain
125Tg model that produce B cell repertoires in which 1-2% or > 95% of all B cells bind
insulin, respectively (22,23). Studies in these models show that anti-insulin B cells first
encounter insulin in the bone marrow (24), and naive immature B cells mobilize calcium in
response to insulin stimulation of the BCR (25).

Immature B cells undergo receptor editing in response to recognition of multivalent antigens
such as membrane-bound hen egg lysozyme (26,27), MHC class | (6,28), DNA (7,29), type
IV collagen (30), and myelin oligodendrocyte glycoprotein (31), and in response to soluble
HEL exposure (26,27), for which the BCR has a high affinity (5 x 1019 M~1) (32). Insulin
differs from these antigens in many ways. Circulating insulin is a small protein present at
very low concentrations (up to 1-5 ng/mL post-prandially), it is primarily monomeric in
circulation and should not appreciably cross-link BCR, and the affinity of the 125Tg BCR
interaction with rodent insulin is modest (8 x 10 M™1) (33-35). The 125Tg model is thus
uniquely suited to study low intensity BCR interactions that are more representative of a
developing B cell that has not yet undergone affinity maturation typically associated with
higher affinity interactions. Whether insulin can elicit receptor editing, either in the context
of health or autoimmunity, is not known. Accordingly, anti-insulin Vx125 was targeted to

J Immunol. Author manuscript; available in PMC 2016 November 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bonami and Thomas

Page 3

the 1gk locus to generate mice in which V125 is competent to undergo replacement. This

model was crossed with VH125Tg mice to provide a novel model (VH125Tg/Vx125°P) to
study receptor editing-mediated L chain replacement that abrogates insulin recognition by

the BCR.

In the NOD model, mice which lack insulin-binding B cells but retain a broad non-insulin
reactive B cell repertoire are protected from type 1 diabetes, while disease develops in mice
that harbor 1-2 % anti-insulin B cells, highlighting the importance of insulin recognition by
B lymphocytes in promoting disease (22). Thus, altering the emergence of anti-insulin B
cells into the repertoire has the potential to prevent adverse reactions to therapeutic insulins
and to ameliorate the immunopathological process that causes T1D. Anti-insulin B cells
whose BCR are occupied by circulating insulin can be bound by the anti-insulin Ab,
mAb123, which recognizes a separate insulin epitope (21,23,24,35). Treatment with
mADb123 eliminates anti-insulin B lymphocytes in vivo and prevents type 1 diabetes in NOD
mice while preserving the broad, non-insulin-binding B cell repertoire (21). In addition to
the potential for Fc recognition, mAb123 has the additional predicted functionality of
altering BCR surface expression and signaling to reinforce central tolerance (21,23). We
therefore hypothesized that mAb123 could act on the BCR to enhance receptor editing as a
means to eliminate the anti-insulin B cell specificity from the repertoire.

In this study, we investigate the potential for insulin-reactive B cells to undergo central
tolerance by receptor editing. These experiments demonstrate that BCR recognition of
soluble insulin at physiologic levels is competent to induce editing of BCR with modest
affinity. Physiologic insulin stimulates increased RAG-2 in anti-insulin B cells, a small
proportion of which successfully edit the BCR to a non-insulin-binding specificity. Further,
anti-insulin B lymphocytes are observed to undergo receptor editing less efficiently in NOD
mice. The proportion of anti-insulin B cells that undergo receptor editing is increased
following administration of mAb123 or F(ab’),123 that recognize insulin-occupied BCR.
Overall, these findings show that receptor editing less efficiently culls insulin autoreactivity
in type 1 diabetes-prone NOD mice. This defect can be overcome by autoantigen-targeted
therapy that reinforces this critical central tolerance checkpoint, thus reducing entry of a
pernicious specificity into the mature repertoire.

Materials and Methods

Animals

VH125Tg/NOD (22) and VH125Tg/V1255PNeo (36) mice were described previously.
EllA-Cre C57BL/6 (B6) mice (kindly provided by Dr. Richard Breyer, Vanderbilt
University, Nashville, TN) were intercrossed with Vk1255PN€o Bg mice to remove the loxP-
flanked NeoR cassette to generate Vic125°P mice (37). A probe provided by Dr. Roberta
Pelanda, University of Colorado, Denver, CO (38) was used in Southern blot to detect the
following alleles: endogenous (5.5 kb), Vk1255PNe0 (6.3 kb), and Vic1255PNeo (5.1 kb)
(Fig. 1). Vi1255PNeo and \/1255P mice were also backcrossed onto the NOD background
at least 8 generations. Spontaneous disease was routinely observed in the VH125Tg/
Vk1255P/NOD and VH125Tg/Vk1255PNeo/NOD colonies (unpublished observations).
Routine genotyping was performed using the primers FWD #444 5’-
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TATGATCGGAATTCCTCGAGTCTAGAGCGG-3’ and REV #88 5°-
GCTCCAGCTTGGTCCCAGCA-3").

NG bacterial artificial chromosome (BAC) RAG2-GFP reporter mice (39,40) were provided
on a B6 background by Dr. Rachel Gerstein (University of Massachusetts Medical School,
Worchester, MA) and were intercrossed with VH125Tg/V«1255P/B6 or VH281Tg/
Vk1255P/B6 to generate VH125Tg/Vk1255P/RAG2-GFP/B6 or control VH281Tg/
Vk12550/RAG2-GFP/B6. All mice were hemizygous for transgenes unless otherwise
indicated. All NOD mice were confirmed to be non-diabetic (blood glucose < 200 mg/dL) at
the time of the experiment. Both male and female mice were examined. All mice were
housed under specific pathogen-free conditions, and all studies were approved by the
institutional use and animal care committee of Vanderbilt University, fully accredited by the
AAALAC.

Cell isolation, flow cytometry, and antibodies

Bone marrow was eluted from long bones with HBSS (Invitrogen Life Technologies) + 10%
FBS (HyClone). Spleens or pancreatic draining lymph nodes were macerated with HBSS +
10% FBS. Bone marrow and splenic RBCs were lysed with Tris-NH,4CI. Cells were
subsequently stained for flow cytometry analysis, including 7-aminoactinomycin D (7-
AAD) and Ab reagents reactive with CD21 (7G6), CD23 (B3B4), CD43 (S7), B220 (6B2),
Igk (187.1), Igh (R26-46), IgM? (DS-1), IgMP (AF6-78) (BD Biosciences or eBioscience),
or IgM (u chain specific, Invitrogen). Human insulin (Sigma-Aldrich) was biotinylated (36)
and was used to detect insulin-binding specificity. Avidin-fluorochrome conjugates (BD
Biosciences) were used to detect biotinylated reagents. A BD Biosciences LSR |1 flow
cytometer was used for sample acquisition. Data were analyzed using FlowJo software (Tree
Star, Inc.).

Full-length anti-insulin mAb123 1gG1 (HB-123, ATCC) or isotype control 1gG1
(CRL-2395, ATCC) antibodies were purified from hybridoma cell lines by the Vanderbilt
Antibody and Protein Resource. mAb123 F(ab’), fragments [F(ab’),123] were generated
using the Mouse IgG1 Fc and F(ab”), Preparation Kit (Thermo Fisher Scientific) per the
manufacturer’s instructions and exchanged into sterile 1X PBS. Non-denaturing SDS-PAGE
gel electrophoresis was used to confirm purity of the F(ab’), products and absence of full-
length Ab. All full-length and F(ab”)2 antibody fragments were injected i.p. in sterile 1X
PBSpH 7.

Vx/Jx usage identification

Freshly isolated splenocytes were prepared as above and B cells were negatively sorted by
magnetic activate d cell sorting (MACS) using CD43 beads (Miltenyi). Total B lymphocyte
populations (B220* IgM&* live non-doublet lymphocytes) were isolated using flow
cytometry sorting. In some experiments, B cells were sorted into insulin-binding or non-
insulin-binding populations based on staining with biotinylated insulin. RNA was purified
from >1000 cells sorted into lysis buffer using the RNAqueous-Micro Total RNA Isolation
Kit (Life Technologies). cDNA was prepared and Igx were amplified using the following
primers: Forward: 5’-ATTGTKMTSACMCARTCTCCA-3’ and Reverse: 5’-
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CAGATGTTAACTGCTCACTGGATG-3’. PCR product was ligated into PGEM-T Easy
vector (Promega), plasmids were transformed into DH5a E. coli, and DNA isolated from
positive colonies was sequenced, and identified using IgBLAST (http://
www.nchi.nlm.nih.gov/igblast/). All kits were used according to the manufacturer’s
instructions.

Generation of an Igx-targeted model to study receptor editing in anti-insulin B cells

Receptor editing is known to mediate central tolerance for BCR that bind multivalent Ag
and for BCR engineered from high affinity mAb (6,7,26-31,41); it is less clear how this
form of tolerance applies to BCR that exhibit weaker interactions with cognate Ag. To
assess whether insulin-binding B cells undergo receptor editing in response to physiologic
insulin, an Igk-targeted anti-insulin Vk125 BCR transgenic mouse model was generated as
outlined in Methods. As shown in Fig. 1A, V«125/Jx5 (identical to the L chain coding
region of 125Tg mice) was cloned into a targeting vector used to replace the Jkx1-5 segments
(38). This strategy eliminates the potential for other VV« to productively rearrange on the
targeted allele, but rearrangements can occur on the other endogenous (non-targeted) Igx
allele or in the Ig\ locus. Southern blot of embryonic stem cell clone DNA shows the
expected endogenous (5.5 kb) and V1255PNeo (.3 kb) alleles (Fig. 1B, left). V1255DNeo
mice were intercrossed with EIIA-Cre transgenic mice that express Cre recombinase during
very early fetal development to eliminate the NeoR gene (37). Southern blot of tail DNA
from progeny mice detected the endogenous (5.5 kb), Vk1255PNeo (6.3 kb), or NeoR-
deleted V11255P (5.1 kb) alleles in the indicated mice (Fig. 1B, right).

To assess functionality of the targeted alleles, Vk1255PNeo or \/1255D mice were
intercrossed with VH125Tg mice to generate VH125Tg/Vi1255PNe0 and VH125Tg/
Vk1255P mice on the non-autoimmune B6 background. Flow cytometry was used to assess
expression of IgM2 and insulin reactivity in freshly isolated spleen B cells. The average
frequency of IgMa* cells amongst B cells (B220" CD19* live lymphocytes) in the spleen of
VH125Tg/Vk1255P mice was 98 + 0.3 %. Fig. 1C shows that nearly all B cells recognize
insulin in 125Tg (VH125Tg + V«125Tg) B6 mice that harbor non-targeted Ig transgenes as
expected. In contrast, ~ 50 % of B cells lose insulin-binding specificity in VH125Tg/
Vk1255PNeo/B6 mice. This frequency is reduced to < 10% following NeoR removal in
VH125Tg/Vk1255P/B6 mice. These data confirm expression of the targeted anti-insulin L
chain and indicate that retention of the NeoR gene significantly enhances replacement of the
insulin-reactive BCR. Accordingly, all subsequent studies were performed with VH125Tg/
Vk1255P. An overall average of 5.2 + 1.0 % non-insulin-binding B cells was observed,
suggesting that encounter with physiologic insulin may drive L chain replacement in a
proportion of VH125Tg/Vk1255P B cells.

To determine if the loss of insulin reactivity observed in VH125Tg/Vk1255P B cells is
suppressed by increasing the barrier to receptor editing, the frequency of non-insulin-
binding B cells in VH125Tg/V«1255P*/~ mice was compared to VH125Tg/V1255P+/*
mice, in which replacement of homozygous V«125°P is restricted to novel L chain
rearrangement at the Ig\ locus. The frequency of non-insulin-binding B cells was reduced in
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all B cell subsets (identified as in Fig. 1D, top panel) in VH125Tg/V«1255P++/B6 mice
(Fig. 1D, bottom panel). Of note, and consistent with observations in the original 125Tg
model (23), Bla (IgM* CD5%) and B1b (IgM* CD5~ CD11b* CD43") B cell differentiation
is largely impaired in VH125Tg/V«1255P/B6 mice as compared to WT/B6 mice
(Supplemental Fig. 1A and data not shown).

Correlates of receptor editing are observed in anti-insulin B cells that encounter
physiologic insulin in the bone marrow

Insulin is an essential hormone, without which uncontrolled blood glucose levels lead to
metabolic stress and death, thus complicating control experiments to study receptor editing
in the absence of insulin. To circumvent this issue, control VH281Tg/VVk125Tg B cells can
be studied, which harbor a nearly identical H chain that lacks 2 aa in CDR2 necessary for
insulin binding (42). When combined with V«1255P, these two H chain transgenes provide
a means to track mechanisms related to receptor editing in insulin binding B cells, in B cells
that have lost insulin binding, and in “control” B cells that do not bind insulin.
Representative flow cytometry plots in Figure 2A confirm non-insulin-binding (left panel)
and insulin-binding (middle panel) specificities provided by these H chains when paired
with Vi1255P. As expected based on previous studies (23,24), a second anti-insulin Ab,
mAb123, confirms insulin occupied BCR on immature B cells in VH125Tg/V«1255P/B6
mice (Fig. 2A, Right).

Increased RAG expression is observed in B cells driven to undergo receptor editing
(6,28,43,44). To determine if BCR occupancy by physiologic insulin enhances RAG
expression in VH125Tg/Vk1255P/B6 mice, the NG BAC RAG2-GFP reporter mouse model
was employed, in which the RAG-2 promoter drives green fluorescent protein (GFP)
expression from a BAC (39,40). Of note, GFP is not tightly regulated through degradation
targeting as RAG is; as such, GFP persists longer than RAG-2 (39). However, as GFP
expression indicates recent RAG-2 expression (39), this model was intercrossed to generate
anti-insulin VH125Tg/V«125SP/RAG2-GFP/B6 mice or control, non-insulin-binding
VH281Tg/Vk1255P/RAG2-GFP/B6 mice. Figure 2B shows that RAG2-GFP MFI is
elevated in both insulin-binding and edited (non-insulin-binding) RAG2-GFP* immature,
transitional 1 (T1), and transitional 2 (T2) B cells in VH125Tg/Vk12550/RAG2-GFP/B6
mice compared to the same subsets in control, non-insulin-binding VH281Tg/V«1255P/
RAG2-GFP/B6 mice. Edited (non-insulin-binding) immature B cells show the highest levels
of RAG2-GFP expression (4-fold increase versus control immature B cells). No difference
in the percentage of RAG2-GFP* B cells was observed between the groups examined within
a given developmental subset (not shown). This is consistent with data in multiple other
systems that show RAG expression in early development even when successful H and L
chain rearrangements are present, suggesting that even non-autoreactive BCR transgenic B
cells are likely to report RAG2-GFP (45,46). To further assess the occurrence of receptor
editing in B cells with differential insulin-binding specificity, the frequency of IgA* B cells
was assessed in the indicated subsets (Panel C). The percentage of Igh* B cells was
significantly increased in all B cell subsets of VH125Tg/V«1255P mice compared to control
VH281Tg/Vk1255P mice (Fig. 2C). These data show that anti-insulin B cells exposed to
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physiologic insulin in vivo express increased RAG-2 and increase novel rearrangements at
the Ig\ locus.

Reduced surface expression of IgM results in loss of basal BCR signaling which
subsequently drives receptor editing in immature B cells (44,47). To test whether insulin
occupancy was associated with reduced IgM expression in immature B cells exposed to
physiologic insulin, mAb123 was used to identify insulin-occupied BCR in freshly isolated
bone marrow. Insulin recognition by immature bone marrow B cells was associated with 2-
fold decreased surface IgM expression compared to surface IgM on control, non-insulin-
binding B cells isolated from VH281Tg/V«1255P mice (Fig. 2D). In contrast, reduced IgM
expression was not observed in transitional or mature anti-insulin B cells in the spleen (Fig.
2D). These data are consistent with previous in vitro studies that show insulin downregulates
surface IgM expression on immature anti-insulin B cells (25) and indicate that insulin
encounter by immature cognate B cells initiates a process associated with receptor editing.

Novel Vx/Jx rearrangement is enhanced by B cell recognition of circulating insulin and
correlates with loss of anti-insulin specificity in VH125Tg/Vx125SP B cells

To directly test whether circulating insulin exposure leads to increased receptor editing in
cognate B cells, Vk/Jk usage was compared between splenic B lymphocytes flow cytometry
purified from anti-insulin VH125Tg/V«1255P or control VH281Tg/Vk1255P mice as in
Methods. Although a wide array of L chains has been observed to pair successfully with
VH125Tg (48-50), only two (Vk4-74 and V«4-57-1) have been confirmed to produce an
insulin-specific BCR in B6 or NOD mice (24). As shown in Fig. 3A (left), 8 % (2/24) of
isolates replaced the targeted allele in VH125Tg/Vx1255P mice, comparable to the
percentage of non-insulin-binding B cells observed by flow cytometry (Fig. 1C). In contrast,
100 % (21/21) of isolates retained the targeted allele (a VVx4-74/Jx5 distinguished by a nt
change in CDR2, GenBank accession #M34530 http://www.ncbi.nlm.nih.gov/genbank) in
control VH281Tg/Vk1255P mice (Fig. 3A, right). To further confirm that the targeted
Vk1255P allele was replaced in non-insulin-binding B cells in VH125Tg/Vk1255P mice,
this population was flow cytometry purified from the spleen and Igx usage was assessed.
100% (22/22) of isolates from non-insulin-binding B cells expressed novel Vk/Jxk, consistent
with V125D replacement (Fig. 3B, Left). In contrast, the large majority (83%, 20/24) of
isolates from insulin-binding B cells expressed the targeted V«1255P (V4-74/Jx5), as
expected (Fig. 3B, Right). These data demonstrate that non-insulin-binding specificity
correlates with lost expression of the targeted allele, consistent with receptor editing in
response to circulating insulin.

Anti-insulin B cells undergo receptor editing less efficiently in the autoimmune NOD strain

An increased frequency of anti-insulin B cells exit the bone marrow to populate mature B
cell niches in VH125Tg/NOD mice relative to non-autoimmune VH125Tg/B6 mice (24). To
directly test whether receptor editing is defective in the NOD strain for a relevant beta cell
autoantigen, the frequency of non-insulin-binding B cells was compared in VH125Tg/
Vk1255P/B6 and VH125Tg/Vi1255P/NOD mice. Representative flow cytometry plots in
Fig. 4A show the frequency of non-insulin-binding B cells in subsets from B6 mice. A
significantly reduced frequency of edited B cells was observed in all B cell subsets in

J Immunol. Author manuscript; available in PMC 2016 November 15.


http://www.ncbi.nlm.nih.gov/genbank

1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bonami and Thomas

Page 8

VH125Tg/V1255P/NOD mice compared to the B6 strain (Fig. 4B). The frequency of Igh*
B cells was also examined in VH125Tg/Vk1255P/NOD and B6 mice and was further used
to detect allelic inclusion, another product of receptor editing (51,52). Representative flow
cytometry plots (Fig. 4C, upper panels) show that Igh* B cells that lose or retain (allelic
includer) insulin-binding specificity are significantly reduced in the NOD strain, a finding
that is consistent across all subsets (Fig. 4C, bottom, and not shown). All NOD mice in these
experiments were confirmed to have normal blood glucose levels (120 £ 19 mg/dL), thus
indicating the findings are not due to insulin deficiency. Surface IgM expression was also
compared in B6 versus NOD immature B cells as a possible explanation for the impaired
receptor editing efficiency observed. As shown in Fig. 4D, immature VH125Tg/V«1255P B
cells in NOD mice express 2-fold increased surface IgM (p < 0.001), a difference that is lost
by transitional stages in the spleen. These data highlight a relative failure to downregulate
surface IgM by immature, autoreactive B cells in NOD mice in response to circulating
insulin encounter in the bone marrow.

IgA usage is reduced in NOD mice that express a polyclonal repertoire

Increased Igh expression correlates with increased receptor editing (28,43,53). To test
whether receptor editing is also impaired in NOD mice that rearrange H and L chains
physiologically, the frequency of Igh* B cells was assessed during B cell development. The
percentage of Igh* B cells was reduced in all subsets examined in WT/NOD mice compared
to WT/B6 mice (Fig. 5A-B). NOD mice show biased VH gene usage (54), which may alter
the extent of receptor editing by changing productive L chain pairing efficiency. To
eliminate this bias, the VH125Tg model was used in which anti-insulin VH125Tg pairs with
endogenous L chains. The frequency of Igh* B cells was reduced in both developing and
mature B cell subsets in VH125Tg/NOD versus VH125Tg/B6 mice (Fig. 5C). Taken
together, these data are consistent with receptor editing occurring less efficiently in NOD B
cells that express polyclonal H and L chain repertoires, even when differences in H chain
usage bias are eliminated.

Therapeutic targeting of insulin-occupied BCR overrides defective central tolerance for
anti-insulin B lymphocytes in type 1 diabetes-prone mice

Anti-insulin mAb123 binds insulin-occupied BCR, selectively eliminates anti-insulin B
cells, and prevents disease in NOD mice (21). We hypothesized that mAb123 treatment may
alter BCR signaling in immature B cells to enhance central tolerance efficiency as one
mechanism for the selective elimination of anti-insulin B cells. Receptor editing-driven
changes in anti-insulin B cell frequency following therapy should be most rapidly apparent
in the transitional B cell stages due to increased cell turnover in these compartments (55,56).
VH125Tg/Vk1255P/NOD mice were therefore administered a single dose of mAb123 or
isotype control mAb and the frequency of non-insulin-binding B cells was compared in bone
marrow and spleen B cell subsets after 2—7 d. Administration of isotype control mAb did not
alter the basal frequency of non-insulin-binding B cells, as shown by representative dot plots
(Fig. 6A, T1 B cells shown) and summarized in Fig. 6B. In contrast, mAb123 treatment
leads to a dramatic increase in the proportion of non-insulin-binding B cells. The percentage
of non-insulin-binding B cells was not substantially altered in follicular (FO) or pre-
marginal zone (pre-MZ) subsets; although there was a trend towards an increase in non-
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insulin-binding B cells in the marginal zone (MZ), it was not statistically significant. A trend
towards an increased number of non-insulin-binding B cells was observed in the following
subsets: Immature (2-fold), T1 (5-fold), T2 (8-fold), pre-MZ (7-fold), and MZ (2-fold), and
a concomitant decreased trend in the number of insulin-binding B cells was observed in the
following subsets: Immature (2-fold), T1 (3-fold), and MZ (3-fold) (Supplemental Table I).
These data show that a single dose of mAb123 increases the frequency of non-insulin-
binding B cells in transitional B cell subsets, which may reflect enhanced receptor editing in
immature, anti-insulin B cells.

Decreased IgM expression is associated with receptor editing (44,47). To identify whether
mAb123 may act by a similar mechanism, the ratio of IgM expression on insulin-binding vs.
non-insulin-binding B cells following treatment with mAb123 was compared. IgM
expression was decreased on insulin-binding B cells in the immature, T1, and T2 developing
B cell compartments following mAb123 treatment (Fig. 6C). IgM reduction was also
observed on insulin-binding B cells in pre-MZ, MZ, but not FO B cell subsets. Previous
studies suggest that receptor editing is not induced in mature B cells (39); thus the reduction
in surface IgM seen in the mature subsets following mADb123 reflects actions on B cells that
cannot activate the receptor editing mechanism. Anergy is a peripheral tolerance mechanism
that is also associated with decreased surface IgM (2,23,57), and may thus account for the
reduced IgM expression observed in mature subsets. IgM downregulation in immature and
transitional B cells in conjunction with the increased frequency of non-insulin-binding B
cells suggests that central tolerance is reinforced by mAb123 treatment.

RAG-2 expression and the frequency of non-insulin-binding B cells are enhanced in
developing anti-insulin B cells by mAb123 treatment

To further implicate receptor editing enhancement by mAb123 treatment, RAG-2 expression
was assessed in anti-insulin B cells using RAG-2 GFP reporter mice (39,40), as anergy,
deletion, or antibody-dependent cell-mediated cytotoxicity (ADCC) should not cause
RAG-2 upregulation. VH125Tg/Vk1255P/RAG2-GFP/B6 mice were administered mAb123
or isotype control mAb, and the frequency of edited (non-insulin-binding) B cells was
assessed in B cell developmental subsets. As shown in Fig. 7A, a significantly increased
percentage of non-insulin-binding B cells is observed in mAb123 vs. isotype control-treated
mice in the T1 and T2 subsets. The percentage of non-insulin-binding B cells was also
increased in the pre-MZ and MZ, but not FO subsets. A significant increase in the number of
non-insulin-binding B cells was observed in Immature 17-fold) and T1 (6-fold)
compartments, with an increased trend observed in the T2 subset (2-fold), and no increase
was observed in mature subsets, as expected given the short duration of treatment
(Supplemental Table II). A significant decrease in the number of insulin-binding B cells was
observed in the T2 (6-fold), pre-MZ (5-fold), and MZ 19-fold) subsets, with a non-
significant 2-fold decrease in the number of insulin-binding FO B cells. The data
demonstrate the preferential targeting of short-term mAb123 therapy on the transitional
rather than the follicular B cell compartment and indicates reduced exit of anti-insulin B
cells from the bone marrow, rather than peripheral elimination as the explanation for the
observed loss of anti-insulin B cells. The MZ B cell findings are consistent with the previous
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observation that this subset shows enhanced sensitivity to mAb123 depletion in
VH125Tg/NOD mice (21).

The impact of mAb123 treatment on the frequency of RAG2-GFP* B cells and the RAG2-
GFP MFI were also investigated. The percentage of RAG2-GFP* cells is increased in the T1
and T2 B cell stages in both non-insulin-binding B cells and in those that retain the insulin-
binding specificity (Fig. 7B). RAG2-GFP expression was increased following mAb123
treatment in T1 and T2 insulin-binding B cells, as well as in T2 non-insulin-binding B cells
(Fig. 7C). Surprisingly, the percentages of non-insulin-binding B cells in the pre-MZ and
MZ subset that are RAG2-GFP* are also increased. As shown in Fig. 7D, mAb123 treatment
increased IgM expression in T1, T2, and MZ non-insulin-binding B cells. B cells that
retained the insulin-binding specificity show decreased IgM expression in immature, FO,
and MZ subsets following mAb123 treatment. These data show that mAb123 treatment
increases the frequency of non-insulin-binding B cells, coincident with an increased
percentage of RAG2-GFP* cells and increased RAG2-GFP expression. Treatment with
mAb123 downregulates IgM expression in insulin-specific B cells, particularly mature B
cells. In contrast, IgM expression is increased in T1 and T2 B cells that have undergone
receptor editing. The observed increases in RAG-GFP expression and the frequency of non-
insulin-binding B cells in transitional subsets are consistent with mAb123 reinforcement of
central tolerance through receptor editing.

mAb123 engagement of insulin-occupied BCR eliminates anti-insulin B lymphocytes
independently of Fc recognition

To dissect the contribution of BCR signaling vs. Fc recognition to anti-insulin B cell
elimination by mAb123, VH125Tg/NOD mice were treated once with F(ab’),123 fragments
or full-length mAb123, and the percentage of insulin-binding B cells was assessed in B cell
subsets the following day by flow cytometry. Representative dot plots in Fig. 8A show the
percentage of anti-insulin B cells in the T1 B cell compartment in untreated mice, or
following a single treatment with F(ab’),123 or full-length mAb123. The results
summarized in Fig. 8B indicate that F(ab),123 treatment significantly decreases insulin-
binding B cells in T1 and T2 subsets compared to untreated mice. In contrast, F(ab’),123
treatment did not decrease the percentage of insulin-binding B cells in mature B cell subsets
(FO, MZ, and pancreatic draining lymph node). As B cells turn over more rapidly in the
transitional compartments, and given the short time frame post-treatment (1 d), these results
are consistent with an immune tolerance mechanism that is elicited in immature B cells,
such as receptor editing. A 2-fold reduction in the number of insulin-binding B cells was
also observed in the T2 subset, though it was not statistically significant (Supplemental
Table I1). Full-length mAb123 elicits stronger anti-insulin B cell depletion in both
developing and mature B cell subsets (Fig. 8B and Supplemental Table I1), presumably due
to the additional function of Fc recognition.

The relative surface expression of IgM was compared between insulin-binding B cells or
non-insulin-binding B cells in the specified B cell subset in mice treated with F(ab’),123 or
mAb123 (Fig. 8C). F(ab’)»123 treatment reduces relative IgM expression in insulin-binding
B cells in the T1 and T2 subsets, with a trend towards a reduction in the immature subset.
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Interestingly, IgM downregulation was also seen among FO, MZ, and pancreatic draining
lymph node B cells following F(ab”),123 treatment. These results support a role for both
BCR-dependent and Fc-recognition dependent mechanisms in the elimination of
autoreactive B cells by autoantigen-targeted therapy.

Discussion

Therapy that selectively eliminates autoreactive immune cells or disrupts their function
without impacting the protective repertoire is a major goal for the treatment of autoimmune
diseases. This is of particular importance for the treatment of diseases that affect children,
such as type 1 diabetes. Autoantigen-specific tetramers show promise for targeting
autoreactive T cells (58,59). Furthermore, autoantigen-specific elimination of insulin-
reactive B cells prevents disease in NOD mice (21). Identifying immune tolerance
mechanisms that fail to cull anti-insulin B lymphocytes could thus provide insight into how
immune tolerance might be reinforced therapeutically to selectively remove anti-insulin B
lymphocytes and prevent disease. In this study, we demonstrate the feasibility of targeting
autoantigen-specific BCR as a means to reinforce central tolerance for insulin, a critical
autoantigen in T1D. Using a new model in which receptor editing-mediated replacement of
anti-insulin V125 can be tracked, we find that physiologic levels of this small protein
hormone elicit a proportion of anti-insulin B cells to undergo receptor editing in non-
autoimmune mice. Investigation of NOD mice revealed that anti-insulin B cells undergo
receptor editing less efficiently in the type 1 diabetes-prone strain. Using anti-insulin
mAb123 that recognizes insulin-occupied BCR, we demonstrate that autoantigen-targeted
therapy can increase RAG2-GFP expression and reduce the frequency of insulin-binding B
cells within developing subsets. This approach can thus reduce or eliminate critical antigen
presenting cells from the mature repertoire as a means to prevent expansion of cognate T
cells.

Unlike many autoantigens that have been studied, insulin is present in circulation at low
concentration, binds the 125Tg BCR with modest affinity, and is not predicted to induce a
high degree of BCR crosslinking (33,35). Despite having limited predicted
immunoreactivity, prior studies with the receptor editing-incompetent 125Tg model
demonstrate that anti-insulin B cells are rendered anergic, and that this program likely
initiates upon Ag encounter in the bone marrow (23,25,57). Data presented in these studies
suggest that physiologic insulin encounter can provoke a second immune tolerance
mechanism, receptor editing, in cognate immature B cells (Fig. 1-4). Immature B cells from
anti-insulin VH125Tg/V«1255P mice show reduced surface IgM, increased RAG
expression, and an increased frequency of IgA* B cells, as compared to control, non-insulin-
binding VH281Tg/V«125SP mice (Fig. 2). All immature anti-insulin B cells upregulate
RAG-2 in the VH125Tg/Vk1255P model, yet only those which express the highest level of
RAG2-GFP successfully replace the autoreactive BCR (Fig. 2). Taken together, these
findings are consistent with a role for receptor editing in mediating B cell tolerance for
insulin.

The current studies may underestimate the contribution of receptor editing to maintaining
central tolerance for insulin in a natural polyclonal repertoire for several reasons. The
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VH125Tg/V«1255P model lacks all downstream Ji which necessitates chromatin
remodeling for rearrangement on the other allele, and should thus represent a relatively
stringent barrier to receptor editing. This is suggested by the finding that nearly all anti-
DNA B cells undergo receptor editing when downstream Jk2-5 are present on the targeted
allele, but virtually no anti-DNA B cells undergo receptor editing when downstream Jx are
absent (60). Competition for survival factors and follicular entry are also relaxed in the
VH125Tg/V«1255P model, as the vast majority of developing B cells recognize insulin
(Fig. 1C). As such, the proportion of mature, edited B cells would likely increase in a setting
where anergic anti-insulin B cells are at a normal survival disadvantage. The presence of H
and L chain transgenes accelerates B cell development in the bone marrow (61), thus
limiting the window of opportunity for receptor editing.

Previous studies showed that receptor editing occurred normally in NOD mice harboring 3—
83 transgenic B cells that engaged the membrane-bound protein, MHC class | compared to
non-autoimmune mice (62). In contrast, recombining sequence (RS) rearrangement, a
hallmark of B cells that have undergone receptor editing, is reduced in both NOD mice and
type 1 diabetic patients (10). Furthermore, little if any negative selection occurs between
immature and transitional B cell stages in NOD mice (63). The current studies show that a
reduced proportion of anti-insulin B cells undergo receptor editing in NOD mice (Fig. 4),
providing one explanation of how anti-insulin B cells escape negative selection to invade the
pancreas (24). These findings are not attributable to insulin levels, as all mice studied were
euglycemic, and studies by others demonstrate that insulin production is not impaired and
may be increased in prediabetic NOD mice (64). Furthermore, the reduced frequency of Igh*
B cells in WT/NOD mice suggests that this defect is not restricted to anti-insulin B cells, and
data from the VH125Tg model suggests that receptor editing deficiency is not solely due to
H chain usage bias (Fig. 5). Autoantigen recognition by immature B cells leads to BCR
internalization and subsequent loss of tonic BCR signaling necessary for positive selection
that allows maturation; it is this loss of tonic signaling that drives receptor editing (44,47).
Interestingly, immature anti-insulin B cells express 2-fold increased surface BCR in NOD
vs. B6 mice, despite an identical VH125Tg/Vx125P transgene, and this difference is lost as
cells enter the T1 and T2 transitional subsets (Fig. 4D). We hypothesize that this increase in
surface IgM is associated with increased tonic signaling necessary for positive selection at
this stage, rendering NOD immature B cells refractory to receptor editing induction in
response to insulin encounter.

Numerous polymorphisms are observed in NOD Vx (65). To investigate whether
polymorphisms also exist in Igk regulatory regions between NOD and C57BL/6 strains, the
Wellcome Trust Sanger Institute’s Mouse Genomes Project, Query SNPs, indels, or SVs
(https://lwww.sanger.ac.uk/sanger/Mouse_SnpViewer/rel-1410) was used. There are no
differences in the Ei (intronic enhancer) or E3’ enhancer regions, however one deletion was
observed in the Ed (downstream enhancer) upstream of a putative ETS binding site (not
shown). It is unclear what whether ETS binding is altered, or what functional consequences
this may have on Igk transcription. These and other differences may contribute to altered
central tolerance in NOD.
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The proportion of B cells that have undergone receptor editing differs depending on the
developmental compartment examined (Fig. 1E, 2C, 4, and 5). The immature B cell
compartment is continually supplied with newly-formed anti-insulin B cells (24), whereas
the T1 compartment reflects the full extent of receptor editing that occurred during the
immature stage. This explains the relative increase in the frequency edited B cells between
the immature to T1 transition (Fig. 1E and 4). It was however surprising to observe a
reduced frequency of edited B cells in the FO B cell subset. This phenomenon was also
observed in WT mice that lack BCR transgenes (Fig. 5), and in other studies (10,63,66,67).
IgM expression is increased in edited T1 and T2 B cells driven to undergo receptor editing
by mAb123 treatment, but not in B cells that retain the insulin-binding specificity (Fig. 7D).
We speculate that recently edited B cells synthesize higher levels of H and L chain protein
to rapidly replace the autoreactive BCR and maintain tonic signaling necessary for cell
survival at this stage of development. We theorize that a fitness cost is associated with
undergoing receptor editing, perhaps associated with the metabolic stress of synthesizing
increased BCR protein.

While global B cell-depleting therapy has shown promise for the treatment of type 1
diabetes in humans and mice (68,69), this therapy brings substantial immunosuppressive
risk, particularly for children (70). As an alternative to global B cell depletion, a strategy
targeting insulin autoantigen was developed. The frequency of non-insulin-binding (edited)
B cells is dramatically increased in the T1 and T2 B cell compartments following short-term
mAb123 treatment in both NOD and B6 strains (Fig. 6—7). mAb123 does not bind insulin
bound to the insulin receptor (71); thus, as expected, it did not alter blood glucose when
chronically administered to NOD mice (21). RAG2-GFP expression is increased in non-
insulin-binding vs. insulin-binding T1 and T2 B cells, and in insulin-binding T1 B cells
following mAb123 treatment (Fig. 7). F(ab”)2123 elimination of developing anti-insulin B
cells in VH125Tg/NOD mice (Fig. 8) further implicates receptor editing as a mechanism
through which this therapy functions. Developing B cells transit through the T1 stage in ~2
days and through the T2 stage in 3—-4 days (55,56). The reduced frequency of anti-insulin B
cellsin T1 and T2 B cell subsets following administration of a single dose of F(ab”),123 is
thus kinetically consistent with immature B cells triggered to undergo receptor editing (Fig.
8). We therefore interpret the loss of anti-insulin B cells, particularly in the T2 compartment,
to reflect enhanced receptor editing of immature B cells that recently entered the spleen.
This interpretation is strengthened by the finding that mAb123 treatment increases RAG-2
expression (Fig. 7). These findings suggest that autoantigen-targeted antibody therapy can
reinforce central tolerance to mitigate insulin autoreactivity that continually arises in the
developing repertoire.

The increased frequency of non-insulin-binding B cells in the macrophage-rich marginal
zone following treatment with mAb123 likely involves Fc-mediated deletion of insulin-
binding B cells (Fig. 6-8). Fig. 8 shows that short-term treatment with mAb123, but not
F(ab”),123 eliminates anti-insulin MZ B cells. We therefore conclude that Fc recognition, as
anticipated, is contributing to anti-insulin B cell depletion by autoantigen-targeting mAb.
F(ab’),123 treatment leads to a selective decrease in IgM expression in mature anti-insulin B
cells (Fig. 8), thus it is tempting to speculate that anergy may also be reinforced by this
treatment. Additional studies are needed to explore if or how anergy programming is altered
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in anti-insulin B cells treated with autoantigen-targeting antibody. Immune tolerance
outcomes observed in the 125Tg (VH125Tg/Vk125Tg) and VH125Tg/Vk1255P models
suggest that they represent a balance point between fate decisions to undergo receptor
editing or anergy, and offer an opportunity to better distinguish when and how these two
programs diverge at the molecular level.

Receptor editing efficiency can be dramatically improved by insulin autoantigen-targeted
antibody therapy, suggesting that such an approach might be used to selectively target
autoreactive B cells in patients suffering with autoimmune diseases that arise from breaches
in central tolerance. Increased emergence of autoreactive B cells is a recognized property of
several autoimmune disorders. Some non-specific therapies used to treat autoimmune
disease, such as IVIG, may also act through similar mechanisms since multiple specificities
in such preparations may target autoantigens. A higher level of immune targeting selectivity
is further augmented by the use of F(ab’),, which limits any possible off target interactions
with innate immune cells. Short-term treatment with F(ab”),123 also implicates a role for Fc
recognition in the elimination of mature B cells subsets, as they are less efficiently culled.
Autoantigen-targeted mAb therapy thus holds dual functional capacity to eliminate specific
B lymphocytes via reinforced immune tolerance through the antigen binding domain or by
Fc recognition. Both of these functional activities should be considered in the design of
clinical therapeutics depending on the nature of the autoantigen and the timing and nature of
the B cell function that needs to be blocked.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A proportion of anti-insulin B cells lose insulin-binding s%ecificity in the presence of
endogenous insulin in the Igk transgenic model, VH125TgN1<125S

(A) Targeting vector schematic, showing WT (non-targeted), targeted V1255PNeo (NeoR
gene retained), or targeted Vk1255P (NeoR gene removed) alleles. (B) ES cell clones (Left)
or progeny mouse tail DNA (Right) were digested with Sacl and the following alleles were
identified by probe hybridization: WT (5.5 kb), V1255PNeo (6.3 kb), or V1255P (5.1 kb,
NeoR gene removed). (C) Splenocytes were freshly isolated from VH125Tg/Vk125Tg
(125Tg, Left), VH125Tg/Vk1255PNeo (Middle), and VH125Tg/Vi1255P (Right) C57BL/6
mice. Insulin-binding B cells were identified among B220* IgM2* live lymphocytes using
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flow cytometry, confirming expression of anti-insulin Vk125. Data are representative of
progeny from 6 independent founder lines. (D) B cell subsets were identified among B220*
live lymphocytes as follows: bone marrow: immature (IgM* CD237) or mature recirculating
(IgM* CD23%); spleen: T1 (CD21'°W cD23low [gmhigh) T2 (cD21Mid cD23Nigh |gmhighy,
FO (CD21™Mid cp23high [gmMid) pre-Mz (CD21Mgh cD23high |gMNigh) and Mz (CD21Migh
CD23Mid |gMhigh)  as shown by representative flow cytometry dot plots of VH125Tg/
Vk1255P mice (Top). Flow cytometry was used to assess the average percentage + SD of
non-insulin-binding (edited) B cells within the indicated B cell subset in n =3 VH125Tg/
Vx1255P+~ (black) or n = 4 VH125Tg/V1255P*/* (white) B6 mice (Bottom). ** p <
0.001, *** p < 0.001, two-tailed t-test.
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Figure 2. Anti-insulin specificity correlates with increased RAG2-GFP expression in developing
B lymphocytes

B cell subsets were identified in freshly isolated bone marrow and spleen as in Fig. 1D. (A)
Representative flow cytometry plots of immature B cells depict Control (non-insulin-
binding, Left), Edited (non-insulin-binding, Middle), or Insulin-Binding (Middle) B cells,
based on reactivity with biotinylated insulin. Biotinylated mAb123 detects insulin-occupied
BCR on immature VH125Tg/Vx1255P B cells using flow cytometry (Right). (B) Immature,
T1, T2, or FO B cell subsets were identified in n = 6 VH125Tg/Vk1255C/RAG2-GFP/B6 or
control VH281Tg/Vk1255P/RAG2-GFP/B6 5-12 wk old mice, in which GFP expression is
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driven by the RAG-2 promoter. RAG2-GFP MFI is shown for Edited/Non-Insulin-Binding
(black diamonds), Insulin-Binding (grey diamonds), or control (white squares) populations
identified as in Panel A that were GFP*. Averages are indicated by bars. (C) The average
percentage + SD of Igh* cells in the indicated B cell subset was compared between n = 7
VH125Tg/Vk1255P/B6 (black) and control VH281Tg/V1255P/B6 (white) mice. (D) Flow
cytometry was used to measure surface IgM expression on the indicated B cell subsets in n >
7 mice per group. The IgM MFI of VH125Tg/V125°P cells was divided by the IgM MFI
of VH281Tg/V«1255P B cells within the developmental subset indicated. A value < 1
indicates lower IgM expression in VH125Tg/V«1255P B cells; the average ratio + SD is
shown. * p < 0.05, ** p < 0.001, *** p < 0.001, two-tailed t-test (B—C) or one sample, two-
tailed t test (D).
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Figure 3. Insulin autoantigen recognition is associated with replacement of Vvk1255P in
VH125Tg/V1<125SD B lymphocytes that lose the insulin-binding specificity

Flow cytometry sorting was used to purify B cell populations from freshly isolated spleens.
Cells were sorted into RNA lysis buffer, RNA was purified, cDNA was generated, and PCR
was used to amplify Igk as in Methods. The number of clones (black circle, center) and
percentage of isolates that expressed the targeted Vk1255P allele (Vk4-74 Jk5, white) or
Novel Vk/Jxk (grey) is indicated for each sorted population. (A) Total B cells (B220* IgM&*
live lymphocytes) were purified from n = 2 VH125Tg/Vk12550/B6 (Left, GenBank
Accession #KT250658- KT250681) or n = 2 VH281Tg/Vk125°P/B6 (Right, GenBank
Accession # KT250637-KT250657) mice. (B) Non-insulin-binding (Left, GenBank
Accession # KT250682-KT250703) or insulin-binding (Right, GenBank Accession #
KT250704-KT250727) total B cells (gated as in Panel A) were purified fromn =3
VH125Tg/Vk12550/B6 mice.
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Figure 4. Anti-insulin B cells undergo receptor editing less efficiently in the type 1 diabetes-

prone NOD strain

B cell subsets were identified using flow cytometry as in Fig. 1D in VH125Tg/Vk1255P

bone marrow or splenocytes freshly isolated from 8 —12 week old B6 (black) or NOD

(white) mice. (A-B) The percentage of non-insulin-binding (edited) B cells was assessed

within the indicated subset using flow cytometry Representative dot plots (A) and the

average * SD (B) is shown for n = 6 B6 or n = 7 NOD VH125Tg/V«125°P mice, n > 2
experiments. (C) The percentage of IgA™ B cells were further identified in total spleen as

shown in representative plots (Top). The average total Ig,*™ % + SD in each subset is
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indicated for n = 8 mice, n = 3 experiments (Bottom). (D) The IgM MFI of VH125Tg/
Vk1255P/NOD B cells was divided by the IgM MFI of VH125Tg/Vk1255P/B6 B cells
within the developmental subset indicated, n = 10 mice, n= 4 experiments. A value > 1
indicates higher IgM expression in NOD. * p < 0.05, ** p < 0.001, *** p < 0.001, two-tailed
t-test (B—C), or one sample, two-tailed t test (D).
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Figure 5. Igh usage is reduced in NOD mice, even in the absence of H chain usage bias
B cell subsets were identified in freshly isolated bone marrow or spleen using flow

cytometry as in Fig. 1D and the percentage of IgA™ B cells was assessed in NOD or B6 mice,

representative plots are

shown in (A). The average IgA % + SD is shown for WT (B) or

VH125Tg (C) B6 (black) or NOD (white) mice, n = 6 8-12 week old mice per group, n = 2
experiments. * p < 0.05, ** p < 0.001, *** p < 0.001, two-tailed t-test.
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Figure 6. Faulty central tolerance in NOD mice is ameliorated by treatment with insulin

autoantigen-targeted mAb123

6-13 week old VH125Tg/Vx1255P/NOD mice were injected i.p. once with 100 pg anti-
insulin mAb123 (black, n = 5) or isotype control mAb (white, n = 4). Bone marrow and
spleens were harvested 2—7 d later and B cell subsets were identified as in Fig. 1D, further
gated as non-insulin-binding or insulin-binding B cells. (A) Representative flow cytometry
plots for isotype control mAb (Left) or mAb123 (Right). (B) Individual mice are plotted,
bars indicate the average. (C) The IgM MFI of insulin-binding (Insulin+) B cells was
divided by the IgM MFI of non-insulin-binding (Insulin—) B cells in the same mouse. A
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ratio < 1 indicates reduced surface IgM expression in the insulin-binding population
(relative to edited B cells). Bars indicate the average Insulin® / Insulin™ IgM ratio = SD. * p
< 0.05, ** p< 0.01, *** p < 0.001, two tailed t test.

J Immunol. Author manuscript; available in PMC 2016 November 15.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bonami and Thomas

A

D

VH125Tg/Vk125SP/RAG2-GFP/B6

g’ < Isotype Control 4 mAb123
-2100 e
a 80 . *** Fkk
< 60 .
@ 40 * 4
£
2 i 4
2 0 - ° 28 ¢ o
e Immature FO Pre-MZ Mz
o
B CeII Subset
120 Non-Insulin-Binding B Cells
3'. 100 bkl *kk Osotype Control
'-(.',3 80 Kk B mAb123
& 60 1
< 40 A
& 3 |
S o
Immature T1 T2 FO Pre-MZ Mz
B Cell Subset
— 20000 Non-Insulin-Binding B Cells
E . Olsotype Control
o 15000 - EmAb123
[T
(ID 10000 -
N
2 5000 4 *kk * * *k%k
g Al - =
Immature T T2 FO Pre-MZ Mz
B Cell Subset
50000 Non-lnsulin-Binding B Cells
O Isotype Control ~ **
i 40000 1 B mAb123
= 30000 A
©
= 20000 -
o
= 10000 - &i
Immature Pre-MZ Mz
B CeII Subset

Page 29

Insulin-Binding B Cells

120
g. 1004 _* O Isotype Control
L.
O 80 B mAb123
N ]
o 60
é 40 -
20 A
ES I*I
Immature Pre-MZ Mz
B CeII Subset
— 20000 Insulin-Binding B Cells
= O Isotype Control
o 15000 1 B mAb123
'S
© 10000 - .
N
Q 5000 1 }i Fkk . *
o 0 [ i l*. —mn =il
Immature T T2 FO Pre-MZ Mz
B Cell Subset
Insulin-Binding B Cell
50000 su g B Cells
O Isotype Control
T 40000 1@ mAb123 ok
= 30000 -
©
= 20000 {
2 10000 IEi *
0 Fim ™
Immature ™ T2 FO Pre-MZ Mz
B Cell Subset

Figure 7. Targeting insulin-occupied BCR increases RAG2-GFP expression and the frequency of

non-insulin-binding B cells in developing subsets

VH125Tg/Vk1255P/RAG2-GFP/B6 7-17 week old mice were injected i.p. with 100 ug
anti-insulin mAb123 (black, n = 7) or isotype control mAb (white, n = 6) i.p. every 2 days
for 1 week. Bone marrow and spleens were freshly isolated 1 d after the final injection and
B cell subsets were identified as in Fig. 1D. (A) The frequency of non-insulin-binding B
cells in individual mice is plotted, bars indicate the average. (B-D) The average percentage
of RAG2-GFP* cells (B), the average RAG2-GFP MFI of RAG2-GFP* cells (C), or the IgM
MFI (D) of non-insulin-binding B cells (Left) or insulin-binding (Right) in each subset is
shown, error bars indicate SD. * p < 0.05, ** p < 0.01, *** p < 0.001, two tailed t test.
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Figure 8. F(ab’)2123 depletes developing anti-insulin B cells

VH125Tg/NOD mice were injected once i.p. with 75 ug F(ab’)»123 or 100 ug full-length
mAb123 (to achieve ~ molar equivalence). After 1-2 d, mice were sacrificed and bone
marrow, spleen, and pancreatic draining lymph nodes were freshly harvested. (A)
Representative flow cytometry plots depict the frequency of insulin-binding B cells within
the T1 B cell subset in untreated, F(ab’),123-treated, or mAb123-treated mice. (B) The
percentages of insulin-binding B cells in each subset (identified as in Fig. 1D) are plotted for
n =5 mice per group; untreated (white diamonds), F(ab”),123- treated (grey circles), or
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mAb123-treated (black triangles), n = 3 experiments. (C) Flow cytometry was used to
compare the IgM MFI of insulin-binding (Insulin+) vs. non-insulin-binding (Insulin-) B
cells in subsets identified in (A). The insulin® / insulin™ ratio was calculated as in Fig. 6C.
The average ratio + SD is shown for untreated (white diamonds), F(ab’),123-treated (grey
circles), or mAb123-treated (black triangles) mice. Mice were 6-10 wk of age.
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