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Abstract

Type 1 diabetes mellitus (TAIDM) is an autoimmune disorder that affects an estimated 30 million
people worldwide. It is characterized by the destruction of pancreatic p cells by the immune
system, which leads to lifelong dependency on exogenous insulin and imposes an enormous
burden on patients and health-care resources. TLDM is also associated with an increased risk of
comorbidities, such as cardiovascular disease, retinopathy, and diabetic kidney disease (DKD),
further contributing to the burden of this disease. Although T cells are largely considered to be
responsible for B-cell destruction in TLDM, increasing evidence points towards a role for B cells
in disease pathogenesis. B cell-depletion, for example, delays disease progression in patients with
newly diagnosed T1DM. Loss of tolerance of islet antigen-reactive B cells occurs early in disease
and numbers of pancreatic CD20" B cells correlate with p-cell loss. Although the importance of B
cells in TIDM is increasingly apparent, exactly how these cells contribute to disease and its
comorbidities, such as DKD, is not well understood. Here we discuss the role of B cells in the
pathogenesis of TLDM and how these cells are activated during disease development. Finally, we
speculate on how B cells might contribute to the development of DKD.

Type 1 diabetes mellitus (TADM) is an autoimmune disorder characterized by the self-
reactive lymphocyte-mediated destruction of insulin-producing pancreatic p cells. In healthy
individuals, self-reactive lymphocytes are tightly regulated through central and peripheral
tolerance mechanisms that prevent their accumulation and activation, and the consequent
development of autoimmunityl-2. In patients with TLDM, however, a combination of genetic
risk alleles and environmental risk factors — such as infection or injury — allows self-
reactive lymphocytes to escape these tolerance checkpoints, leading to their activation and
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the development of autoimmunity?2. Specifically, TLDM is associated with the infiltration of
self-reactive lymphocytes into the pancreas, where they destroy insulin-producing p cells.
Over time the capacity of these cells to secrete insulin in response to a glucose load declines,
leading to an overt elevation in serum glucose levels and a clinical diagnosis of TLDM.
Despite the development of approaches to improve glycaemic control, patients with TLDM
remain at increased risk of macrovascular and microvascular complications, including
cardiovascular disease, neuropathy, retinopathy and nephropathy. Diabetic kidney disease
(DKD) affects up to 30% of patients with TLDM and is associated with poor outcomes,
being the leading cause of end-stage renal disease (ESRD) in the USA3. Early signs of
DKD, including glomerular hyperfiltration and inflammation, are often already present at
the time of T1IDM diagnosis*®. These initial changes in the kidney are followed by further
pathologic changes in the glomerulus, including podocyte apoptosis and an accumulation of
extracellular matrix, leading to thickening of the glomerular basement membrane and
mesangium®. The earliest clinical evidence of DKD is persistent microalbuminuria, defined
as an albumin excretion rate of 30-300 mg per day. Macroalbuminura, defined as an albumin
excretion rate >300 mg per day, is indicative of a disease state that is no longer reversible,
after which glomerular filtration rate will continue to decline, eventually leading to the
development of ESRD. Traditional risk factors for the development of DKD include
hyperglycaemia, hypertension and hypercholesterolaemia. However, good glycaemic, lipid
and blood pressure control does not eliminate the risk of DKD in patients with TLDM,
indicating that other factors such as immune dysfunction have a role in the pathogenesis of
renal complications.

Although islet antigen-reactive T cells are generally considered to be the main pathogenic
effectors of pancreatic p-cell destruction in TIDM, an increasing number of studies have
demonstrated the importance of islet-reactive B cells in the pathogenesis of this disease.
Such B cells have key roles in presenting antigen to T cells and in the production of
cytokines and autoantibodies in humans and mice’=19. These functions of B cells might also
contribute to the development of DKD in patients with TADM. Moreover, although cell-
targeted therapies for TADM have mostly focused on eliminating T cells, targeting B cells
also has beneficial effects. In this Review we discuss the role of B cells in the pathogenesis
of T1DM, as well as their likely role in DKD, and describe potential therapeutic strategies to
target B cells in these patients.

B cells in the development of TIDM

The emergence of self-reactive B cells

As many as 70% of newly produced B cells in the bone marrow are able to bind self-
antigens, such as DNA or insulin, via their B-cell receptor (BCR), suggesting that these cells
have the capacity to be highly self-reactive and destructivell. In order to prevent the
development of autoimmunity, these self-reactive B cells must be culled, rehabilitated so that
they no longer bind to highly avid self-antigens, or suppressed. In the bone marrow, B cells
that bind self-antigen with high avidity undergo a process called receptor editing wherein the
genes that encode the BCR immunoglobulin light chains are rearranged by silencing one
allele and expressing a second to produce a BCR with altered specificity213, One study
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demonstrated that at least 25% of B cells present in the periphery have undergone receptor
editing®. Hence, the process eliminates autoreactivity in many cells. When receptor editing
fails to eliminate strong BCR signals from self-antigens, the B cell undergoes death by
apoptosis (FIG. 1). These rehabilitation and culling processes are considered to be central
tolerance mechanisms because they occur in the bone marrow where B cells are produced.
On the opposite end of the spectrum, newly produced B cells that lack autoreactivity migrate
from the bone marrow to peripheral tissues where they become mature naive B cells that
function in protective immunity. Their inability to bind autoantigens makes these cells
‘ignorant’ of self-antigen; therefore, they do not pose any danger unless they acquire a high
affinity for an autoantigen as a consequence of somatic hypermutation of immunoglobulin
variable region genes in the germinal centre reaction.

In addition to B cells that have undergone receptor editing and B cells that are ‘ignorant’ of
self-antigen, B cells that bind to self-antigen with moderate avidity can enter the periphery
where they are silenced via a peripheral tolerance mechanism termed anergy (FIG. 1a).
Anergic B cells are characterized by their inability to become activated, proliferate, and
produce antibody>-19 as a consequence of chronic BCR binding to self-antigen. Anergic B
cells continue to express the BCR, but at lower levels than other B cells, and the output of
BCR signalling changes. Compared to non-autoreactive B cells, BCR signalling in anergic B
cells is biased towards activation of negative regulatory pathways involving phosphatases
such as PTPN22, PTEN and SHIP1, which prevent anergic B cells from responding to self
and cross-reactive exogenous antigens by inhibiting their activation2%-22, Anergy can be
undermined by genetic polymorphisms that compromise these regulatory pathways?3.
Importantly, the anergic status of autoreactive B cells is reversed by dissociation of the
antigen from the BCR, raising the possibility that environmental influences, such as
inflammatory mediators, might adversely affect anergy. Hence, breakdown in tolerance
mechanisms — such as anergy and receptor editing — that normally prevent the
accumulation and activation of self-reactive B cells, is likely to contribute to the
development of autoimmunity?.

B cells in the pathogenesis of TLDM

Although T cells are generally considered to be the major effectors of pancreatic p-cell
destruction in patients with TLDM, an emerging body of literature has highlighted an
important role for B cells in this process. In non-obese diabetic (NOD) mice, B cells are
required for the development of diabetes24, which can be prevented by depletion of B cells
using anti-CD20 or anti-CD22 monoclonal antibodies?>26. Moreover, use of the anti-CD20
monoclonal antibody, rituximab, to deplete B cells in patients with newly diagnosed TIDM
preserved B cell function and delayed the requirement for insulin administration following 1
year of treatment27-28, Although the effects of rituximab were minimal following 2 years of
treatment, the findings from this study support a role for B cells in this disease. Given that at
the time of T1DM diagnosis B cell mass has declined to a point at which insulin production
is inadequate, it is likely that in this study the B cells had already exerted their negative
effects (through autoantigen presentation, for example) at the time of rituximab
administration. Hence, B cell depletion might be most beneficial in individuals at very high
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risk of TLDM, for example those who express multiple anti-islet antibodies, who have not
yet developed disease symptoms.

A study often cited as evidence that B cells are not important in TLDM is a 2001 report of an
individual who developed T1DM despite being deficient in B cells?%. However, other studies
have shown that conditions of lymphopenia — induced through genetic defects or by
pharmacologic means — can support the accumulation of self-reactive T cells through
homeostatic expansion, without the need for B cells39:31, We suspect that such an event
occurred in this individual.

B cells as antigen presenters

The exact pathogenic role of B cells in TLDM is still a subject of active investigation, but
studies suggest that B cells probably exert their effects by presenting islet autoantigens to
diabetogenic T cells”8, as well as through the production of cytokines32:33 and
autoantibodies to islet antigens10:34:35, |n the NOD mouse model, inhibition of the ability of
B cells to present antigen by either MHC class | or class Il molecules prevents the
development of TLDM7:38, demonstrating the importance of B cells in presenting antigen to
CD4" T cells and in cross-presenting to CD8* T cells. In addition, restricting the BCR
repertoire to an irrelevant islet antigen, which prevents presentation of key islet antigens to T
cells, also prevents diabetes®. By contrast, skewing BCR reactivity towards insulin increases
disease incidence and accelerates disease onset3’. Hence, these studies demonstrate that
islet-reactive B cells are necessary for the development of TADM, most likely by presenting
self-antigens to diabetogenic T cells. Anergic B cells are not able to present antigen (M.J.S.
and J.C.C., unpublished work); thus, the ability of islet-reactive B cells to act as antigen
presenting cells likely results from a compromise of anergy. Loss of anergy could result
from genetic and/or environmental factors. The activation and expansion of T cells as a
consequence of antigen presentation by B cells likely results in the destruction of pancreatic
B cells, leading to the development of TIDM.

In addition, the post-translational modification of islet cell antigens, resulting, for example,
from the fusion of insulin and chromogranin A, leads to the creation of hybrid antigenic
peptides. As these hybrid peptides are seen as foreign, CD4* T cells are readily activated by
antigen presenting cells such as activated islet antigen-reactive B cells38. These hybrid
peptides are present in mouse models and in patients with TLDM, suggesting that they might
have an important role in the development of disease38-40. B cells that react with native islet
antigens could potentially bind, process and present molecules containing these hybrid
peptides to T cells, facilitating their activation. The proposal that hybrid peptide-reactive T
cells are the major diabetogenic force in the development of TIDM is attractive because
such T cells would not normally be identified as autoreactive and would therefore not be
deleted in the thymus.

B cells as producers of autoantibody

Available evidence shows that the presence of islet autoantibodies is one of the best
predictors of TIDM development19, Islet autoantibodies that are assayed routinely include
those against insulin, insulinoma-associated protein 2, glutamic acid decarboxylase 65, and
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zinc transporter 834, Individuals with high-affinity anti-insulin antibodies or antibodies to
more than one islet antigen will almost certainly develop T1DM during their lifetime*1-43,
Although the presence of autoantibodies supports a pathogenic role for B cells in TLDM and
is a harbinger of disease development, the pathogenicity of these antibodies is ambiguous. In
NOD mice, the production of islet autoantibodies is dispensable for disease development#4.
Moreover, given the therapeutic effect of anti-CD20 antibodies (which do not target CD20~
antibody-producing plasma cells*%) in mice and humans2>-27, autoantibodies probably do
not have a pathogenic role in TIDM. We suggest that autoantibody production is essentially
an epiphenomenon that occurs as a byproduct of anergic B cell activation.

Phenotype of B cells in TIDM

Given the evidence for a role of B cells in TLDM, studies over the past few years have
sought to characterize changes that occur in the B cell compartment during disease
development. One study suggested that autoreactive B cells might be more prevalent in the
blood of patients with TLDM than in healthy individuals*6. As noted above, autoreactive B
cells are normally silenced at two distinct checkpoints during their development: by receptor
editing or deletion of immature B cells in the bone marrow and anergy in in the peripheryl
(FIG. 1a). Patients with TLDM, however, have increased numbers of autoreactive B cells at
both the new emigrant and/or transitional stage and mature naive B cell stage, suggesting an
impairment of central and peripheral B cell tolerance mechanisms#® (FIG. 1b). These cells
are polyreactive and can bind to single-stranded DNA, double-stranded DNA, insulin, and
lipopolysaccharide®8. Not surprisingly, a later study found that treatment with rituximab
failed to reset these impaired tolerance checkpoints#’; the B cell repertoire generated after
rituximab treatment was as autoreactive and polyreactive as that present before treatment,
suggesting rituximab probably exerts its effects in ways other than altering the distribution
of specificities in the repertoire.

To determine whether B cells in patients with TIDM have a decreased ability to undergo
receptor editing, a study assessed the frequency of recombining sequence rearrangements in
A immunoglobulin light chain-positive B cells from patients with TLDM and controls.
Recombining sequences accumulate in, and can be used to identify, cells that have
undergone receptor editing. B cells from patients with TLDM had a reduced frequency of
recombining sequence rearrangements compared to those from healthy individuals,
suggesting that patients with TLDM might have a higher autoreactivity threshold for
initiation of receptor editing or a defect in the receptor editing process, which could allow
autoreactive B cells to enter the periphery*8 (FIG. 1b).

Our analysis of autoreactive anergic B cells (identified as CD19*CD27 " IgM!%~IgD* B cells
that bind insulin via their BCR) in peripheral blood®, showed that patients with islet
autoantibodies but without clinical evidence of diabetes, and those who had been diagnosed
with T1DM within the past year, have significantly lower levels of insulin-binding anergic B
cells in blood than healthy controls#?. Of note, some of the first-degree relatives of patients
with T1DM also had decreased frequencies of these cells, suggesting that loss of anergy
precedes the production of autoantibodies by B cells. Interestingly, however, the proportion
of insulin-binding anergic B cells in patients who had been living with TIDM for >1 year
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was similar to that of healthy controls, suggesting that loss of B cell anergy is transient,
consistent with an environmental trigger. Moreover, insulin-binding anergic B cells found in
healthy individuals were polyreactive, binding also to chromatin and lipopolysaccha-ride°.
Hence, loss of B cell anergy could potentially be instigated through initial binding to a non-
islet antigen, such as DNA. Consistent with this hypothesis, and as mentioned above,
patients with TLDM have increased antibodies against double-stranded DNA3051, Together,
these findings demonstrate that central and peripheral B cell tolerance mechanisms are
impaired in patients with TLDM and that loss of anergy might be an early initiating step in
disease development (FIG. 1b).

As T1DM is an organ-specific autoimmune disorder, studies of B cell function should
ideally focus on cells localized to target tissues, namely the pancreas and pancreatic lymph
node. One of the earliest studies of infiltrating cell populations in cadaveric pancreatic tissue
found that B cells appear in the pancreas late during the development of insulitis, together
with the appearance of CD8" T cells®2. In that study, the progression of insulitis was defined
based on the number of remaining insulin-containing B cells and the number of infiltrating
inflammatory cells present in the tissue®2. On the basis of these findings, one could
speculate that B cells present antigen to CD8* T cells. Indeed, and as described above,
studies in NOD mice have demonstrated the essential role of antigen cross-presentation by B
cells in the development of TIDM36, More recent studies have extended these findings by
analysing B cells in the pancreas and pancreatic lymph node at various stages of disease. A
2016 study found two distinct patterns of insulitis, which the researchers classified as
CD20M (in which many B cells were present) and CD20!° (in which few B cells were
present)®3. Pancreatic tissue from patients who were diagnosed before 7 years of age was
always CD20N whereas tissue from individuals diagnosed after 13 years of age always had
the CD20'° phenotype. Individuals diagnosed between 7 and 13 years of age fell into either
group. These findings suggest that the two patterns of disease are differentially aggressive.
In line with this hypothesis, patients with the CD20M profile exhibited more rapid loss of -
cell mass than those with the CD20'® phenotype>3. The findings also suggest that patients
with the CD20M phenotype might be more likely than those with the CD20'° phenotype to
respond to B cell depletion, and might help to explain why rituximab therapy was more
efficacious in younger patients in a clinical trial?’. We have identified seemingly activated
high-affinity insulin-binding B cells in the pancreas and pancreatic lymph node in NOD
mice®* and in patients with new-onset TLDM (M.J.S. and J.C.C., unpublished work). Hence,
islet-reactive B cells that escape anergy are likely to migrate from the peripheral blood into
the pancreas and pancreatic lymph node, where they participate in disease pathogenic
processes through antigen presentation (FIG. 1b).

Interestingly, a 2017 study found that patients with newly diagnosed T1DM had lower
numbers of germinal centres and fewer follicular dendritic cell networks in their pancreatic
lymph nodes than patients with long-standing T1IDM and healthy controls®®. The researchers
hypothesize that maturing self-reactive B cells could differente into antibody-secreting
plasma cells more rapidly than non-autoreactive B cells, causing a disruption in normal
follicular development. As CD20 was used to identify B cells in this study, enumeration of
plasma cells was not possible. Future studies using additional B cell markers could help to
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further elucidate the role of B cells in the pancreatic lymph nodes early in disease
development.

Effects of genetic risk alleles on B cells

The development of TIDM is driven by genetic and environmental risk factors, suggesting
that the effects of these factors might be mediated through the loss of central and peripheral
B cell tolerance. The major genetic determinant of TIDM is HLA Class I, which accounts
for up to half of the genetic risk®6. The susceptibility haplotypes, HLA-DR4-DQ8 and HLA-
DR3-DQ2 confer the highest risk®7:58. Given that autoreactive B cells require T cell help to
become activated, activation of CD4* T cells in response to HLA-DR4-DQ8 expressed by
insulin-reactive B cells could evoke loss of B cell tolerance. The genetic determinant that
confers the next highest risk of TLDM is a polymorphism in the VNTR region of the /NS
gene, which encodes insulin8. This polymorphism is thought to increase the number of
insulin-reactive T cells in the periphery owing to impaired induction of T cell tolerance to
insulin in the thymus®°. An increased number of insulin-specific T cells can promote the
activation of insulin-reactive B cells, driving them to participate in disease, likely through
antigen presentation. Our studies have shown that the loss of anergic insulin-binding B cells
in first-degree relatives of patients with TLDM is associated with the presence of the HLA-
DR4-DQ8 haplotype and /NS polymorphism, suggesting that T cells probably drive loss of
B cell anergy (M.J.S. and J.C.C., unpublished work).

We have also shown that polymorphisms in the PTPN22and PTPNZ2 genes are associated
with loss of B cell anergy in first-degree relatives of patients with TLDM (M.J.S. and J.C.C,,
unpublished work). PTPN2 and PTPN22 are negative regulators of B cell signalling,
suggesting that these polymorphisms might impair signalling pathways that maintain the
unresponsiveness of anergic cells®0. Genome-wide association studies have shown that the
PTPNZ22 C1858T polymorphism is the third highest contributor to risk of TLDM, after the
HLA and /NS genes®8. PTPN22encodes a protein tyrosine phosphatase that is expressed in
T cells and B cells. PTPN22 functions to dampen B cell signalling, and the expression of a
risk-conferring allele is associated with an increased frequency of autoreactive B cells in the
peripheral blood of patients with TIDMA*6:61, Interestingly, however, one study found that
patients with TLDM who carry the PTPN22risk allele had increased numbers of anergic B
cells in peripheral blood®L. These findings contradict those from our own study, likely due to
differences in the study populations, as this study presumably assessed patients with long-
standing T1DM and we analysed first-degree relatives. The discrepancy could also be due to
differences in gating strategies to identify anergic B cells. As targeted ectopic expression of
the PTPN22risk allele in B cells leads to autoimmunity 77 vive®2, we hypothesize that this
risk allele promotes the loss of anergy, leading to the development of autoimmunity.

The PTPNZ gene also encodes a protein tyrosine phosphatase that is expressed in B cells and
T cells, as well as in pancreatic B cells. PTPN2 has a range of functions, including as a
negative regulator of JAK/STAT signalling®? and in the dephosphorylation of the Srcfamily
kinases, Lck and Fyn, which are involved in activation of T cells following stimulation
through the T cell receptor®4. The PTPNZ2single nucleotide polymorphism rs1803217 is
associated with a 40% reduction in PTPN2 mRNA expression in primary human regulatory
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T cells and CD4* memory T cells®. Although this study did not examine PTPN2 expression
in B cells, one would expect a similar reduction in mRNA level in these cells. Deletion of
PTPN2 in the haematopoietic cells of adult mice led to the development of autoimmunity,
characterized by an increase in the number of B cells, including germinal centre B cells, and
in the production of anti-nuclear auto-antibodies®¢. Thus, polymorphisms in genes that
function as negative regulators of BCR signalling could confer increased risk of TIDM by
impairing peripheral tolerance. Other allelic variants of genes that are expressed in B cells
and are associated with TIDM, such as BACHZ, SH2B3, and /KZB3, might also impair B
cell tolerance, and this hypothesis is an area of active investigation.

B cells in diabetic kidney disease

The role of B cells in the pathogenesis of DKD is not well understood, especially in patients
with TIDM. However, IgG* B cells have been shown to infiltrate the glomeruli of diabetic
NOD mice®’. In addition, a small study of B cells in the peripheral blood of patients with
DKD showed that levels of CD19'9*CD38* plasma cells were increased relative to those in
healthy controls. CD19/°*CD38* B cell counts correlated positively with albumin excretion
rate and serum IgG levels, and negatively with estimated glomerular filtration rate, implying
that higher frequencies of plasma cells are associated with worsening DKD®8.

Mechanism of B cell involvement

B cells could contribute to the pathogenesis of DKD through their roles in antigen
presentation, antibody production, immune-complex generation and/or cytokine production.
The most probable mechanism by which B cells contribute to DKD is through the
production of antibodies, leading to the formation of immune complexes that can be
deposited in the kidney and trigger inflammation and glomerulonephritis through activation
of complement. Diabetic NOD mice have increased renal deposition of IgG* immune
complexes compared to nondiabetic controls®”. In patients with TIDM, microalbuminuria is
associated with the presence of circulating serum immunoglobulins, including antibodies
directed toward proteins modified by the oxidation of glucose and lipids®®. A study of
children with T1DM showed that circulating IgG immune complexes are present at the early
stages of DKD?9, In addition, immune complexes have been identified in the kidneys of
patients with TIDM and DKD'1, where the presence of immune complexes containing
oxidized LDL is thought to promote mesangial expansion by stimulating the production of
collagen 1V (REF. 72). Thus, B cells contribute to DKD through the production of
antibodies and the formation of immune complexes that deposit in the kidney (FIG. 2).

The presence of immune complexes in the glomerulus can induce macrophage accrual’3 and
promote inflammation through the release of cytokines and the activation of complement4,
The deposition of IgG in glomeruli correlates positively with levels of the complement
component C3 in the glomeruli of NOD mice8’. Interestingly, levels of the complement
component C4, which is needed to clear immune complexes from the circulation, are low in
patients with TLDM72:76, Thus, the deposition of immune complexes in the kidney might
have a larger role in the pathogenesis of DKD than previously thought, through activation of
inflammatory and immune regulatory pathways.
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The chronic inflammation associated with DKD can damage the extracellular maxtrix’?,
stimulating the release of damage-associated molecular patters (DAMPS), such as DNA and
RNA. B cells could become activated following the recognition of DAMPs by Toll-like
receptors, leading to cytokine production. Effector B cells produce I1L-6 and TNF, which
have been implicated in the initiation and progression of DKD78:79. Renal biopsy samples
from patients with DKD showed sclerotic glomeruli surrounded by mononuclear cells that
were positive for /L-6 mMRNAB8C. Although clinical evidence for a role of IL-6 production by
B cells in TIDM does not exist, a small study in patients with type 2 diabetes mellitus
(T2DM) and DKD showed that I1L-6 serum levels correlate with alouminuria and thickening
of the glomerular basement membrane®?. The role of TNF in DKD has been studied in
animal models and in the context of T2DM, in which the presence of TNF correlates with
reduced glomerular filtration rate, albuminuria and increased cellular permeability and
cytotoxicity82:83,

A further role for B cells in DKD could involve the production of IL-10 by regulatory B
cells®4. Although these cells suppress immune responses and have a documented role in the
maintenance of tolerance in autoimmunity, 1L-10 might have a pathogenic role in DKD. In
individuals with long-standing TIDM and DKD, IL-10 levels are a better predictor of
albuminuria than are glycaemic control, blood pressure control or diabetes duration®®.
Although findings are inconsistent, polymorphisms in IL-10 genes might confer
susceptibility to DKD®6.

Finally, poor glycaemic control is a well-established risk factor for DKD. In the presence of
hyperglycaemia, advanced glycation end products stimulate NF-xB signalling, which has a
role in the development and function of B cells. Thus, the hyperglycaemic environment
might directly increase the production of both antibody-producing and cytokine-producing B
cells, contributing to the development of DKD8.

B cell-targeted therapies for TILDM

Given the role of B cells in the pathogenesis of TLDM and their poorly understood, but
likely important role in DKD, the potential use of B cell-targeted therapy is of great interest.
To date, B cell therapy in autoimmune disease has focused on depleting B cells without
consideration of antigen specificity, given the challenges of isolating and characterizing
autoreactive B cell subsets. However, pan-depletion of B cells carries a considerable risk of
hypogammaglobulinemia and infection, due to decreased antibody production by B cells,
which must be weighed against the potential benefits of treatment.

Therapeutic interventions aimed at depleting B cells in animals have used monoclonal
antibodies to directly target the B cell surface molecules CD20 and CD22 (REFS 25,26,88).
By contrast, indirect approaches have targeted B lymphocyte stimulator (BLyS; also known
as B cell activating factor, BAFF) and A proliferation-inducing ligand (APRIL), which are
both molecules of the TNF family that are produced by the innate immune system. BLyS
and APRIL bind receptors on B cells and have important roles in the regulation of B cell
development, function and survival8%0,
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As mentioned above, the only B cell-targeted therapy that has been used to date in patients
with T1DM is rituximab, which binds the CD20 transmembrane protein expressed on the
surface of pre-B cells and mature B cells?’-28, Rituximab targets B cells for lysis by
inducing antibody-dependent cell-mediated cytotoxicity, potentially reducing antigen
presention and activation of self-reactive T cells. In a phase Il clinical trial, patients with
new-onset TIDM who received four infusions of rituximab had higher mean serum C-
peptide levels — a measure of endogenous insulin production — in response to a mixed
meal tolerance test 1 year after treatment than did non-treated patients?®. Patients who
received rituximab also had lower levels of glycated haemo globin and required less insulin
than patients who received placebo. After a further 8 months, the rate of C-peptide decline
was equivalent between rituximab and placebo groups, and after 30 months of treatment the
difference between levels of stimulated C-peptide, glycated haemoglobin, and insulin use
was abolished, following a recovery of B cells to baseline levels within 18 months of
treatment?”:28, These findings presumably reflect a return of pathogenic B cell function
along with recovery of B cells as a whole. Assuming that B cells are equally important in the
pathogenesis of DKD and T1DM, rituximab might also transiently delay the progression of
DKD.

Other therapeutic targets to inhibit B cell function include molecules that function uniquely
in B cells and are involved in BCR-mediated cell activation such as P13 kinase &; Toll-like
receptors that are involved in activation of B cells by DAMPs; B-cell surface molecules
other than CD20, such as CD79 and CD22; and co-stimulatory receptors or ligands such as
CD80 or CD86, which are involved in antigen presentation to T cells. Although not yet
investigated in patients with TLDM, therapeutic agents that target these molecules are under
investigation for other clinical indications and should be investigated in the context of
T1DM and DKD (TABLE 1).

Conclusions

Glossary

Although the role of B cells in the pathogenesis of DKD is not well understood, conclusive
evidence supports a key role for B cells in the development of TLDM. Future research
focusing on the contribution of B cells to DKD and the underlying mechanisms by which B
cells induce pancreatic p-cell, and potentially renal cell damage, should lead to the
identification of new treatment targets for both disorders. Therapeutic trials of B cell
depletion in TIDM have so far been limited to rituximab, with limited success, suggesting
that alternative strategies are needed. Strategies that inhibit B cell function by targeting
molecules other than CD20 and approaches aimed at targeting islet-specific B cells, for
example insulin-reactive B cells, while preserving non-islet specific B cells, require further
study and might prove to be effective therapeutic approaches in the future.

Germinal centre reaction

The anatomical site in which B cells and T cells respond collaboratively to immunogen,
leading to B cell proliferation, somatic Ig gene mutation, affinity maturation and
immunoglobulin class switch recombination.
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Anergy
A mode of B cell tolerance characterized by unresponsiveness to antigenic stimulation,
including the inability to become activated, proliferate and secrete antibody.

Diabetogenic T cells
T cells that can cause diabetes, such as insulin-reactive T cells.

Cross-presenting
The process by which antigen presenting cells process and present extracellular antigens to
CD8+ T cells.

High-affinity anti-insulin antibodies
Antibodies with an affinity for insulin >10~°mol/l.

Plasma cells
Terminally differentiated B cells that secrete antibody.

Recombining sequence rearrangements
DNA rearrangements that delete one or both Ig x genes, leading to expression of Ig A light
chains.

A-Immunoglobulin light chain-positive B cells
B cells that express A light chains as a component of their B cell antigen receptor; high
levels of these cells is indicative of increased receptor editing.

Insulitis
Inflammation of the pancreas due to infiltration of lymphocytes.

Haplotypes
A set of genes inherited from a single parent.

Antibody-dependent cell-mediated cytotoxicity

The process by which an effector cell of the immune system, such as a natural killer cell,
targets a cell for lysis based on the presence of antibodies that are bound to surface antigens
on the target cell.

Mixed meal tolerance test

An assay to determine the amount of insulin an individual produces; the individual
consumes a drink containing a mixture of protein, fat, and carbohydrates that stimulates the
release of insulin from pancreatic B cells; blood is drawn several times over a period of
hours and assayed for C-peptide, which reflects endogenous insulin production.
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Key points

Type 1 diabetes mellitus (T1DM) is an autoimmune disease characterized by
the destruction of pancreatic  cells

An accumulating body of evidence suggests that TLDM is associated with
loss of tolerance by autoreactive B cells

Although islet antigen-reactive B cells give rise to autoantibody secreting
cells, their most important contribution to pathology in TIDM seems to be
presentation of self-antigens to T cells

Loss of tolerance of islet-reactive B cells is associated with certain genetic
polymorphisms

B cells contribute to diabetic kidney disease (DKD) through the production of
antibodies that lead to the formation and deposition of immune complexes in
the kidney

In a clinical trial, B cell-depletion therapy showed some efficacy in patients
with T1DM; the development of non-cell depleting therapies might benefit
patients with TL.DM and DKD
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Figure 1 |. Mechanisms of autoreactive B-cell tolerance and dysfunction in type 1 diabetes

mellitus.

a | In healthy individuals non-autoreactive B cells that react to foreign antigen via their B-
cell receptors (BCRs) migrate into the periphery where they become mature naive B cells.
Autoreactive B cells with a high avidity for self-antigen, such as islet antigen, undergo
receptor editing in the bone marrow (a process considered to be a central tolerance
mechanism). Cells that are successfully edited (thus losing autoreactivity) migrate to the
periphery, whereas those that fail to undergo successful receptor editing are destroyed.
Autoreactive B cells with moderate avidity for self-antigens can enter the periphery and
become tolerized through peripheral tolerance mechanisms by a process termed anergy,
whereupon cells are unable to become activated, proliferate and produce antibody in
response to self-antigen. b | In type 1 diabetes, central and peripheral tolerance mechanisms
are impaired, enabling an accumulation of autoreactive B cells in the periphery. These cells
participate in disease by entering the pancreas or pancreatic lymph node where they present
antigen to islet-reactive CD4* and CD8™" T cells, leading to the destruction of  cells via
cytotoxic T lymphocyte (CTL)-mediated killing.
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Figure 2 |. Potential roles of autoreactive B cells in diabetic kidney disease.
Autoreactive B cells in the blood and peripheral lymphoid organs can lose anergy and

become activated through a variety of potential mechanisms. Collaboration with CD4*
helper T cells leads to the proliferation and differentiation of B cells that secrete
inflammatory cytokines and the development of plasma cells that secrete autoantibodies,
which can form immune complexes. The localization of this response is not yet fully
understood; however, we hypothesize that these immune complexes, together with
complement, can infiltrate the glomeruli, leading to mesangial expansion and thickening of
the glomerular basement membrane. The presence of immune complexes in the glomerulus
also induces macrophage accrual, promoting inflammation. The release of damage-
associated molecular patterns (DAMPs) following damage to the extracellular matrix, can
lead to further B cell activation, leading to further cytokine production.
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