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Abstract
Aims/hypothesis Type 1 diabetes is a T cell-mediated autoimmune disease characterised by the destruction of beta cells in the
islets of Langerhans, resulting in deficient insulin production. B cell depletion therapy has proved successful in preventing
diabetes and restoring euglycaemia in animal models of diabetes, as well as in preserving beta cell function in clinical trials in
the short term. We aimed to report a full characterisation of B cell kinetics post B cell depletion, with a focus on pancreatic islets.
Methods Transgenic NOD mice with a human CD20 transgene expressed on B cells were injected with an anti-CD20 depleting
antibody. B cells were analysed using multivariable flow cytometry.
Results There was a 10 week delay in the onset of diabetes when comparing control and experimental groups, although the final
difference in the diabetes incidence, following prolonged observation, was not statistically significant (p = 0.07). The co-
stimulatory molecules CD80 and CD86 were reduced on stimulation of B cells during B cell depletion and repopulation. IL-
10-producing regulatory B cells were not induced in repopulated B cells in the periphery, post anti-CD20 depletion. However, the
early depletion of B cells had a marked effect on T cells in the local islet infiltrate. We demonstrated a lack of T cell activation,
specifically with reduced CD44 expression and effector function, including IFN-γ production from both CD4+ and CD8+ Tcells.
These CD8+ T cells remained altered in the pancreatic islets long after B cell depletion and repopulation.
Conclusions/interpretation Our findings suggest that B cell depletion can have an impact on Tcell regulation, inducing a durable
effect that is present long after repopulation.We suggest that this local effect of reducing autoimmune Tcell activity contributes to
delay in the onset of autoimmune diabetes.
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Abbreviations
Breg Regulatory B cell
hCD20 Human CD20
LPS Lipopolysaccharide
PLN Pancreatic lymph node
PMA Phorbal 12-myristrate-13-acetate
SPICE Simplified presentation of incredibly

complex evaluations
T2 Transitional 2
Treg Regulatory T cell
TRM Tissue-resident memory

Introduction

Type 1 diabetes, an organ-specific autoimmune disease with a
multifactorial aetiology, is characterised by the immune-
mediated destruction of beta cells in pancreatic islets, resulting
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in insufficient insulin production [1]. Although relatively few
immunotherapeutic strategies delay the loss of islet beta cell
function, depleting B cells using anti-CD20 monoclonal anti-
body (rituximab) has delayed C-peptide loss within the first
year [2]. Follow-up studies demonstrated that during depletion
there was a decreased antibody response to new and recall
antigens [3] but that rituximab suppressed anti-insulin autoan-
tibodiesmore than anti-GAD, -IA-2 and -ZnT8 autoantibodies
[4]. Interestingly, during depletion, T cell proliferative re-
sponses to islet antigens increased, particularly in responders
to B cell depletion therapy [5]. In addition, the frequencies of
autoreactive B cells, judged by islet autoantibody-producing
cell clones and by polyreactive B cells, as shown by Hep-2
cell reactivity, were unchanged a year after rituximab treat-
ment and reconstitution [6].

In NOD mice, agents effecting timed depletion of B cells
prevent diabetes [7–11] and reverse disease after onset [7, 8,
12]. These include anti-human CD20 antibody in human
CD20 (hCD20)/NOD transgenic mice (in which the human
gene MS4A1, encoding hCD20, is expressed), anti-mouse
CD20 ant ibody, ant i -CD22 ant ibody coupled to
immunotoxin, B-Lys/BAFF neutralisation and BCMA-Fc
chimerised protein [7, 8, 12]. While these strategies all influ-
ence development of diabetes, there are important differences
in the effector mechanisms. The many factors determining
therapeutic efficacy are not fully characterised. For example,
the duration of B cell depletion may be important: monoclonal
anti-CD20 that depletes B cells transiently (repopulation by
5 weeks) was not effective in preventing or protecting against

diabetes [13]. Thus, it is important to understand kinetics and
immunological effects following anti-B cell treatment with
such agents.

In a mouse model, using a strategy and antibody similar to
rituximab, responses of pathogenic CD4+ T cells were greater
in the short term [14]. This recapitulated the finding in humans
where T cell responses increased [5]. However, some poten-
tially regulatory subsets of cells, including transitional-zone 2
(T2) B cells, T cells and Gr1+ cells, were increased following
repopulation after depletion [15]. Thus, the protection con-
ferred by treatment with anti-CD20 relates not only to the
depletion of effector B cells but also to the increase of regu-
latory populations. The combination of anti-CD20 and oral
administration of anti-CD3 had a synergistic effect in
hCD20/NOD mice, also related to increased frequency and
function of regulatory T cells [16].

In this study, we focused on characterising the effects of B
cell depletion on peripheral B cells and the characteristics of
the cellular infiltrate in the islets of Langerhans in the hCD20/
NOD mouse. We hypothesised that B cell depletion alters the
islet immune infiltrate, contributing to protection from
diabetes.

Methods

Mice Human CD20 (hCD20) transgenic mice on a BALB/c
background (in which the human gene MS4A1, encoding
hCD20, is expressed) [17] were backcrossed to the NOD
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genetic backgroundmore than ten generations, and designated
hCD20/NOD mice [7]. Mice were maintained at Cardiff
University in specific pathogen-free isolators or scantainers.
Mice received water and food ad libitum and were housed in a
12 h dark–light cycle. Animal experiments were conducted in
accordance with United Kingdom Animals (Scientific
Procedures) Act, 1986 and associated guidelines.

Diabetes incidence Mice were monitored weekly for glycos-
uria (Bayer Diastix) from 12 weeks of age. Diabetes was con-
firmed by blood glucose levels >13.9 mmol/l.

Anti-CD20 treatment Female hCD20/NOD mice, aged 6–8 or
12–15 weeks were chosen at random to receive anti-hCD20
antibody (clone 2H7; Bio-XCell [West Lebanon, NH, USA])
or control IgG2b antibody (clone MPC-11; Bio-XCell [7, 14,
15]). An i.v. injection of 500 μg of antibody in 200 μl of saline
solution (154mmol/l NaCl) was followed at 3 day intervals by
three i.p. injections (modified from [7]).

Cell preparations Pancreatic lymph nodes (PLNs) were
disruptedmechanically with a 30G needle. Bone-marrow cells
were flushed out from the hind legs (femur and tibia). Spleens
were homogenised and erythrocytes were lysed. Pancreases
were inflated with collagenase P solution (Roche, Burgess
Hill, UK) in Hanks’ Balanced Salt Solution (HBSS) via the
common bile duct, followed by collagenase digestion with
shaking at 37°C for 10 min. Islets were isolated by
Histopaque density centrifugation (Sigma-Aldrich,
Gillingham, UK), hand-picked under a dissecting microscope
and trypsinised to generate single-cell suspensions. Islet cells
were rested at 37°C, 5% CO2 in complete Iscove’s Modified
Dulbecco’s Medium (IMDM) overnight, before stimulation
for intracellular staining.

Flow cytometry Single-cell suspensions were incubated with
TruStain (anti-mouse CD16/32; Biolegend [London, UK]) for
10 min at 4°C, followed by fluorochrome-conjugated mono-
clonal antibodies against cell surface markers for 30 min at
4°C. Multivariable flow cytometry was carried out using
monoclonal antibodies: CD4-FITC (GK1.5 [1:200]), CD8-
PE-594 (53-6.7 [1:800]), CD103-BV510 (2E7 [1:100]), PD-
1-BV785 (29F.1A12 [1:200]), IFN-γ-BV711 (XMG1.2
[1:100]), CD107a-PeCy7 (1D4B [1:200]), CD69-AF700
(H1.2F3 [1:100]), TGF-β-BV421 (TW7-16B4 [1:100]),
CD38-FITC (90 [1:200]) and CD86-PeCy7 (PO3 [1:200])
(all from Biolegend); IL-10-APC (JES5-16E3 [1:200]),
CD1d-BV510 (1B1 [1:200]), CD21-PE-594 (7G6 [1:1000]),
CD23-BV711(B3B4 [1:800]), CD24-BV650 (M1/69
[1:400]), CD3-BV786 (145-2C11 [1:100]) and CD80-
BV650 (16-10A1 [1:100]) (all from BD Biosciences,
Reading, UK); CD19-efluor780 (eBio1D3 [1:800]), CD5-
PeCy7 (53-7.3 [1:200]), IL-6-PerCP-Cy5.5 (MP5-20F3

[1:200]) and CD44-PerCP-Cy5.5 (IM7 [1:1600]) (all from
eBiosciences,Waltham,MA,USA). All antibodies were titrat-
ed before use. Dead cells were excluded from the analysis by
Live/Dead exclusion (Invitrogen, Paisley, UK). For intracel-
lular cytokine analysis, splenocytes were either unstimulated
or stimulated for 24 h with 5 μg/ml lipopolysaccharide (LPS)
(Sigma-Aldrich) or 5 μg/ml anti-CD40 (Bio-XCell) and
washed. After an overnight resting period, 3 h before antibody
staining, phorbal 12-myristrate-13-acetate (PMA) (50 ng/ml),
ionomycin (500 ng/ml) and monensin (3 μg/ml) (all from
Sigma-Aldrich) were added to the cells. CD107a antibody
was added prior to stimulation, as previously described [18].
Fc receptors were blocked using TruStain and, after extracel-
lular staining, cells were fixed using fixation/permeabilisation
kit (BD Biosciences) according to the manufacturer’s instruc-
tions and then stained for intracellular cytokines or appropriate
isotype controls. Cell suspensions were acquired on
LSRFortessa (FACSDIVA software; BD Biosciences). All
analysis was performed using Flowjo software (Tree Star,
Ashland, OR, USA).

Statistical analysis No data were excluded from the analysis.
Statistical analysis was performed using GraphPad Prism
version 5 (GraphPad Software, SanDiego, CA, USA). For islet
T cells, multivariable flow cytometric analysis was performed
using SPICE (Simplified Presentation of Incredibly Complex
Evaluations) version 5.1 (http://exon.niaid.nih.gov).
Comparison of distributions was performed using the Mann–
WhitneyU test and a partial permutation test [19]. For diabetes
incidence, the Gehan–Breslow–Wilcoxon test was used. All
other data were analysed by the Mann–Whitney U test.

Results

Kinetics of B cell subset repopulation after anti-CD20 treat-
ment hCD20/NOD mice were treated with 2H7 or isotype
control antibodies at 6–8 weeks (little insulitis) or 12–
15weeks of age (established insulitis) (Fig. 1a). Wemonitored
disease progression in mice that were B cell-depleted at 6–
8 weeks old. Diabetes was first seen in the treated mice at
29 weeks of age, delayed by 10 weeks, and incidence was
reduced in the 2H7-treated groups (ESM Fig. 1). At the time
of diabetes onset in the experimental group, 63% of the con-
trol mice that ultimately developed disease were diabetic, al-
though the difference at the termination of the experiment was
not statistically significant (p = 0.07). This delayed incidence
was in keeping with our previously published observation [7].
B cells were successfully depleted in both age groups and had
fully repopulated the spleen by 12 weeks post depletion (Fig.
1b, e). No change was observed in the numbers of CD4 or
CD8 T cells during depletion or repopulation (Fig. 1c, d, f, g).
B cell depletion in PLNs (Fig. 1i, l), vs spleen (Fig. 1h, k), was
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prolonged. B cells were not fully depleted in the bonemarrow,
compared with other lymphoid tissues (Fig. 1j, m).

Kinetics of repopulation of B cell regulatory subsets after anti-
CD20 treatment The various B cell depletion methods target
different B cell zones in the spleen [7, 20]. Splenic B cell
populations were mostly depleted 24 h after 2H7 treatment
(Fig. 2a) and B cell numbers were significantly reduced
(Fig. 2b–g). The marginal zone (Fig. 2h, k) and T2 (Fig.
2i, l), enriched in regulatory B cells (Bregs), were more
successfully depleted than the follicular zone after
anti-CD20 treatment (Fig. 2j, m), indicating that Bregs

were not spared during depletion. Follicular zone and T2
B cells repopulated before the marginal zone. At 12 or
30 weeks after B cell depletion, there was no increase in
T2 cell numbers (data not shown). This contrasts with our
previous findings of increased numbers of T2 cells in older
diabetic mice, which became normoglycaemic after B cell
dep le t ion wi th an t i -CD20 ant ibody [7] , o r in
normoglycaemic 30-week-old mice treated with anti-CD22
depleting antibody [8], indicating that Bregs with T2 phe-
notype were not enriched after B cell repopulation. These
differences may be due to the use of younger and non-
diabetic mice in our current study.
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Fig. 1 Characterisation of anti-CD20 depletion treatment. hCD20/NOD
mice aged 6–8 (b–d, h–j) or 12–15 weeks (e–g, k–m) were injected with
2H7 anti-CD20 antibody (grey lines/squares in b–g) or IgG control anti-
body (black lines/circles in b–g). Diabetes progression was monitored
and lymphocyte populations were analysed by flow cytometry at different
time points after antibody depletion. (a) Schematic representation of in-
jection regimen. (b–g) Cell numbers for splenic CD19+ B cells (b, e),
CD8+ T cells (c, f) and CD4+ T cells (d, g). Data are expressed as mean ±

SEM. Each time point includes a minimum of six mice from at least two
independent experiments. (h–m) Percentage of B cells depleted or
repopulated (calculated as individual numbers from each 2H7-treated
mouse/mean number from all control antibody-treated mice) at various
time points for different lymphoid organs: spleen (h, k), pancreatic lymph
node (i, l), bone marrow (j, m). Horizontal lines indicate medians.
**p < 0.01 and ***p < 0.001 (Mann–Whitney U test, control vs 2H7)
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B cell depletion does not enrich for B cells producing regula-
tory cytokines or reduce inflammatory B cells after repopula-
tion There were significantly fewer IL-10+ B cells in spleens
from mice treated with 2H7 vs control antibody, unstimulated
or following stimulation with LPS or anti-CD40, at either 8 or
12 weeks post depletion, (Fig. 3b, d). This difference was
more marked at 12 weeks, when the B cells were repopulated.
Moreover, at 30 weeks post depletion, there were still fewer
IL-10+ B cells in 2H7-treated mice, unstimulated or stimulated
with anti-CD40, than in age-matched control antibody-treated

mice (ESM Fig. 2). We observed no enrichment of IL-10+ B
cells in the marginal zone or T2 compartments (data not
shown) or in CD1dhiCD5+ or CD24hiCD38hi Breg cells dur-
ing or after depletion (ESM Fig. 3).

We analysed the TGF-β response, as B cell regulation can
occur via TGF-β [21, 22]. In mice aged 6–8 weeks, the num-
ber of TGF-β+ B cells was significantly increased 8 weeks
post depletion, albeit at small percentages overall (Fig. 3c, e).
Differences were not maintained at 12 weeks post treatment in
either of the age groups. Therefore, anti-CD20 treatment did
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Fig. 2 Kinetics of B cell regulatory markers after anti-CD20 antibody
treatment. hCD20/NODmice aged 6–8 weeks (b–d, h–j) or 12–15 weeks
(e–g, k–m) were injected with 2H7 anti-CD20 antibody (grey lines/
squares in b–g) or IgG control antibody (black lines/circles in b–g) and
total splenocytes were analysed. CD19+ B cell populations were identi-
fied by flow cytometry at different time points after depletion. (a)
Representative flow plots (24 h) of spleen compartments marked by
CD21 and CD23 (marginal zone [MZ: CD21hiCD23low], T2
[CD21hiCD23hi]) and follicular zone [FO: CD21lowCD23hi], showing
flow cytometric gating of control IgG- and 2H7-treated mice (aged 6–

8 weeks). (b–g) Number of B cells fromMZ (b, e), T2 (c, f) and FO (d, g)
spleen compartments. (h–m) Percentage of B cells depleted or
repopulated for MZ (h, k), T2 (i, l) and FO (j, m) spleen compartments
(calculated as individual numbers from each 2H7-treated mouse/mean
number from all control antibody-treated mice). Horizontal lines indicate
medians. All surfacemarkers are shown for cells that were gated on viable
CD3−CD19+. Data are expressed as mean ± SEM. Each time point in-
cludes a minimum of six mice from at least two independent experiments.
**p < 0.01 and ***p < 0.001 (Mann–Whitney U test, control vs 2H7)
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not promote a sustained Breg phenotype either during or long
after repopulation of the spleen, in either of the age groups of
mice studied. We examined the proinflammatory cytokine-
producing B cell populations. In the younger mice, 2H7 and
control antibody treatment produced little change in the num-
ber of IL-6+ B cells, with or without LPS or anti-CD40 stim-
ulation; these mice had significantly fewer IL-6+ B cells at
8 weeks post depletion but at 12 weeks this effect was lost
and stimulation with anti-CD40 caused an increase in IL-6+ B
cells (ESM Fig. 4).

B cell co-stimulatory markers are downregulated during B cell
depletion To test the repopulating B cells for altered co-
stimulatory potential, we studied the expression of CD86
and CD80 on B cells following stimulation with LPS or
anti-CD40 (Fig. 4). 2H7-treated mice in both age groups
expressed significantly fewer CD19+CD80+ B cells when
stimulated with anti-CD40 during regeneration at 8 weeks
(Fig. 4b, d); this difference was less marked at 12 weeks.

More strikingly, significantly fewer B cells expressed CD86
during regeneration at 8 weeks, following the different stimuli
used in both age groups of mice (Fig. 4c, e). This reduction
was maintained at 12 weeks (when cells were fully
repopulated), particularly following stimulation with anti-
CD40, in mice aged 6–8 weeks. Unstimulated B cells from
2H7- and control antibody-treated mice at repopulation
(12 weeks) were used as antigen-presenting cells in a prolif-
eration assay to stimulate insulin-peptide-reactive CD8+ T
cells as responders. We observed no difference in carboxyflu-
orescein succinimidyl ester (CFSE) dilution as a measure of
proliferation of these CD8+ T cells (data not shown). At
30 weeks of age, whether unstimulated or stimulated, B cells
expressing CD86 in both age groups were comparable, al-
though fewer B cells expressed CD80 when stimulated with
anti-CD40 in 2H7-treated mice (ESM Fig. 5).

Effect of anti-CD20 on B cells in pancreatic islets We next
investigated the effects of anti-CD20 on local pancreatic islet
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B cells during B cell depletion and repopulation in mice aged
6–8 and 12–15 weeks. Significantly fewer B cells were isolat-
ed from the pancreatic islets of anti-CD20-treated mice in both
groups, as early as 24 h post antibody administration (Fig. 5a,
d and ESM Fig. 6a). At 12 weeks post treatment, B cells in the
islets of both groups had returned to the levels found in the
control antibody-treated mice. Consistent with B cells in the
spleen, a downregulation of IL-10 was observed (Fig. 5b, e).
There were fewer IL-10+ B cells in 2H7-treated mice aged 12–
15 weeks, at both 8 and 12 weeks post depletion (p < 0.01 at
12 weeks). Unlike splenocytes, we observed no difference in
islet TGF-β+ B cells following 2H7 vs control antibody treat-
ment (Fig. 5c, f). We further phenotyped islet B cells at 12 and
30 weeks after depletion in mice aged 6–8 weeks (Fig. 5g–l;
for representative staining, see ESM Fig. 6b). Multivariable
analysis demonstrated that, at both 12 and 30 weeks post
depletion, there was no overall change in B cell phenotype
or difference between the proportions of the B cell subsets.
However, individual populations of IL-10+ and TGF-β+ B

cells were significantly reduced 12 weeks post depletion,
confirming our earlier analysis of peripheral cells. At 30weeks
post depletion, no significant difference was seen in the fre-
quencies of the B cells within the islets, confirming that B
cells had fully repopulated. However, less CD44 expression
was noted, indicating lower activation.

Anti-CD20 treatment influences T cell populations in the islet
microenvironment B cell depletion has been shown to induce
peripheral regulatory T cells (Tregs) after B cell regeneration.
We observed no differences in CD4+ or CD8+ T cell numbers
in mouse islets following anti-CD20 vs control antibody treat-
ment (Fig. 6a–d), at any point during depletion (24 h, 8 weeks
and 12 weeks; for representative staining see ESM Fig. 7a) or
at 30 weeks post depletion (data not shown). Thus, B cell
depletion did not affect T cell homing to the pancreas.
However, the effect of anti-CD20 treatment on CD4+ and
CD8+ Tcells was significantly greater in islets frommice aged
6–8 weeks vs 12–15 weeks (Fig. 6e–l). In the younger mice,
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during B cell depletion and regeneration (8 and 12 weeks,
respectively) both IFN-γ+ (Fig. 6e, g) and, surprisingly, IL-
10+ (Fig. 6f, h) CD4+ T cells were significantly reduced. Islet-
infiltrating CD8+ T cells also significantly downregulated
IFN-γ production during B cell regeneration at 12 weeks
(Fig. 6i, k), accompanied by a decrease in CD107a expression
(Fig. 6j, l) representing cytotoxic degranulation on stimula-
tion, although this was not statistically significant. Both
IFN-γ and CD107a expression in CD8+ T cells from 12- to
15-week-old treated mice were comparable.

Multivariable analysis of CD4+ T cells revealed a shift in the
local proinflammatory environment We examined activation
(CD44, CD69, PD-1) and cytokine production (IFN-γ,
TGF-β, IL-10) of pancreatic CD4+ T cells during B cell re-
population (for representative staining, see ESM Fig. 7b). Islet
CD4+ T cells from anti-CD20 antibody-treated mice aged
6–8 weeks were examined at 12 weeks and 30 weeks after B

cell depletion, when complete B cell regeneration had oc-
curred (Fig. 7). We observed significant differences in CD4+

Tcell composition at 12 weeks post B cell depletion (p < 0.05)
(Fig. 7a, c), although CD4+ T cell subsets were comparable at
30 weeks (Fig. 7b, d). The CD4+ T cell subsets at 12 weeks
post treatment had a less-activated phenotype, characterised
by fewer CD44+CD4+ T cells, which lacked functional ex-
pression of IFN-γ; however, there was no enrichment of IL-
10+ or TGF-β+CD4+ T cells (Fig. 7e). At 30 weeks post de-
pletion, there were still significantly fewer IFN-γ+CD4+ T
cells in 2H7-treated mice than in control IgG-treated mice
(Fig. 7f). Here, the CD69 increase may be a result of altered
kinetics and an increase in new CD4+ T cells that home to the
tissue and encounter a proinflammatory environment.

B cell depletion affects islet-associated CD8+ T cells long after
treatmentWe next analysed the impact of B cell depletion on
local CD8+ T cells in the islets of hCD20/NOD mice aged
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6–8 weeks, focusing on the islet environment during repopu-
lation (Fig. 8; see ESM Fig. 8 for representative staining).
Particularly striking, was the high influx of heterogeneous
CD8+ T cell subsets into the pancreatic islets after initial dam-
age has occurred [23, 24]. At 12 weeks post depletion, islet-
infiltrating CD8+ T cells significantly differed in their compo-
sition (Fig. 8a, c) and were characterised by a lack of effector
function typified by less CD44 expression coupled with de-
creased IFN-γ and CD107a production, confirming our earlier
observations (Fig. 8e) (p < 0.05). As with islet CD4+ T cells,
we observed an increase in CD69+CD8+ T cells in the 2H7-
treated mice, which may represent naive CD8+ T cell subsets
being activated locally.

At 30 weeks post treatment, islet CD8+ T cell subsets were
comparable; although there were fewer activated CD8+ T

cells, this was not statistically significant (Fig. 8b, d).
Interestingly, CD8+ T cells expressing CD103 and CD69,
which indicate a tissue-resident memory (TRM) CD8 T cell
phenotype and are associatedwith controlling tissue immunity
after infection [25], were enriched in the islets of 2H7-treated
mice (Fig. 8f).

Discussion

In the current study, we observed changes in the inflammatory
islet environment during B cell regeneration and these persisted
long after anti-CD20 treatment. We demonstrated a significant
decrease in effector function of CD4+ and CD8+ T cells, with a
reduction in IFN-γ production, correlated with a
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downregulation of activation markers. These changes were
more pronounced in mice aged 6–8 weeks vs 12–15 weeks,
possibly reflecting the difference in lymphocyte behaviour re-
cently demonstrated in islets in NOD mice before and after
insulitis [26]. B cell depletion also reduced the expression of
CD80 and CD86 on peripheral B cells when stimulated during
the B cell regeneration period in the hCD20/NOD mouse mod-
el.Moreover, B cells with a regulatory phenotype were depleted
in the periphery and were not increased following regeneration.

As reported previously, we demonstrated that anti-CD20
treatment, in this transgenic system, successfully targets the
B cells in peripheral and local tissue [7]. Although all B cell
populations were depleted, transitional- and marginal-zone B
cells were more susceptible (not due to different hCD20 ex-
pression, data not shown). Our work supports some previous
findings [5] but differs from other work indicating that the
follicular zone was targeted more readily [20, 27]. This may
be due to different mouse genetic background [27] and the
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Fig. 8 B cell depletion affects CD8+ T cells long after repopulation.
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analysis of CD8+ T cell markers at 12 weeks (a, c) and 30 weeks post
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different monoclonal antibody used [20]. Our data, consonant
with other studies, demonstrated the depletion of regulatory B
cell populations in the marginal zone and T2 compartments,
CD1dhiCD5+ and CD24hiCD38hi subsets, along with other B
cells (data not shown). B cells with regulatory potential were
not spared after B cell depletion. However, TGF-β+ B cells
were proportionally significantly increased during depletion,
although the percentages were small, whereas IL-10 produc-
tion from B cells was not enriched during B cell regeneration
under our experimental conditions. Furthermore, Breg subsets
were not enriched during regeneration. This corroborated our
earlier findings in the BDC2.5 transgenicmousemodel, show-
ing that CD1d− B cells are more protective than CD1d+ B
cells, dependent on cell–cell contact, but not IL-10 [14].
Therefore, B cells may confer protection after B cell depletion,
but not via a typical Breg IL-10-mediated mechanism, even
though overall anti-CD20 depletion, including depletion of
the IL-10-producing B cells, increases the T cell activation
observed immediately after B cell depletion [5, 14].
However, B cells located in the peritoneum are spared from
depletion [28] and it is known that these cells (B-1) can pro-
duce IL-10 [29]. We did not examine peritoneal B cells, so the
ability of these cells to contribute to regulation of the immune
response cannot be ruled out.

We observed a reduction in both CD86 and CD80 co-
stimulatory molecules upon stimulation, more strikingly with
anti-CD40, during repopulation of B cells in 2H7-treated
mice. Lack of CD86 expression can impair T cell activation,
specifically in NOD mice [30]. Others have shown that
CD80/86 expression on B cells is essential for activating
proteoglycan-specific autoreactive T cells in an arthritic
mouse model [31]. Anti-CD20 B cell depletion influenced
the immunostimulatory environment in the secondary lym-
phoid organs, marked by a reduced expression of
CD86/CD80 along with MHC class II, in a marmoset model
of autoimmune encephalomyelitis [32]. When we examined
regenerated B cells after full repopulation (12 weeks after
depletion), we found no functional difference in the ability
of the B cells from 2H7-treated mice to present insulin-
specific peptide to insulin-specific CD8+ T cells in the prolif-
erative assay that we employed (data not shown). However,
because cells were not tested at an earlier time point during
regeneration, we cannot discount the possibility that lack of
co-stimulatory molecules alters antigen presentation in vivo
during the regeneration period. This is indicated, indirectly, by
the effects observed in the islets.

In human clinical trials, beta cell function is temporarily
preserved after B cell depletion [33] but the effects on pancre-
atic immune cell infiltrate during B cell repopulation cannot
be studied. Our current study showed a 10 week delay in onset
of diabetes, although following extended observation, the end-
point was not statistically significant, in keeping with the hu-
man observations that B cell depletion delays disease

progression. Our current study gives an important insight into
the treatment effects on pancreatic islets, which are ultimately
the target of protection. Interestingly, we showed no enrich-
ment of IL-10 or TGF-β from B cells in the islets of
anti-CD20-treated mice. The IL-10+ B cell population was
downregulated at 12 weeks post treatment but was compara-
ble with that in the control mice long after repopulation.
Overall, the regulatory phenotype of B cells in islets was not
altered by anti-CD20 treatment. Previously, it has been report-
ed that islet B cells become CD20−CD138+ plasma cells after
anti-CD20 treatment [20]. While murine CD20 expression
was not studied here, we demonstrated significant B cell de-
pletion in 12- to 15-week-old mice, which have established
insulitis. CD86/80 expression has been described in the islet B
cells previously, along with the production of TNF-α [34].
Though not specifically addressing the levels of
CD80/CD86 or TNF-α on islet B cells after anti-CD20 treat-
ment, we did not observe any IFN-γ production from either
control IgG- or 2H7-treated mice (data not shown).

B cell depletion affects T cell regulation [5, 14, 35]. No
obvious differences in total T cells were observed, supporting
the human anti-CD20 depletion studies [5]. However, we did
demonstrate that both effector CD4+ and CD8+ islet-
infiltrating T cells were downregulated, including inflamma-
tory IFN-γ production. This supports the notion that B cell
depletion modulates T cell responses [5, 14]. While regulatory
T cells are enriched during B cell repopulation [7, 8], we did
not observe enrichment of IL-10 or TGF-β in islet-infiltrating
cells; in fact IL-10+CD4+ T cells were downregulated. Thus,
local Tregs may operate through IL-10- and TGF-β-
independent mechanisms. In mice, peripheral T cells have
decreased effector cytokines [8] and macrophages from
2H7-treated mice do not present antigen to T cells as efficient-
ly as untreated macrophages [7]. Furthermore, CD11b+GR1+

myeloid-derived suppressor cells are induced post B cell de-
pletion, dependent on a cell–cell contact mechanism indepen-
dent of IL-10 [15]. Here, we show that B cell depletion direct-
ly affects the Tcell composition of the islet infiltrate, long after
the repopulation of B cells, possibly as a result of B cell–
macrophage or B cell–dendritic cell crosstalk occurring direct-
ly in the pancreas.

We speculate that other mechanisms may play a role in the
pancreatic islets. CD44 is an important mediator in inflamma-
tion [36] and anti-CD44 antibody successfully delays the on-
set of diabetes in the NOD mouse [37]. Long after B cell
depletion, decreased CD44 expression on CD8+ T cells may
contribute to the protection seen in B cell-depleted animals,
especially as the ligand for CD44 (hyaluronic acid) is
expressed in islets during inflammation [37]. Furthermore,
we observed an increase in CD69+CD103+CD8+ T cells,
which may be a regulatory CD8+ T cell population in the
islets, long after antibody treatment and B cell repopulation.
This specialised CD8+ T cell (TRM) population, found in
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tissues after viral infections, can control local immunity [38].
It is possible that these cells may also play a role in inflam-
matory disease [25] and autoimmunity. Interestingly, this TRM

population has recently been identified in individuals newly
diagnosed with type 1 diabetes [39].

Our data is consonant with findings made in a small num-
ber of participants in the TrialNet study, showing maintenance
of increased frequencies of autoreactive and polyreactive B
cells before and after anti-B cell therapy (1 year) [6]. Thus,
therapeutic efficacy for the limited time studied was not relat-
ed to maintaining depletion of autoreactive B cells or increase
in regulatory B cell subsets. Anti-B cell therapy with rituxi-
mab is one of the few immunotherapeutic strategies trialled
thus far in humans that has shown transient efficacy in
delaying the decline of C-peptide, along with anti-CD3, anti-
LFA1 and CTLA4-Ig [40–43]. It is likely that more than one
therapeutic strategy will be required for effective immunother-
apy of type 1 diabetes. Ideally, this would encompass agents
with differing mechanisms to complement each other (e.g.
depletion of autoreactive lymphocytes, while increasing en-
dogenous regulation). Our results, indicating that islet-
targeting CD8+ T cells may be more affected by the B cell
treatment, suggest that a potential adjunct therapy to rituximab
could be one that maintains these changes in CD8+ T cells.

In conclusion, we show potential new mechanisms in the
local tissue that may contribute to delay in diabetes onset
following B cell depletion therapy at an early age. Further
investigation is ongoing to dissect these mechanisms, both
during and after B cell depletion. However, a key point is that
removal of B cells alters effector T cells, either directly or
through an antigen-presenting cell population, in the pancre-
atic islets.

Data availability The datasets generated and/or analysed during the cur-
rent study are available from the corresponding author on reasonable
request.

Funding This study was funded by the Medical Research Council (MR/
K021141/1) and CNPq (Conselho Nacional de Pesquisa, Brazil, grant no.
245609/2012-1).

Duality of interest The authors declare that there is no duality of interest
associated with this manuscript.

Contribution statement LCDR, JB, LW and FSW designed the study
and wrote and edited the manuscript. LCDR, JB, JD and EDL performed
the experiments and analysed the data. All authors reviewed and ap-
proved the manuscript. FSW is the guarantor of this work.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

1. Herold KC, Vignali DA, Cooke A, Bluestone JA (2013) Type 1
diabetes: translating mechanistic observations into effective clinical
outcomes. Nat Rev Immunol 13:243–256

2. PescovitzMD, GreenbaumCJ, Bundy B et al (2014) B-lymphocyte
depletion with rituximab and β-cell function: two-year results.
Diabetes Care 37:453–459

3. Pescovitz MD, Torgerson TR, Ochs HD et al (2011) Effect of ri-
tuximab on human in vivo antibody immune responses. J Allergy
Clin Immunol 128:1295–1302

4. Yu L, Herold K, Krause-Steinrauf H et al (2011) Rituximab selec-
tively suppresses specific islet antibodies. Diabetes 60:2560–2565

5. Herold KC, Pescovitz MD, McGee P et al (2011) Increased T cell
proliferative responses to islet antigens identify clinical responders
to anti-CD20 monoclonal antibody (rituximab) therapy in type 1
diabetes. J Immunol 187:1998–2005

6. Chamberlain N, Massad C, Oe T, Cantaert T, Herold KC, Meffre E
(2016) Rituximab does not reset defective early B cell tolerance
checkpoints. J Clin Invest 126:282–287

7. Hu CY, Rodriguez-Pinto D, Du W et al (2007) Treatment with
CD20-specific antibody prevents and reverses autoimmune diabe-
tes in mice. J Clin Invest 117:3857–3867

8. Fiorina P, Vergani A, Dada S et al (2008) Targeting CD22 repro-
grams B cells and reverses autoimmune diabetes. Diabetes 57:
3013–3024

9. Xiu Y, Wong CP, Bouaziz JD et al (2008) B lymphocyte depletion
by CD20 monoclonal antibody prevents diabetes in nonobese dia-
betic mice despite isotype-specific differences in Fc gamma R ef-
fector functions. J Immunol 180:2863–2875

10. Mariño E, Batten M, Groom J et al (2008) Marginal-zone B cells of
nonobese diabetic mice expand with diabetes onset, invade the
pancreatic lymph nodes, and present autoantigen to diabetogenic
T cells. Diabetes 57:395–404

11. Wang Q, Racine JJ, Ratiu JJ et al (2017) Transient BAFF blockade
inhibits type 1 diabetes development in nonobese diabetic mice by
enriching immunoregulatory B lymphocytes sensitive to deletion
by anti-CD20 cotherapy. J Immunol 199:3757–3770

12. Zekavat G, Rostami SY, Badkerhanian A et al (2008) In vivo
BLyS/BAFF neutralization ameliorates islet-directed autoimmunity
in nonobese diabetic mice. J Immunol 181:8133–8144

13. Sarikonda G, Sachithanantham S, Manenkova Y et al (2013)
Transient B cell depletion with anti-CD20 in combination with
proinsulin DNA vaccine or oral insulin: immunologic effects and
efficacy in NOD mice. PLoS One 8:e54712

14. Xiang Y, Peng J, Tai N et al (2012) The dual effects of B cell
depletion on antigen-specific T cells in BDC2.5NOD mice. J
Immunol 188:4747–4758

15. Hu C, Du W, Zhang X, Wong FS, Wen L (2012) The role of Gr1+

cells after anti-CD20 treatment in type 1 diabetes in nonobese dia-
betic mice. J Immunol 188:294–301

16. Hu C, Ding H, Zhang X, Wong FS, Wen L (2013) Combination
treatment with anti-CD20 and oral anti-CD3 prevents and reverses
autoimmune diabetes. Diabetes 62:2849–2858

17. Ahuja A, Shupe J, Dunn R, Kashgarian M, Kehry MR, Shlomchik
MJ (2007) Depletion of B cells in murine lupus: efficacy and resis-
tance. J Immunol 179:3351–3361

18. Betts MR, Brenchley JM, Price DA et al (2003) Sensitive and
viable identification of antigen-specific CD8+ T cells by a flow
cytometric assay for degranulation. J Immunol Methods 281:65–78

19. Roederer M, Nozzi JL, Nason MC (2011) SPICE: exploration and
analysis of post-cytometric complex multivariate datasets.
Cytometry A 79:167–174

Diabetologia (2018) 61:1397–1410 1409



20. Serreze DV, Chapman HD, Niens M et al (2011) Loss of intra-islet
CD20 expression may complicate efficacy of B cell-directed type 1
diabetes therapies. Diabetes 60:2914–2921

21. Tian J, Zekzer D, Hanssen L, Lu Y, Olcott A, Kaufman DL (2001)
Lipopolysaccharide-activated B cells down-regulate Th1 immunity
and prevent autoimmune diabetes in nonobese diabetic mice.
J Immunol 167:1081–1089

22. Parekh VV, Prasad DV, Banerjee PP, Joshi BN, Kumar A, Mishra
GC (2003) B cells activated by lipopolysaccharide, but not by anti-
Ig and anti-CD40 antibody, induce anergy in CD8+ T cells: role of
TGF-β1. J Immunol 170:5897–5911

23. Calderon B, Carrero JA, Miller MJ, Unanue ER (2011) Entry of
diabetogenic T cells into islets induces changes that lead to ampli-
fication of the cellular response. Proc Natl Acad Sci U S A 108:
1567–1572

24. Magnuson AM, Thurber GM, Kohler RH,Weissleder R, Mathis D,
Benoist C (2015) Population dynamics of islet-infiltrating cells in
autoimmune diabetes. Proc Natl Acad Sci U S A 112:1511–1516

25. Park CO, Kupper TS (2015) The emerging role of resident memory
T cells in protective immunity and inflammatory disease. Nat Med
21:688–697

26. Mohan JF, Kohler RH, Hill JA, Weissleder R, Mathis D, Benoist C
(2017) Imaging the emergence and natural progression of sponta-
neous autoimmune diabetes. Proc Natl Acad Sci U S A 114:E7776–
E7785

27. Gong Q, Ou Q, Ye S et al (2005) Importance of cellular microen-
vironment and circulatory dynamics in B cell immunotherapy.
J Immunol 174:817–826

28. Hamaguchi Y, Uchida J, Cain DWet al (2005) The peritoneal cavity
provides a protective niche for B1 and conventional B lymphocytes
during anti-CD20 immunotherapy in mice. J Immunol 174:4389–
4399

29. Maseda D, Candando KM, Smith SH et al (2013) Peritoneal cavity
regulatory B cells (B10 cells) modulate IFN-γ+CD4+ T cell num-
bers during colitis development in mice. J Immunol 191:2780–
2795

30. Dahlén E, Hedlund G, DaweK (2000) LowCD86 expression in the
nonobese diabetic mouse results in the impairment of both T cell
activation and CTLA-4 up-regulation. J Immunol 164:2444–2456

31. O’Neill SK, Cao Y, Hamel KM, Doodes PD, Hutas G, Finnegan A
(2007) Expression of CD80/86 on B cells is essential for

autoreactive T cell activation and the development of arthritis.
J Immunol 179:5109–5116

32. Kap YS, van Driel N, Laman JD, Tak PP, ‘t Hart BA (2014) CD20+

B cell depletion alters T cell homing. J Immunol 192:4242–4253
33. Pescovitz MD, Greenbaum CJ, Krause-Steinrauf H et al (2009)

Rituximab, B-lymphocyte depletion, and preservation of beta-cell
function. N Engl J Med 361:2143–2152

34. Hussain S, Delovitch TL (2005) Dysregulated B7-1 and B7-2 ex-
pression on nonobese diabetic mouse B cells is associated with
increased T cell costimulation and the development of insulitis.
J Immunol 174:680–687

35. Kap YS, van Driel N, Blezer E et al (2010) Late B cell depletion
with a human anti-human CD20 IgG1κ monoclonal antibody halts
the development of experimental autoimmune encephalomyelitis in
marmosets. J Immunol 185:3990–4003

36. Assayag-Asherie N, Sever D, BogdaniM et al (2015) Can CD44 be
a mediator of cell destruction? The challenge of type 1 diabetes.
PLoS One 10:e0143589

37. Weiss L, Slavin S, Reich S et al (2000) Induction of resistance to
diabetes in non-obese diabetic mice by targeting CD44 with a spe-
cific monoclonal antibody. Proc Natl Acad Sci U S A 97:285–290

38. Jiang X, Clark RA, Liu L, Wagers AJ, Fuhlbrigge RC, Kupper TS
(2012) Skin infection generates non-migratory memory CD8+

T(RM) cells providing global skin immunity. Nature 483:227–231
39. Kuric E, Seiron P, Krogvold L et al (2017) Demonstration of tissue

resident memory CD8+ T cells in insulitic lesions in adult patients
with recent-onset type 1 diabetes. Am J Pathol 187:581–588

40. Orban T, Bundy B, Becker DJ et al (2014) Costimulation modula-
tion with abatacept in patients with recent-onset type 1 diabetes:
follow-up 1 year after cessation of treatment. Diabetes Care 37:
1069–1075

41. RigbyMR, Harris KM, Pinckney A et al (2015) Alefacept provides
sustained clinical and immunological effects in new-onset type 1
diabetes patients. J Clin Invest 125:3285–3296

42. Keymeulen B, Vandemeulebroucke E, Ziegler AG et al (2005)
Insulin needs after CD3-antibody therapy in new-onset type 1 dia-
betes. N Engl J Med 352:2598–2608

43. HagopianW, Ferry RJ, Sherry N et al (2013) Teplizumab preserves
C-peptide in recent-onset type 1 diabetes: two-year results from the
randomized, placebo-controlled Protégé trial. Diabetes 62:3901–
3908

1410 Diabetologia (2018) 61:1397–1410


	B cell depletion reduces T cell activation in pancreatic islets in a murine autoimmune diabetes model
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Results
	Discussion
	References


