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Introduction
Strong evidence indicates that an imbalance between autoreactive and Tregs plays a key role in pathogene-
sis of  type 1 diabetes (T1D) in animal models (1–3), as well as in humans (4–6). The initiation of  this dis-
ease is dependent on the activity of  both CD4+ and CD8+ T cells (7–12), with evidence of  Tregs modulating 
the onset of  diabetes in both NOD mice and humans (13–15). While it is clear that T cells are the primary 
effectors of  pathogenesis in T1D (16, 17), increasing evidence also supports an important role for B cells in 
disease development, both as autoantibody producers and antigen presenters (18–21).

B cells play a fundamental role in autoimmune disorders (22, 23). Antibodies specific for insulin and 
other pancreatic autoantigens are well-documented hallmarks of  T1D (24). In patients with recent onset 
of  T1D, depletion of  B cells with anti-CD20 therapy slowed the decline of  islet β cell function, although 
long-term effects were less robust (25, 26). Hence, evidence for the contribution of  B cells to T1D is clear; 
however, their specific mechanisms of  promoting disease pathogenesis requires further investigation.

Similar to T cell compartment, some B lymphocyte subsets act as crucial regulators in autoimmune dis-
orders (27–31). Our results suggest that a change in the regulatory capacity of  B cells is a major contributor 
to diabetes development and progression.

In particular, we investigated age-related differences in the ability of  B cells to control diabetes devel-
opment in an adoptive transfer model using NOD.scid recipient mice. Adoptive transfer experiments using 
splenocytes from diabetic NOD female donors into immunodeficient syngeneic recipients, NOD.scid mice, 
were performed to assess whether diabetes progression was affected by the presence or absence of  CD19+ 
cells (32, 33). B cells from younger NOD mice conferred protection, while those from older counterparts 
were ineffective. Differences were found between IgM+ and IgM– B cell subsets. IL-10 was an important 
factor in protection in a Treg-independent manner, and IL-5 stimulation in vitro enhanced the proliferation 
and IL-10 production of  B cells from young NOD mice. These data provide the foundation for studying 

We describe a protective effect on autoimmune diabetes and reduced destructive insulitis in 
NOD.scid recipients following splenocyte injections from diabetic NOD donors and sorted CD19+ 
cells compared with NOD.scid recipients receiving splenocytes alone. This protective effect was age 
specific (only CD19+ cells from young NOD donors exerted this effect; P < 0.001). We found that the 
CD19+IgM+ cell is the primary subpopulation of B cells that delayed transfer of diabetes mediated 
by diabetogenic T cells from NOD mice (P = 0.002). Removal of IgM+ cells from the CD19+ pool did 
not result in protection. Notably, protection conferred by CD19+IgM+ cotransfers were not dependent 
on the presence of Tregs, as their depletion did not affect their ability to delay onset of diabetes. 
Blockade of IL-10 with neutralizing antibodies at the time of CD19+ cell cotransfers also abrogated 
the therapeutic effect, suggesting that IL-10 secretion was an important component of protection. 
These results were strengthened by ex vivo incubation of CD19+ cells with IL-5, resulting in enhanced 
proliferation and IL-10 production and equivalently delayed diabetes progression (P = 0.0005). The 
potential to expand CD19+IgM+ cells, especially in response to IL-5 stimulation or by pharmacologic 
agents, may be a new therapeutic option for type 1 diabetes.
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changes in the functions of  regulatory B cells over time and a potentially novel mechanism for inducing the 
suppressive capabilities of  regulatory B cells using IL-5–induced IL-10 production.

Results
Diabetes is significantly delayed in an adoptive transfer model following injections of  MHC-compatible CD19+ cells 
from young donor NOD mice. Splenocytes isolated from MHC-compatible diabetic female NOD mice were 
i.v. injected into 6-week-old NOD.scid recipient female mice. NOD.scid recipients receiving single transfers 
of  diabetic splenocytes started to develop T1D at day 20 after transfer (Figure 1A). Cotransfer experiments 
were performed on day 6 and day 12 using CD19+ cells purified from 6-week-old prediabetic female NOD 
mice to create a boosted B cell pool mimicking the young prediabetes phase of  the NOD donor. We observed 
a strikingly significant delay in progression to autoimmune diabetes in NOD.scid recipients when purified 
splenic CD19+ cells from 6-week-old NOD mice were cotransferred (Figure 1A; P < 0.0001). By day 40 
after transfer, 100% of  the NOD.scid recipients receiving diabetic splenocytes alone had progressed to overt 
diabetes, while 100% of  NOD.scid CD19+ cotransfer recipients were still normoglycemic (Figure 1A). CD4+ 
and CD8+ T cell populations (gated initially on CD3+CD19–) were not significantly different after the recon-
stitution process in NOD.scid recipients receiving either NOD splenocytes alone or CD19+ cotransfers (Fig-
ure 1B). Further analysis of  the B cells from 6-week-old NOD female mice and matching C57BL/6 and 
Balb/c controls found that NOD mice have an increased number of  CD19+IgM+CD5hiCD1dlo traditionally 
described as Bregs in NOD mice as compared with control strains (Figure 1C) (34–37). Analysis of  the 
CD3+CD4+ Th repertoire within the spleen revealed a normal distribution of  Th1 (IFN-γ–secreting) and 
Th17 (IL-17A–secreting) T cells, with most of  the T cells in the spleen of  both NOD.scid recipient popula-
tions containing a majority of  Th1 pool (Figure 1D), as established in the literature (38, 39).

To investigate the possible effect of  age, cotransfer experiments were executed by using splenocytes 
from diabetic NOD donors combined with CD19+ B cells from either 6-week- or >15-week-old nondi-
abetic female NOD mice (15). While a similar delay in onset as the previous experiment was observed 
when CD19+ cells from young donors were cotransferred, NOD.scid recipients of  CD19+ cells from 
>15-week-old nondiabetic NOD donors had a similar rate of  diabetes progression compared with recip-
ients of  splenocytes alone obtained from NOD diabetic donors (Figure 2A). These are the first observa-
tions to our knowledge demonstrating that >15-week-old NOD female donors can transfer diabetes with-
in the same amount of  time as an already-diabetic NOD female donor. Further analysis of  the CD19+ 
B cell pool taken from the spleen (Figure 2B) found an increased number of  antigen-presenting capable 
marginal zone (MZ) B cells (48.4%) and MZ precursors (16.7%) as a percentage of  the total CD19+IgMhi 
B cell population in the young prediabetic NOD female mice, as compared with older >15-week-old 
NOD mice whose B cell repertoire skewed more highly to an antibody-producing follicular (FO) (54.5%) 
phenotype, with significantly fewer MZ (15.7%).

Concurrent with the development of  T1D, insulitis was significantly reduced following cotransfer of  
CD19+ cells as compared with diabetic control transfers. The administration of  splenocytes from a NOD 
diabetic donor, in addition to CD19+ cells from 6-week-old NOD donors, resulted in decreased severity of  
insulitis as compared with adoptive transfers involving splenocytes alone from a NOD diabetic donor (Fig-
ures 3, A–D). Insulitis scoring analysis showed that there were major differences between recipient groups 
observed at both ends of  the scoring scale (scores of  1 versus 4), with the mice receiving CD19+ cells from 
6-week-old donors having significantly more islets with little to no insulitis as compared with the other 
treatment options (P = 0.005), as well as fewer statistically significant islets scoring a 4 with greater than 
50% islet infiltration (P < 0.0001) (Figure 3E).

We then measured proinflammatory cytokines IL-1β, TNF-α, IFN-γ, and IL-17 (Figures 3, F–I), as 
well as Th2-mediated and antiinflammatory cytokines IL-4 and IL-10 (Supplemental Figure 1, C and D; 
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.99860DS1) 
(40). NOD.scid recipients receiving splenocytes and CD19+ cells from a 6-week-old NOD donor had no 
measurable IL-1β level as compared with any other transfer group (Figure 3F; P < 0.001). Conversely, 
we found no significant differences in circulating IL-1β in NOD.scid recipients of  >15-week-old CD19+ 
cells compared with mice that received MHC-compatible splenocytes from diabetic mice only. We also 
looked at unstimulated IL-10 secretion, and we found no detectable serum levels of  IL-10 (Supple-
mental Figure 1D). In combination with the IL-1β results, we assessed the presence of  macrophages 
to determine whether the undetectable IL-1β level was related to a reduced macrophage pool (41).  
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M1 macrophages, which are important for islet destruction during the autoimmune attack, were gat-
ed as CD11c–CD16/32+Mac-1+F4/80+ (Supplemental Figure 1A). The percentages across the differ-
ent treatment groups were converted to total cell number by normalizing to the overall splenocyte 
counts and compared against one another. We found no statistically significant difference in the result-
ing M1 macrophage pool, whether NOD.scid recipients had received 6-week-old donor CD19+ cells, 
CD19+ cells from >15-week-old NOD mice, or diabetic splenocytes only (Supplemental Figure 1B).  

Figure 1. Adoptive transfer of diabetes is significantly delayed in the presence of purified CD19+ cell cotransfers. (A) Survival plots for comparison 
between female NOD.scid mice (n = 44) receiving splenocytes taken from a diabetic NOD female donor (n = 22, dashed line), or the same splenocytes 
plus bead-purified CD19+ cells from 6-week-old prediabetic NOD female mice (n = 22, solid line). Results analyzed using the Mantel-Cox Log Rank test 
for survivability (****P < 0.0001). (B) Representative staining of reconstitution after adoptive transfer with CD3 and CD19 markers on splenocytes from 
NOD.scid transfer recipients. Cells initially gated on CD3+CD19– to illustrate differences in CD4 and CD8 specific T cell populations. (C) Flow analysis of tra-
ditional regulatory B cell markers using 6-week-old female NOD, C57BL/6, and Balb/c mice. Splenocytes were gated on CD19+IgM+ cells and then stained 
for CD5 and CD1d. (D) Intracellular T cell levels after 6 hours of stimulation with PMA and Ionomycin. Splenocytes from NOD.scid recipients following 
adoptive transfers were analyzed for resulting T cells by gating on CD3+CD4+ and then intracellularly gating on IFN-γ and IL-17A.
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These data suggest that the changes in peripheral IL-1β are not due to a lack of  available macrophages 
in the 6-week-old CD19+ cell cotransfer recipients.

The CD19+IgM+ cell is the primary cell subpopulation of  B cells that delayed adoptive transfer of  diabetes mediated 
by diabetogenic T cells from NOD mice. In order to further study the effects of  the 6-week-old CD19+ cell pool, 
adoptive transfers of  NOD splenocytes from diabetic donors into 6-week-old NOD.scid recipients were evalu-
ated using a dual selection mechanism whereby splenocytes from 6-week-old female NOD mice were selected 
as CD19+ cells and were then purified again to separate out the IgM+ and IgM– subgroup of  CD19+ cells. 
We were able to increase the CD19+IgM+ pool, while our CD19+IgM– control transfers had nearly complete 
removal of  the IgM+ population (data not shown). This protocol had the added benefit of  further separating 
mature FO B cells with low IgM expression away from mucosal B-1 B cells, immature B cells, and marginal 
zone (MZ) B cells that have higher surface IgM expression (42, 43). NOD.scid recipients were followed for 

Figure 2. Age of the CD19+ cell pool affects ability to delay diabetes onset after adoptive cotransfers. (A) Survival curve comparing female NOD.scid mice 
(n = 26) receiving splenocytes from a diabetic NOD female donor (n = 9, dashed line), splenocytes and purified CD19+ cells from 6-week-old NOD female 
donors (n = 9, solid line), and splenocytes plus purified CD19+ cells from female NOD donors older than 15 weeks (n = 8, dotted line). Group comparisons 
performed using the Mantel-Cox Log Rank test for survivability (DM NOD vs. 6-wk-old CD19+, P = 0.0002; DM NOD vs. >15-week-old CD19+, P = 0.0976; and 
6-week-old CD19+ vs. >15-week-old CD19+, P = <0.0001). (B) B cell repertoire of CD19+IgM+ cells spleen of NOD female mice at either 5 weeks or 16 weeks of 
age. Cells initially gated on CD19+IgM+ and then subgated by CD21/35 and CD23.
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Figure 3. CD19+ cells cotransferred from 6-week-old NOD donors into NOD.scid recipients leads to decreased islet infiltration. Representative islets 
for each group after staining with H&E. Images captured at 40× magnification. (A) Untreated 10-week-old NOD.scid female. (B) Diabetic NOD.scid 
recipient receiving only splenocytes from a diabetic NOD female donor. (C) Diabetic NOD.scid recipient receiving cotransfers of diabetic splenocytes 
and CD19+ cells purified from a 6-week-old prediabetic NOD female. (D) Diabetic NOD.scid recipient receiving cotransferred diabetic splenocytes and 
CD19+ cells from a NOD female mouse older than 15 weeks of age. (E) Insulitis scoring results from pancreatic sections stained with H&E of NOD.scid 
recipients that received either diabetic splenocytes (n = 9 mice), splenocytes cotransferred with bead-purified CD19+ cells from 6-week-old NOD 
donors (n = 9 mice), or splenocytes cotransferred with CD19+ cells purified from >15-week-old NOD female donors (n = 8 mice). Islets were individually 
scored on a 1–4 scale of increasing insulitis severity, and the percentage of each score as a part of the whole was graphically represented. Islets scor-
ing a 1 resulted in P = 0.0051, and islets scoring a 4 resulted in P < 0.0001 when compared using 2 × 2 contingency tables and a χ2 analysis. Serum was 
collected from NOD.scid recipients receiving either splenocytes from a diabetic NOD donor, diabetic splenocytes and CD19+ cells from 6-week-old NOD 
donors, or splenocytes from a diabetic NOD donor with CD19+ cells from >15-week-old NOD donors. The presence of (F) IL-1β, (G) TNF-α, (H) IFN-γ, (I) 
IL-17 was measured by ELISAs across the multiple treatment groups (**P = 0.02).
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onset of  diabetes by blood glucose measurement and underwent the same endpoint analyses as during the 
other cotransfer experiments. We observed that dual-selected CD19+IgM+ cells resulted in a significant delay 
in diabetes onset in NOD.scid mice when compared with recipients that received splenocytes from a diabetic 
NOD donor (Figure 4A; P = 0.002). In contrast, removal of  the IgM+ subset of  CD19+ cells, as seen in the 
CD19+IgM– dual-selected group, ablated the protection conferred by the combined CD19+ pool of  cells.

Insulitis scoring analysis showed marked differences between mice receiving CD19+IgM+ cotransfers 
versus mice receiving splenocytes only or the removal of  IgM+ cells prior to cotransfer, with the differences 
being found by skewing the islet scores toward a 1 in the dual-sorted cotransfer recipients as compared with 
controls (Figure 4B). Furthermore, the B cell repertoire found within the pancreatic lymph nodes of  a repre-
sentative NOD.scid recipient receiving CD19+IgM+ B cells was very similar to the repertoire of  CD19+IgMhi 
cells from the NOD donors, with a majority of  cells belonging to either the MZ B cell pool or MZ precursors 
(Figure 4C). Immunofluorescent staining of  pancreatic sections showed heightened levels of  trafficked B 
cells within the islets of  mice receiving CD19+IgM+ cotransfers as compared with controls. When comparing 
prediabetic mice receiving splenocytes only (Figure 5A) as compared with CD19+IgM+ cotransfer recipients 
(Figure 5B) on day 20 after adoptive transfer, a greater number of  B cells can be observed, with more β cells 
being stained positive for the presence of  insulin. Most strikingly when comparing representative islets at the 
time of  euthanasia, the cotransfer recipient continued to have residual β cell function, the presence of  a few 
healthy insulin-producing islets, and trafficked B cells even 60 days after adoptive transfer (Figure 5D), while 
the matched splenocytes-only NOD.scid recipient control who developed diabetes on day 32 after transfer 
had almost no detectable insulin-positive β cells remaining (Figure 5C).

The CD19+IgM+ cells are still able to delay diabetes onset following depletion of  Tregs. We next determined 
if  cotransfer experiments of MHC-compatible splenocytes from NOD diabetic donors and CD19+IgM+ 
cells from 6-week-old NOD donors were capable of  inducing Treg expansion and possibly affecting 
diabetes onset through Tregs. We performed flow cytometry analyses to look for the presence of  CD3+C-
D4+CD25+FoxP3+ natural and inducible Tregs (Figure 6, A and B) and found no significant differences 
in terms of  the total number of  Tregs found between any of  the treatment groups (Figure 6B). The effect 
Tregs may have on the ability of  the CD19+IgM+ cotransfers to affect diabetes progression was assessed 
through Treg depletion experiments in which the diabetic splenocyte pool was depleted of  CD25+ Tregs 
prior to adoptive transfer into NOD.scid recipients and also in the CD19+IgM+ cotransfers. Noticeably, 
CD19+IgM+ cells can still delay diabetes onset in the NOD.scid recipients, even in the absence of  Tregs 
(Figure 6C; P < 0.0001). These findings reinforce the notion that the CD19+IgM+ cotransfers exhibit their 
protective effect on diabetes development independently from Tregs.

IL-10 secretion is critical for diabetes protection conferred by CD19+ cells. Regulatory B cells have several 
mechanisms by which they can suppress immune responses, with the best characterized being production 
of  IL-10 (37, 44, 45). While peripheral blood serum showed no circulating IL-10 (Supplemental Figure 
1D), it was important to establish whether or not IL-10 is associated with the protective effect of  our 
cotransfer model. Therefore, we performed cotransfer experiments in the presence of  either an anti–IL-10 
neutralizing mAb or an IgG isotype–matched antibody and determined changes in diabetes development 
following injection of  CD19+ cells harvested from 6-week-old NOD female donors (Figure 7A). Neutral-
ization of  secreted IL-10 using an IL-10 mAb effectively abrogated the protective effect of  the CD19+ cells. 
In contrast, recipients of  CD19+ cotransfers (namely NOD.scid mice that received an isotype-matched 
antibody) developed a delayed disease onset (P = 0.0005, when comparing NOD.scid cotransfer recipients 
receiving either IL-10 mAb or IgG isotype–matched antibody injections without B cell cotransfer). Serum 
collected at the time of  endpoint euthanasia verified that there was no circulating IL-10 in NOD.scid 
recipients receiving either the anti–IL-10 neutralizing mAb or IgG Isotype–matched control antibody. 
We ultimately sought to further characterize the level of  residual IL-10 by determining the percentage of  
CD19+IgM+IL-10+ B cells in the spleen of  NOD.scid recipients and found that these cotransfer recipients, 
even at the end of  the study, had an increased number of  IL-10+ B cells as compared with NOD.scid mice 
injected with splenocyte only (Figure 7B). These data suggest that IL-10 plays a significant role in the 
protective effect conferred by the CD19+IgM+ cell cotransfer experiments.

Previously published observations have shown that IL-5, in combination with CD40 receptor activa-
tion by its ligand CD40 ligand (CD40L), results in the expansion of  regulatory B cells, as well as IL-10 
production (46). However, the effect of  IL-5 has yet to be analyzed in the context of  T1D. In order to 
determine if  stimulating IL-10 production by the B cells prior to transfer would enhance their regulatory  
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ability and IL-10 secretory capabilities, we used magnetic bead-separated CD19+ B cells harvested from 
6-week-old NOD mice and cultured them in the presence of  CD40L plus IL-4, IL-5, a combination of  
both IL-4 and IL-5, or no cytokine. Our results demonstrate that CD19+ B cells from NOD mice rapidly 
proliferate in the presence of  IL-5 over that of  treatment with no additional cytokines or IL-4, as seen 
by 3H thymidine uptake in dividing cells (P = 0.003) (Figure 7C). This proliferation is dampened in the 

Figure 4. Dual-sorting B cells to purify CD19+IgM+ leads to increased protection over CD19+ single sorting, but removal of IgM+ cells inhibits the protective 
effect of CD19+ cell cotransfers. (A) Survival curve for group comparison between female NOD.scid mice receiving diabetic splenocytes (n = 6, solid line), sple-
nocytes plus CD19+ cells from 6-week-old NOD donors (n = 5, dashed line), splenocytes plus CD19+IgM+ dual-sorted cells from 6-week-old NOD donors  
(n = 8, dotted line), and splenocytes plus CD19+IgM– dual-sorted cells from 6-week-old NOD donors (n = 6, dot-dashed line). The population values represent 
number of diabetes-free mice at each time-point. (B) Insulitis scoring results from pancreatic sections stained with H&E of NOD.scid recipients that received 
either diabetic splenocytes (n = 6 mice), splenocytes cotransferred with bead-purified CD19+IgM+ cells from 6-week-old NOD donors (n = 8 mice), or splenocytes 
cotransferred with CD19+IgM– cells purified from 6-week-old NOD female donors (n = 6 mice). Islets were individually scored on a 1–4 scale of increasing insu-
litis severity, and the percentage of each score as a part of the whole was graphically represented. (C) B cell repertoire of CD19+IgM+ cells taken from the pancre-
atic lymph nodes of a NOD.scid recipient receiving dual-sorted CD19+IgM+ cells. Cells initially gated on CD19+IgM+ and then subgated by CD21/35 and CD23.

https://doi.org/10.1172/jci.insight.99860
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presence of  IL-4, which is known to stimulate FO B cell maturation over that of  MZ B cells (47–49). 
CD19+ B cells from NOD mice also showed vastly increased secretion of  IL-10 in vitro when stimulated 
with IL-5 whether the B cell pool was collected from 6-week-old female NOD mice or older diabe-
tes-prone 12-week-old NOD female donors (Figure 7D), although levels of  IL-10 secretion are higher in 
young 6-week-old NOD mice (P = 0.04).

We then evaluated whether the IL-10 (likely being secreted by IL-5 stimulated CD19+ cells) was 
capable of  delaying or preventing diabetes onset in NOD.scid recipients after adoptive transfer of  diabet-
ic splenocytes. Cotransfer experiments using IL-5–stimulated CD19+ cells induced a similar protective 
effect on diabetes pathogenesis in recipient mice, with 20% of  the NOD.scid recipients maintaining 
normal levels of  blood glucose even 60 days after adoptive transfer (Figure 8A). Notably, these results 
were highly significant (P = 0.0006), and even with a final boost at day 12 after adoptive transfer, 
some NOD.scid recipients were presenting with protection against disease onset. We also were able to 
detect increased IL-10 levels in the serum of  IL-5–stimulated CD19+ cotransfer recipients at endpoint 
as compared with diabetic controls up to 2 months after adoptive transfer (Figure 8B; P = 0.01). We 
then attempted to determine if  the spike in detectable IL-10 was due to upregulation in the number of  
CD3+CD4+CD25+FoxP3+ Tregs that can be activated to proliferate in the presence of  regulatory B cells. 
Nonetheless, flow cytometric analysis showed no changes in the Treg numbers in any of  the treatment 
groups, supporting our hypothesis that the IL-5–stimulated CD19+ cells are the source of  the endoge-
nous detectable IL-10 level (Figure 8C).

Histologic analysis in mice receiving IL-5–stimulated CD19+ cotransfers had less insulitis as com-
pared with NOD.scid recipients receiving diabetic splenocytes only (Figure 9, A–C). When scored, the 
IL-5–stimulated CD19+ cotransfer recipient NOD.scid mice had more islets scoring with a 1, and fewer 
with a 4, as compared with age-matched control NOD.scid recipients (Figure 9C). Finally, immunoflu-
orescence studies showed trafficking of  B cells to the pancreatic islets — even on day 60 after adoptive 
transfer — and the presence of  residual insulin-positive β cells in the IL-5–stimulated CD19+ cotransfer 
cohort (Figure 9E), as compared with recipients of  splenocytes only (Figure 9D).

Figure 5. B cells and T cells traffic to the islets during insulitis, and more β cells are conserved in NOD.scid mice after 
receiving CD19+IgM+ cotransfers. (A) Immunofluorescent image of pancreatic islet (green) stained for CD3+ T cells (red) 
and B220+ B cells (white) taken from a prediabetic NOD.scid recipient receiving only diabetic splenocytes on day 20 after 
adoptive transfer. (B) Immunofluorescent image from a prediabetic NOD.scid recipient receiving diabetic splenocytes 
plus CD19+IgM+ dual-sorted cells on day 20 after adoptive transfer. (C) Immunofluorescent image from a new-onset dia-
betic NOD.scid recipient receiving only diabetic splenocytes on day 32 after adoptive transfer. (D) Immunofluorescent 
image from a nondiabetic NOD.scid recipient receiving diabetic splenocytes plus CD19+IgM+ dual-sorted cells on day 60 
after adoptive transfer. Original magnification, 40×.
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Discussion
Accumulating evidence suggests that B cells play a role in the pathogenesis of  autoimmune disorders 
including T1D (21). This autoimmune disease is characterized by the generation of  autoantibodies against 
self-antigens (50, 51), and immunomodulation is a logical approach for effective therapy (28, 52–60). This 
is further supported by the early μ-chain–KO mouse experiments whereby deletion of  the μ-chain in mice 
led to a lack of  mature B cells in the periphery and impaired diabetes progression in NOD mice (22, 
61–63). These KO experiments revealed the importance of  B cells as antigen presenters. Our results suggest 
that a subset of  B cells exhibiting a regulatory effect can traffic to the pancreas and may well play a pivotal 
role in delaying diabetes progression (23, 64).

Our results demonstrate that diabetes is significantly delayed in an adoptive transfer model following 
injections of  MHC-compatible CD19+ cells harvested from young NOD female donors. Further separa-
tion and injection of  into CD19IgM+ cells significantly delayed adoptive transfer of  diabetes mediated 
by diabetogenic T cells from NOD mice unlike the injection of  CD19+IgM– B cells. The protective effect 

Figure 6. Delay in onset by CD19+IgM+ cotransfers is independent of Tregs. (A) Tregs were analyzed from splenocytes of NOD.scid recipients. Representa-
tive staining protocol for analyzing Tregs showing primary gating for CD3+CD25+ cells and gating on the CD4+FoxP3+ population within the CD3+CD25+ gate. (B) 
CD3+CD4+CD25+FoxP3+ Tregs were quantified from 26 NOD.scid recipients receiving 1 of 3 stated treatment options. Total splenocytes were calculated using the 
percentage subgroup populations and nonsignificant P values calculated as a nonparametric t test with Welch’s correction. (C) Depletion of Tregs. Survival curve 
for group comparison between female NOD.scid mice receiving CD25– diabetic splenocytes (n = 7, solid line) and CD25– splenocytes plus CD19+IgM+ dual-sorted cells 
from 6-week-old NOD donors (n = 10, dotted line). Results analyzed using the Mantel-Cox Log Rank test for survivability (***P < 0.0001). The population table 
represents number of diabetes-free mice at each time point.
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conferred by these cells appears to be age specific in that CD19+ cells from 6-week-old prediabetic NOD 
mice may well have regulatory components acting to block diabetes development and insulitis, unlike 
CD19+ cells from >15-week-old NOD mice. Of  note, low-dose anti–thymocyte globulin/granulocyte CSF 
(ATG/G-CSF) treatment in newly diagnosed T1D patients was associated with preservation of  C-peptide 
and significantly increased numbers of  CD19+ cells (65).

Figure 7. Importance of IL-10 secretion for protection and development of in vitro cultures of CD19+ cells with IL-5 inducing increased IL-10 secretion. 
(A) Survival curve for group comparison between female NOD.scid mice receiving diabetic splenocytes plus anti-IL-10 mAb (n = 6, dot-dashed line), sple-
nocytes plus IgG Isotype Control Ab (n = 6, solid line), splenocytes plus CD19+ cells from 6-week-old NOD donors and anti–IL-10 mAb (n = 6, dotted line), 
and splenocytes plus CD19+ cells from 6-week-old NOD donors and IgG isotype control Ab (n = 6, dashed line). The population values represent number 
of diabetes-free mice at each time point. (B) Percentage of total splenic CD19+IgM+IL-10+ B cells analyzed by flow cytometry from NOD.scid recipients 
receiving either diabetic splenocytes or splenocytes plus CD19+IgM+ cells. (C) Proliferation assay using 3H thymidine incorporation of CD19+ cells cocul-
tured with 3T3 fibroblasts expressing CD40L and in the presence of no additional cytokines, IL-4, IL-5, or a combination of IL-4 and IL-5. (D) After 6 days 
in culture, supernatants from 6-week-old or 12-week-old donor mice were collected and screened by ELISA for concentration of secreted IL-10. Secreted 
IL-10 was measured in pictograms per million cells, and all conditions were plated in triplicate using pooled splenocytes from 6-week-old or 12-week-old 
NOD female donors. **P = 0.008 and *P = 0.024 were analyzed using t tests of experiments performed in triplicate.
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Traditionally, it has been believed that the main source of  IL-10 during regulation came from Tregs 
activated to ablate the immune response (1, 66–69). However, we provide evidence that IL-10–secreting 
B cells result in a significant delay in diabetes onset that was achieved independently of  Tregs (Figure 
6C). Treatment with a neutralizing IL-10 mAb ablated the protective effect of  CD19+ cells, whereas 

Figure 8. Ex vivo IL-5–stimulated CD19+ cells result in increased IL-10 level and delay in diabetes onset following adoptive transfer into NOD.scid 
recipients. (A) Survival curve for group comparison between female NOD.scid mice receiving diabetic splenocytes (n = 9, dashed line) or splenocytes 
plus IL-5–stimulated CD19+ cells from 6-week-old NOD donors (n = 5, solid line). Results analyzed using the Mantel-Cox Log Rank test for survivability 
(P = 0.0006). The population values represent number of diabetes-free mice at each time point. (B) Serum was collected during endpoint analysis and 
measured by ELISA for the presence of secreted IL-10 (***P = 0.015). Comparisons between mice receiving either diabetic splenocytes only or splenocytes 
plus IL-5–stimulated CD19+ cells from 6-week-old NOD donors. (C) CD3+CD4+CD25+FoxP3+ Tregs were analyzed in NOD.scid recipients (n = 9 in Spl Only and 
n = 5 in IL-5 Stim CD19+ Cells group), with total Tregs calculated using the percentage subgroup populations with nonsignificant P values calculated using a 
nonparametric t test with Welch’s correlation.
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increasing the production of  IL-10 by CD19+ B cells with IL-5 resulted in a delay in diabetes onset, as 
well as a systemic increase in IL-10 serum level.

Several stimuli increase production of  IL-10 by B lymphocytes, including IL-21, B cell–activating factor 
(BAFF), a proliferating inducing ligand (APRIL), Cytosine-phosphate-guanine oligodeoxynucleotides (CpG 
ODN), LPS, and the combination of  CD40 ligation and IL-5 (46, 70–73). Of  these, the CD40L-specific 
nature of  IL-5–induced IL-10 production leads us to believe that this may, in fact, be a superior route for 
inducing IL-10 regulatory B cell proliferation ex vivo. Since CD40L is upregulated on activated Th cells, this 
requirement would be expected to limit the IL-5–induced IL-10 production by B cells only to environments 
in which activated T cells were present, such as inflamed pancreatic islets. Remarkably, our results suggest 
that IL-5 has a strong stimulating activity on CD19+ B cells in the NOD strain (Figures 7, C and D) (46). 
We found that NOD B cells are capable of  secreting abundant amounts of  IL-10 upon stimulation with 

Figure 9. IL-5–stimulated CD19+ cotransfer recipients have less insulitis and a higher numbers of B cells within their 
islets, as well as increased levels of residual insulin production within β cells. (A) Representative H&E staining of an 
islet from a NOD.scid recipient receiving only diabetic splenocytes. (B) Staining of a representative islet from a 60-day 
posttransfer nondiabetic NOD.scid mouse after receiving splenocytes from IL-5–stimulated CD19+ cells. (C) Pancreatic 
sections scored for levels of insulitis and graphically represented as a percentage of total isles scored. Islets scoring 1 
resulted in P =0.0002, and islets scoring a 4 resulted in P < 0.0001 when analyzed using a 2 × 2 contingency table and χ2 
analysis. (D) Immunofluorescent image of pancreatic islet (green) stained for CD3+ T cells (red) and B220+ B cells (white) 
obtained from a new-onset diabetic NOD.scid recipient receiving diabetic splenocytes on day 30 after adoptive transfer. 
(E) Immunofluorescent image from a prediabetic NOD.scid recipient receiving diabetic splenocytes plus IL-5–stimulated 
CD19+ cells on day 60 after adoptive transfer. Original magnification 40×.
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IL-5, and the potential implications of  using IL-5 as a regulatory B cell–stimulating molecule for protection 
against onset or continued progression of  T1D is intriguing. It will be interesting to test whether or not B cells 
from patients with T1D produce normal levels of  IL-10 following various types of  stimulation. Notably, in 
humans, it has been shown that circulating levels of  IL-5 and IL-10 increase after pharmacologic treatment 
with the combination antiepileptic drugs carbamazepine and valproic acid (74, 75). The chemotherapeutic 
drug Bendamustine, which is used to treat some B cell malignancies, has also been shown to induce IL-10 
production by human B lymphocytes (76). Our results demonstrated that the ability of  6-week-old purified 
CD19+ cells to significantly delay disease progression was not dependent on in vitro activation by cytokines 
prior to adoptive transfer as seen in other studies (27, 28, 47, 70, 77). We also found that the unstimulated B 
cell transfer yielded no evidence of  expansion of  Tregs (Figure 6B) or loss of  M1 macrophages (Supplemen-
tal Figure 1B), suggesting that B cells might be the primary drivers of  protection in a more localized fashion.

We found NOD.scid recipients receiving MHC-compatible splenocytes and CD19+ cells from a 6-week-
old NOD donor had no measurable IL-1β level compared with any other transfer group (Figure 3F). Pro-
duction of  the proinflammatory cytokine IL-1β is mainly attributed to activated monocytes and macro-
phages, but the nature of  a direct interaction of  these cells with the Bregs remains to be elucidated (78–80). 
It has been observed, however, that the induction of  IL-1β and IL-1ra was severely inhibited in the presence 
of  IL-10 in LPS-induced monocytes and that IL-10 may act on inflammatory cells to inhibit production of  
proinflammatory transcription factors (81, 82).

In conclusion, our observations suggest that there is a subpopulation of  CD19+IgM+ cells in the B cell 
compartment of  young prediabetic NOD mice that exhibits a robust suppressive effect on diabetes patho-
genesis. These results provide evidence for a suppressive function of  CD19+ IgM+ cells in autoimmune 
diabetes that could be a cellular target for immunotherapy.

Methods
Mouse Models. NOD (catalog 00196), NOD.scid (catalog 001303), C57BL/6 (catalog 000664), and Balb/c 
(catalog 000651) mice were purchased from the Jackson Laboratory or bred in-house in specific pathogen 
free cages using breeding pairs originally purchased from the Jackson Laboratory. Some diabetic NOD 
female cell donors were provided from the laboratories of  Matthew Bettini and Maria Bettini (Baylor Col-
lege of  Medicine). Six-week-old NOD.scid (Cat.#001303) female mice containing gene mutations resulting 
in an inability to generate mature T cells and B cells, thereby having no adaptive immune system, were used 
as immunocompromised recipients for all adoptive transfer experiments described below.

Monitoring for diabetes. All aging NOD donor mice and NOD.scid recipients receiving adoptive transfers 
of  splenocytes were monitored biweekly (starting 1 week after adoptive transfer or upon reaching 10 weeks 
of  age) for increases in blood glucose levels. A single drop of  blood was collected from the tail through 
a small nick at the distal end and collected by capillary action into an Accu-Chek Aviva Blood Glucose 
Monitor. Mice were considered diabetic after 2 consecutive blood glucose measurements above 300 mg/dl.

Cell harvest and preparation. Spleens were harvested from different strains of  euthanized female mice at 6 
weeks of  age or >15 weeks of  age. Single cell suspensions were prepared using cell strainers and ACKS lysis 
buffer to remove RBCs and were then suspended in PBS to be counted before being placed in culture or under-
going immediate analysis by flow cytometry. Cells being collected for adoptive transfer are described below.

Adoptive transfer experiments. NOD.scid female mice 6 weeks of age (the Jackson Laboratory) were used as 
splenocyte recipients across all treatment groups. Experiments were performed in triplicate using 3–4 mice per 
group before pooling similar experiments in order to ensure reproducibility and technical efficiency. To induce 
diabetes, NOD.scid females were i.v. injected with 5 × 106 splenocytes from diabetic female NOD mice through 
a tail vein injection (15, 32, 33). For the cotransfer experiments, NOD.scid females received 5 × 106 spleno-
cytes from diabetic NOD female donor mice in addition to 5 × 106 CD19+ cells harvested from 6-week-old or 
>15-week-old NOD female donors. Donor CD19+ cells were purified using the Miltenyi CD19+ microbeads 
system in MACS LS magnetic sorting columns (Miltenyi Biotec, catalog 130-052-201). Dual-selected CD19+ 
cells were purified using a 2-step approach. Splenocytes were obtained from 6-week-old NOD female donors 
and selected using the same CD19+ microbeads; they were then washed to remove any remaining CD19+ anti-
bodies or microbeads, and the CD19+ cell fraction was run through a second MACS LS sorting column using 
Miltenyi IgM+ microbeads (catalog 130-047-301). For the Treg depletion experiments, splenocytes from the 
diabetic NOD donor were purified using the Miltenyi CD25 microbeads system (catalog 130-091-072), with 
the negative fraction being collected for adoptive transfer into NOD.scid recipients as described above.
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On day 6 after initial adoptive transfer injections, a second i.v. injection of  freshly purified CD19+ 
cells obtained from the spleens of  6-week-old or >15-week-old NOD females was performed in cotransfer 
NOD.scid recipients using 5 × 106 cell concentration in sterile PBS. On day 12 after transfer, another boost 
of  freshly purified splenic CD19+ cells was injected i.v. to maintain a larger B cell pool within the cotransfer 
recipient NOD.scid mice. NOD.scid recipients were followed for diabetes onset or until day 60 after transfer 
of  diabetic splenocytes, and they were euthanized upon meeting either endpoint requirement.

Antibody administration for neutralizing experiments. Female NOD.scid recipients receiving cotransfers of  
CD19+ sorted cells and/or splenocytes from a diabetic NOD female donor also received i.p. injections of  
100 μl of  either the BioLegend LEAF Purified anti–mouse IL-10 neutralizing mAb (catalog 504904) or 
the matching BioLegend LEAF Purified rat IgG2b, κ isotype control antibody (catalog 400637). Injections 
were given i.p. on day 1 after adoptive transfer of  diabetic splenocytes and then every 5 days for 40 days 
until either diabetes occurred or day 40 after adoptive transfer per previously described protocols provided 
by the manufacturer.

Tissue processing, histology, and insulitis scoring. After NOD.scid recipients developed diabetes, they were 
euthanized and the pancreas was collected and fixed in 10% formalin for future H&E staining to determine 
cellular structures. Individual islets were scored across multiple sections for each mouse for the presence 
of  infiltrating lymphocytes to determine the level of  insulitis. Individual islets were given a score of  1–4 
depending on the severity of  islet infiltration according to established protocols (83): a score of  1 repre-
sented little or no insulitis, 2 represented mild insulitis covering less than 20% of  the total islet, a score of  
3 represented an islet with between 20%–50% moderate insulitis, and a score of  4 represented an islet with 
severe infiltration covering >50% of  the islet. All islets were scored on an Olympus light microscope, cap-
tured using Olympus cellSens software, and they were statistically analyzed in GraphPad Prism 6.0 using a 
2 × 2 contingency table with χ2 analysis to determine differences between treatments and scoring patterns.

IHC. Paraffin sections were prepared as described previously (84). Sections were incubated with pri-
mary antisera including guinea pig anti-insulin (Dako), monoclonal mouse anti-CD3 (Abcam, catalog 
ab17143), and rat anti–mouse B220 (BD Biosciences, catalog 557390), followed by secondary antisera 
conjugated to Cy2/Cy3/Cy5 (Jackson ImmunoResearch) and DAPI (Molecular Probes), as previously 
described (85). Slides were blinded for imaging and qualitative analysis. All islets in 1 pancreas section were 
captured with a Zeiss AxioImager M1 (Carl Zeiss) and Volocity 6.1.1 software (PerkinElmer).

Flow cytometry. Cells collected either directly from spleens, pancreatic lymph nodes, or after 
undergoing CD19+ microbeads purification were placed into 96-well plates (sterile flat-bottomed) at 
a preferred concentration of  5 × 105 cells per well. Cells were washed with FACS buffer (PBS, 10% 
FCS [heat attenuated], and 0.5% sodium azide [NaN3]), nonspecific immunoglobulin binding was 
blocked with Fc-Block (BD Biosciences, catalog 553142), and cells were incubated with the corre-
sponding fluorophore-conjugated antibodies (BD Bioscience) listed below. Cells were stained with 
one or more of  the following antibodies: CD1d (catalog 562712), CD3 (catalog 553066), CD4 (cat-
alog 562891), CD5 (catalog 565504), CD8 (catalog 562315), CD11c (catalog 562454), CD16/32 
(catalog 558636), CD19 (catalog 562701), CD21/35 (catalog 558658), CD23 (catalog 562929), 
CD25 (catalog 564424), F4/80 (catalog 565613), FoxP3 (catalog 562466), IFN-γ (catalog 562018), 
IgM (catalog 562565), IL-10 (catalog 554468), IL-17 (catalog 562542), or Mac-1 (catalog 562317). 
All flow antibodies were purchased from BD Biosciences.. After incubation with fluorescent anti-
bodies, cells were washed and analyzed on either a BD Accuri C6 or BD LSR II flow cytometer.  
Propidium iodide staining was performed to exclude dead cells from subsequent analysis. All resulting 
data were analyzed using Tree Star FlowJo software.

ELISA. Serum from NOD.scid recipients and supernatant from cultured CD19+ cells were collected 
for cytokine analysis. Sandwich ELISAs were performed on these collected supernatants using the BD 
Bioscience kit for the following secreted cytokines: IL-1β, IL-4, IL-10, IL-17, IFN-γ, and TNF-α. All 
washes were done using tris-buffered saline (TBS) with 0.5% Tween20 added (TBS-T). After addition of  
primary antibody and biotin-conjugated secondary antibody, plates were incubated with biotin-binding 
streptavidin-HRP to generate enzymatic activity for the blue colorization of  the BD Bioscience Tetrameth-
ylbenzidine (TMB) substrate, followed by addition of  a sulfuric acid Stop Solution to halt the enzymatic 
activity. Finally, plates were read on a Wallach 1420 plate reader for light absorbance and calculated 
against control protein concentrations to determine the light absorbance to protein concentration ratio. 
All data were analyzed and graphically represented using GraphPad Prism 6.0.
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B cell culture conditions. CD19+ B cells harvested from the splenocytes of all mouse strains were positive-
ly selected by magnetic bead separation using MACS magnetic bead separation kits (catalog 130-052-201) 
with LS columns (Miltenyi Biotec). Purified CD19+ B cells were cultured in DMEM with L-glutamine media 
(Thermo Fisher Scientific, catalog 12430-062) with 10% FCS (heat attenuated at 65°C; GE Healthcare, cata-
log SH3007103HI), 0.5% transferrin (Thermo Fisher Scientific, catalog 11107-018), 0.05% insulin/transferrin 
(Thermo Fisher Scientific, catalog 41400-045), 1% penicillin/streptomycin (Thermo Fisher Scientific, catalog 
15140-122), and 1% L-glutamine (Thermo Fisher Scientific, catalog 25030-081). Cells were incubated in 24-well 
plates under normal culture conditions for 5 days in the presence of irradiated (300Gy) murine CD40L–express-
ing NIH 3T3 fibroblasts generated in the laboratory of Kevin McDonagh, Vanderbilt University (Nashville, 
Tennessee, USA), and donated by David Fox, University of Michigan. Cells were plated at the concentration of  
3 × 105 mCD40L-3T3 irradiated fibroblasts to 2 × 106 CD19+ purified B cells. In addition, cells were stimulated 
with either 50 ng/ml of IL-4, IL-5, an equal ratio of IL-4 and IL-5 together, or no additional cytokines (37, 46). 
After 5 days, plates were removed from the incubator and centrifuged (300 g for 6 minutes at room temperature) 
before removal of supernatants for cytokine analysis. After removal of media, remaining cells were resuspended 
and collected for flow cytometric analysis. A subset of cells were set aside for analysis of cell proliferation after 
stimulation, where — upon being removed — media was immediately replaced with fresh B cell culture media 
containing 1 mCi/ml of 3H thymidine, and cells were harvested 24 hours later to measure B cell proliferation by 
Thymidine incorporation. All data was graphically represented using GraphPad Prism.

Statistics. Kaplan-Meier plots were derived to estimate the cumulative risk of  developing insulin-depen-
dent diabetes. Kaplan-Meier plots were compared using the log-rank test and computed using an exact pro-
cedure and conducted as 1-sided tests (86). Survival curves were evaluated using the Mantel-Cox log-rank 
test for survivability between treatment groups.

Fisher’s exact test and χ2 analyses were used to compare proportions and evaluate statistically signif-
icant associations between categorical variables. The Mann Whitney U test for independent samples was 
used to compare continuous variables between 2 groups. Flow cytometry and serum ELISA comparative 
analyses of  populations were performed using nonparametric 2-tailed t tests with Welch’s correction. ELI-
SAs for IL-10 from in vitro IL-5 stimulation experiments were analyzed using nonparametric t tests with 
Welch’s correction. All statistical analyses were performed using GraphPad Prism 6.0. P < 0.05 was con-
sidered statistically significant.

Study approval. All protocols involving mice were approved by the Animal Care Safety Review boards 
at both University of  Michigan and Baylor College of  Medicine.
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