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The	precise	roles	of	B	cells	in	promoting	the	pathogenesis	of	type	1	diabetes	remain	undefined.	Here,	we	dem-
onstrate	that	B	cell	depletion	in	mice	can	prevent	or	delay	diabetes,	reverse	diabetes	after	frank	hyperglycemia,	
and	lead	to	the	development	of	cells	that	suppress	disease.	To	determine	the	efficacy	and	potential	mechanism	
of	therapeutic	B	cell	depletion,	we	generated	a	transgenic	NOD	mouse	expressing	human	CD20	(hCD20)	on	B	
cells.	A	single	cycle	of	treatment	with	an	antibody	specific	for	hCD20	temporarily	depleted	B	cells	and	signifi-
cantly	delayed	and/or	reduced	the	onset	of	diabetes.	Furthermore,	disease	established	to	the	point	of	clinical	
hyperglycemia	could	be	reversed	in	over	one-third	of	diabetic	mice.	Why	B	cell	depletion	is	therapeutic	for	a	
variety	of	autoimmune	diseases	is	unclear,	although	effects	on	antibodies,	cytokines,	and	antigen	presentation	
to	T	cells	are	thought	to	be	important.	In	B	cell–depleted	NOD	mice,	we	identified	what	we	believe	is	a	novel	
mechanism	by	which	B	cell	depletion	may	lead	to	long-term	remission	through	expansion	of	Tregs	and	regula-
tory	B	cells.	Our	results	demonstrate	clinical	efficacy	even	in	established	disease	and	identify	mechanisms	for	
therapeutic	action	that	will	guide	design	and	evaluation	of	parallel	studies	in	patients.

Introduction
Type 1 diabetes (T1D) is an autoimmune disease in which T cells 
mediate damage to pancreatic islet β cells. Despite the primary role 
of T cells, data from the NOD mouse model indicate that B cells are 
required for disease induction (1–3) and are likely to have a number 
of roles in pathogenesis (reviewed in ref. 4). Although direct mecha-
nistic evidence for B cells promoting T1D in humans is lacking, the 
production of autoantibodies to islet antigens, including insulin 
(5), glutamic acid decarboxylase (6), and the tyrosine phosphatase 
IA-2 (7, 8), is well documented and was one of the earliest indica-
tors of disease onset (9–11). These autoantibodies are also very use-
ful predictors of the future development of diabetes in prediabetic 
individuals (12). In the NOD model, mice genetically deficient in 
B cells from birth develop a very low incidence of diabetes (1, 13). 
The antigen specificity of B cells is important, as a major function 
of B cells is to present antigens to T cells (14–18), leading to diversi-
fication of the immune response (19). Although the production of 
autoantibodies is not absolutely necessary for diabetes to occur, it is 
an indicator of development of diabetes in NOD mice (5). Interest-
ingly, transplacentally transmitted autoantibodies play an as-yet-
undefined role in the development of insulitis (20). This suggests 
that autoantibodies may facilitate or enhance T1D development, 
although they do not induce the disease.

Thus, in both humans and the NOD mouse model, B cells are 
involved in disease pathogenesis, probably at different stages. This 
suggests that depletion of B cells may be useful in altering the 
development of diabetes. B cell depletion therapy for other auto-
immune diseases has recently been studied (21, 22). Rituximab, 

a humanized anti–human CD20 (anti-hCD20) mAb, can success-
fully deplete human B cells from peripheral blood lymphocytes for 
periods ranging from 3 months to more than 1 year (21) through 
mechanisms involving Fc- and complement-mediated cytotoxicity 
as well as possible proapoptotic and other signals (23). It has been 
approved for clinical use and has been given to many B cell lym-
phoma patients in the last decade (24). Rituximab has also shown 
efficacy in treating autoimmune diseases such as RA, SLE, and 
immune-mediated thrombocytopenia (25–27). Efficacy in RA is of 
particular interest given the prominent role T cells are thought to 
have in the pathogenesis. However, it is not clear how B cell deple-
tion ameliorates autoimmune diseases. Furthermore, no preclini-
cal study has shown that this approach will be effective in treating 
T1D. Thus, there are many preclinical questions that should be 
addressed in consideration of this therapy in diabetes. It is crucial 
to determine the timing and duration of B cell depletion therapy 
in early T1D. Similarly, if B cell depletion is effective, we will want 
to know the mechanisms, which will shed light on diabetes patho-
genesis as well as help in designing optimal therapy. This was not 
possible to study in a mouse model, due to lack of antibody, until 
recently (28, 29). To address these issues, we developed a NOD 
mouse model expressing transgenic hCD20 (hCD20/NOD), which 
allows B cell depletion with anti-hCD20, and have tested to deter-
mine whether timed B cell depletion will (a) prevent type I diabetes;  
(b) block disease progression; and (c) ameliorate disease.

Results
Characterization of hCD20/NOD mice. To test the efficacy of anti-
hCD20 in prevention and treatment of autoimmune diabetes, 
we generated a bacteria artificial chromosome–transgenic NOD 
mouse that expresses hCD20 on B cells (Figure 1A). The expression 
of hCD20 did not have any obvious effect on general mouse devel-
opment. No gross abnormality was found in development of the 
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immune system in the transgenic mice (data not shown). Similar 
to the expression of endogenous mouse CD20 (28–30), the expres-
sion of transgenic hCD20 occurred from the pre–B cell stage to 
mature B cells (Figure 1B). The expression of hCD20 was restricted 
to B cells only (B220+CD19+) (Supplemental Figure 1A; supple-
mental material available online with this article; doi:10.1172/
JCI32405DS1). B cell development and the expression of other B 
cell markers including MHC class II (I-Ag7) and the costimulatory 
molecule (CD86) in hCD20/NOD mice were similar to nontrans-
genic NOD mice (Figure 1C).

Expression of hCD20 did not obviously alter the production of 
natural immunoglobulins (Supplemental Figure 1B), anti-insulin 
autoantibodies (Supplemental Figure 1C), or immune responses 
to foreign antigens, such as OVA, after immunization (data not 
shown). Expression of hCD20 also did not alter the upregulation 
of costimulatory molecules by B cells stimulated with anti-Ig or 
anti-CD40  (Supplemental Figure 1D). Most  importantly,  the 
hCD20 transgene did not affect the natural history of diabetes 
development, as the incidence of diabetes was very similar in both 
transgenic hCD20/NOD and nontransgenic groups (Figure 2). 
However, expression of hCD20 allowed us to use 2H7, a mouse 
anti-hCD20 mAb that targets the same epitope as rituximab, to 
specifically deplete B cells. We were able, therefore, to investigate 
the role of B cells in diabetes development at different stages and 
to test the efficacy of anti-hCD20 treatment in the disease.

Kinetics of B cell depletion in hCD20/NOD mice and the function of 
repopulated B cells. To optimize the depletion protocol, we performed 
pilot experiments using different doses of 2H7 (2 mg, 1 mg, 0.5 mg, 
and 0.25 mg per mouse) and different injection routes (i.p. or i.v.). 
Our results showed that a 9-day cycle of 4 i.v. injections with a 3-day  

interval provided the most effective B cell depletion in hCD20/
NOD mice (data not shown). In peripheral blood, depletion was 
observed as early as 1 hour after the first injection (Supplemen-
tal Figure 2), and B cells were almost completely depleted within 1 
week after the last anti-hCD20 antibody injection (Figure 3). B cells 
started to repopulate 3 weeks after the last injection and reached 
normal levels by 12 weeks after the last injection (Figure 3).

The efficiency of B cell depletion varied in different organs (Sup-
plemental Figure 3). Four days after the last injection of anti-CD20 
mAbs, more than 90% of B cells were depleted in peripheral blood and 
mesenteric lymph nodes. The depletion was also effective in axillary 
lymph nodes and BM, but less complete in spleen, ranging from 50% 
to 70% depletion compared with controls (Supplemental Figure 3).  
Consistent with recent studies by other investigators using anti-
mouse CD20 (28, 29), B cells in the peritoneal cavity of hCD20/NOD 
mice were more resistant to depletion (31) (data not shown).

To examine the function of the repopulated B cells, we immu-
nized mice 2 months after anti-hCD20 treatment with OVA, using 
alum as adjuvant, when approximately 60% to 70% of B cells had 
been repopulated. IgG-treated mice were used as controls. OVA-
specific antibody responses 2 weeks after immunization were com-
parable between mice that had been treated with anti-hCD20 and 
mice without treatment (Supplemental Figure 4).

Effect of anti-CD20 treatment on spontaneous diabetes development in 
hCD20/NOD mice. To test the role of B cells in the preclinical stag-
es of diabetes development, we treated 4- and 9-week-old female 
hCD20/NOD mice with 2H7 or control IgG using 1 treatment 
cycle (9-day period with 4 injections at 3-day intervals). These ages 
were chosen because, in our NOD colony, 4-week-old mice had lit-
tle or no pancreatic infiltration while almost all 9-week-old mice 

Figure 1
Phenotypic expression of transgenic hCD20 on B cells. (A) Splenocytes from hCD20 mice were gated on B220+ B cells and stained with anti-
hCD20 mAbs (2H7). All mature B cells expressed the transgenic hCD20. (B) Expression of hCD20 in BM cells of transgene-positive and control 
NOD mice. (C) Phenotypic characterization of hCD20 transgene-positive and control NOD mouse spleen cells. The splenocytes were gated on 
B220+ cells prior to analyzing for the different B cell markers.
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displayed insulitis in females. Mice received 0.5 mg antibody in the 
first injection and 0.25 mg for the subsequent 3 injections. Diabetes 
development was monitored to 35 weeks of age. Figure 4, A and B, 
shows that temporary depletion of B cells by a single cycle of anti-
hCD20 treatment significantly delayed the progression of diabetes 
in both 4- and 9-week-old female mice (P = 0.0002 and P = 0.016,  
respectively) and also reduced the overall incidence of diabetes 
in female mice treated at 9 weeks of age. Delay in diabetes in the  
4-week-old mice suggests that B cells are important in initiation of 
islet β cell destruction. The results from the prediabetic 9-week-old 
mice indicate that B cells play an important role in diabetes progres-
sion. Similar results were also obtained in male hCD20/NOD mice, 
but these were not statistically significant (P = 0.06 and P = 0.07,  
respectively) as a result of the general phenomenon of later diabe-
tes onset in male NOD mice (data not shown). As expected, anti-
hCD20 treatment reduced the production of anti-insulin autoan-
tibody either 2 or 7 months after treatment compared with the 
control group (Supplemental Figure 5).

Effect on established clinical diabetes. To determine whether B cells 
play a continuing role in established clinical diabetes and are thus 
a good treatment target, we treated new-onset diabetic (blood glu-
cose ranging from 250 to 500 mg/dl) hCD20/NOD mice within 6 
days of diagnosis with anti-hCD20 (n = 14) or control IgG (n = 10) 
using the same treatment protocol. Diabetic hCD20/NOD mice 
were given a subtherapeutic dose of insulin soon after diagnosis 
in order to maintain the animals in a hyperglycemic state but in 
relatively good general health. Their blood glucose was monitored 
every 24 (± 1 to 2) hours, and the subtherapeutic dose of insulin 
was withdrawn if blood glucose was less than 250 mg/dl. Of 14 of 
the anti-CD20–treated mice, 5 (36%) demonstrated declining blood 
glucose and required no further insulin treatment, remaining eug-
lycemic for over 2 months after 2H7 treatment (Figure 5A). Four 
of these 5 mice remained euglycemic for over 130 days. In contrast, 
none of the IgG-treated mice had a sustained decline of blood glu-
cose, and all required subtherapeutic doses of insulin treatment 
(Figure 5B, comparison of 5A with 5B; P = 0.03). To investigate the 
function of islet β cells in the euglycemic mice, we challenged them 
with a glucose tolerance test via i.p. injection (ipGTT) (at 1.5 mg/g 
body weight) after fasting overnight. We used newly diagnosed dia-
betic female NOD mice (n = 5) as controls for dysfunctional islet β 

cells and young nondiabetic female NOD mice (n = 5) as controls 
for functional islet β cells. As shown in Figure 5C, the 2H7-treated 
euglycemic mice were able to regulate their blood glucose to below 
250 mg/dl (the diagnostic level) 30 minutes after glucose challenge 
albeit less effectively than young NOD mice. In contrast, blood glu-
cose in newly diabetic NOD mice remained at high levels 2 hours 
after glucose challenge, as expected (Figure 5C).

Effect of anti-CD20 treatment on cellular infiltrate of pancreatic islets. 
Randomly selected mice were sacrificed 1 or 2 months after the 
end of the treatment period in both the groups initially treated 
at 4 weeks and 9 weeks. Representative histology  for each of 
these groups is shown in Figure 6A, and insulitis scores in these 
mice are shown in Figure 6B. There was significantly less infil-
tration in mice treated with 2H7 compared with the IgG-treated 
groups at both the 1- and 2-month time points after treatment. 
At the termination of the experiments, when the mice were over 8 
months of age, the histology in the small number of nondiabetic 
IgG-treated mice was similar to that seen in the nondiabetic 2H7-

Figure 2
Expression of hCD20 does not affect spontaneous diabetes in NOD mice. The incidence of diabetes in transgenic hCD20 mice was compared 
with nontransgenic mice (A, female mice; and B, male mice). No differences were seen in diabetes incidence (P = 0.47 when female incidence 
curves compared by log-rank test and P = 0.84 when male incidence curves compared).

Figure 3
Depletion of B cells following initiation of a course of 4 2H7 anti-hCD20 
or IgG control injections. Peripheral blood cells, after removing eryth-
rocytes, were costained with anti-CD22 and anti-B220 and analyzed 
by flow cytometry. B cell (CD22+B220+) numbers are shown at various 
time points after the last injection with 2H7 (circles) or control IgG (tri-
angles). Mean values of at least 10 observations ± SE are presented.
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treated mice. As expected, no obvious differences were detected 
in the classic NOD histology among frankly diabetic mice in any 
group (data not shown).

Despite euglycemia, insulitis in the cured mice, which were eugly-
cemic for over 4 months after anti-hCD20 treatment, was not strik-
ingly different compared with mice that remained hyperglycemic 
after anti-hCD20 or control IgG treatment (Supplemental Figure 6).  
It is possible that the reversal was not permanent and the mice 
might have been on the edge of “relapsing” to clinical diabetes, as 
insulitis is likely to be a dynamic process. Alternatively, as insulitis 
is not necessarily synonymous in other settings with β cell destruc-
tion, it is possible that the quality of the insulitis had been altered 
or that the process was being actively regulated (see below).

Effect of anti-CD20 treatment on induced diabetes development in 
NOD/SCID mice. The results from both prevention and treatment 
experiments shown above suggested that 2H7 treatment induced 
a long-lasting suppression of islet autoimmunity. It seems likely 
that temporary removal of B cells suppressed the development of 
diabetogenic T cells and reduced islet autoantibody production by 
newly generated B cells. It is also possible that short-term depletion 
of B cells induced immune tolerance, given the fact that diabetes 
protection and reversal were so durable. To test for development 
of dominant immune tolerance, we performed adoptive transfer 
experiments (2, 32). NOD/SCID mice were given 107 NOD spleno-
cytes from diabetic mice i.v., alone or together with 107 splenocytes 
from 2H7-treated or IgG-treated nondiabetic hCD20/NOD mice, 
obtained at 35 weeks of age (after they had been fully repopulated 
with B cells for a few months). We also injected a fourth group 
of NOD/SCID mice with 107 splenocytes from 2H7-treated non-
diabetic mice alone. Diabetes development was monitored for 12 
weeks after adoptive transfer. As expected (2, 32), splenocytes from 
diabetic mice induced diabetes in NOD/SCID recipients around 
3 weeks after transfer (Figure 7A). NOD/SCID mice that received 
splenocytes from diabetic mice together with splenocytes from 
IgG-treated nondiabetic mice also developed diabetes with similar 
kinetics (Figure 7A). Strikingly, in mice that received splenocytes 
from diabetic donors together with splenocytes from anti-hCD20–
treated  nondiabetic  mice,  diabetes  was  substantially  delayed  
(P = 0.007). This  indicated that splenocytes from anti-CD20–
treated mice that remained nondiabetic had a regulatory effect 
on diabetogenic spleen cells. Thus, B cell depletion in NOD mice 
unexpectedly induced cells that can dominantly suppress diabeto-

genic effector T cells. The results from NOD/SCID recipients that 
received splenocytes from 2H7-treated nondiabetic mice alone also 
supported this notion, as none of these recipients developed dia-
betes (Figure 7A).

To further investigate which cell population(s) mediated the 
dominant suppression of diabetes induction in NOD/SCID mice, 
we performed the following additional sets of adoptive transfer 
experiments:  (a) NOD/SCID mice were given 107 splenocytes 
from NOD mice alone or (b) together with purified splenic CD4+ 
T cells (3 × 106/mouse, n = 3) or (c) B cells (3 ×106/mouse, n = 3) 
from 2H7-treated nondiabetic mice. As controls, splenocytes from 
NOD mice were also administered with purified splenic CD4+ T 
cells (3 × 106/mouse, n = 3) or B cells (3 × 106/mouse, n = 3) from 
diabetic mice. As further controls, purified splenic B cells or CD4 
T cells (3 × 106/mouse) from 2H7-treated nondiabetic mice were 
also transferred without splenocytes from diabetic mice (n = 3 
each group). Since most IgG-treated mice developed diabetes, it 
was not possible to use nondiabetic purified B cell or CD4 T cell 
control groups. As expected, NOD splenocytes from diabetic mice 
alone induced diabetes in 100% of the recipients by 4 weeks after 
transfer (Figure 7B). In sharp contrast, none of the NOD/SCID 
recipients developed diabetes after infusion of purified B cells 
or CD4+ T cells from 2H7-treated nondiabetic mice (Figure 7B). 
Both CD4+ T cells and B cells from 2H7-treated nondiabetic mice 
significantly delayed diabetes development in NOD/SCID mice 
when cotransferred with diabetic NOD splenocytes (Figure 7B;  
P = 0.029 for both). It is intriguing that B cells expressed a stronger 
immunoregulatory effect compared with CD4+ T cells (Figure 7B).  
As expected, CD4 T cells or B cells from diabetic mice did not con-
fer protection (data not shown). Thus, these experiments confirm 
our initial series of experiments and further establish that either 
B or T cells from 2H7-treated nondiabetic mice are sufficient to 
transfer the regulatory effect.

Anti-hCD20 treatment expanded CD4+CD25+Foxp3+ and CTLA4+ T cells.  
To investigate the immunosuppressive mechanism mediated by 
CD4+ T cells, we assessed whether the depletion of B cells affect-
ed subsets of T cells previously shown to have regulatory activity 
(Tregs). We used FoxP3 as a marker for Tregs (33–35) along with 
CD4 and CD25 and analyzed splenocytes of nondiabetic hCD20/
NOD mice 6 months after 2H7 or control IgG treatment. There 
was an increase of CD4+CD25+FoxP3+ Tregs in anti-CD20–treated 
mice compared with CD4+CD25+Foxp3+ cells observed in control 

Figure 4
Diabetes incidence following 2H7 or control IgG treatment at different ages. (A) Four-week-old and (B) 9-week-old hCD20 female mice were 
treated 4 times within 10 days with 2H7 (closed squares; n = 12) or control IgG (open squares; n = 12) antibodies and monitored for diabetes.
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IgG–treated mice, with a representative plot shown in Figure 8A. 
We also examined the expression of CTLA4 on CD4+ T cells and 
showed that CD4+CTLA4+ cells were also increased in anti-CD20–
treated mice compared with control IgG–treated mice (Figure 8B). 
Interestingly, a fraction of CD4+CTLA4+ cells were not positive for 
CD25 (data not shown), suggesting that temporary removal of B 
cells may have induced 2 nonoverlapping populations of Tregs.

Increased frequency of transitional B cells in regenerated B cells after anti-
hCD20 treatment. To investigate whether the repopulated B cells 
after anti-hCD20 treatment were different from the original B 
cells, we examined the phenotype of the regenerated B cells more 
than 4 months after anti-hCD20 treatment (when the B cell com-
partment was fully repopulated) compared with control mice. As 
shown in Supplemental Figure 7, newly generated B cell popula-
tions in anti-hCD20–treated mice had an increased frequency of 
T2 transitional B cells compared with age- and sex-matched con-
trol-treated mice. There was no striking difference in plasmablasts 
in the 2 groups (data not shown).

Anti-hCD20 treatment suppressed antigen 
presentation of macrophages and splenic DCs.  
DCs and macrophages are APCs that 
play  an  important  role  in  adaptive 
immune  responses.  To  determine 
whether the depletion of B cells led to 
the functional modulation of these 2 
types of APCs, we harvested peritoneal 
macrophages and splenic DCs and gen-
erated BM-derived DCs (BMDCs) from 
anti-hCD20  or  control  IgG–treated 
mice 1 month after treatment. Perito-
neal macrophages or splenic DCs were 
used directly ex vivo whereas BMDCs 
were used after a 5- to 6-day culture in 
IL-4 and GM-CSF. Islet antigen-specific 
proliferation counts of BDC2.5 CD4+ 
splenic T cells or insulin-specific CD8+ 
T cell clones were used as readouts. As 
shown in Figure 9, removal of B cells sig-
nificantly reduced antigen presentation 
function of macrophages (Figure 9A)  
and splenic DCs (Figure 9, B and C) in 
2H7-treated  mice  to  both  CD4+  and 
CD8+ T cells. The reduction of antigen 
presentation was also accompanied by 
a  reduction  of  IFN-γ  and  IL-17  pro-
duction (Figure 10, A and B). The sup-
pression appeared to correlate with B 
cell depletion status, as the suppressed 
antigen presentation by macrophages 
or splenic DCs was no longer evident 
6 months after anti-hCD20 treatment, 
when  the  mice  had  been  completely 
repopulated with B cells for a long time 
(data not shown). As expected, removal 
of B cells by anti-hCD20 treatment did 
not alter the antigen presentation func-
tion of BMDCs (data not shown). The 
suppression appeared to be specific to 
antigen presentation function, as the 
same macrophages or DCs responded 

well to microbial stimuli (poly I:C, LPS, and CpG), upregulated 
costimulatory molecules, and produced similar amounts of pro-
inflammatory cytokines compared with macrophages or splenic 
DCs from IgG-treated mice (data not shown).

Discussion
To allow B cells to be depleted at specific time points and also to 
provide assessment of an agent similar to a B cell–depleting anti-
body already in clinical use in humans, we generated a transgenic 
NOD mouse that expresses hCD20 (hCD20/NOD). Expression of 
the hCD20 transgene did not cause any developmental or immu-
nological adverse effects. However, hCD20 expression allowed us 
to deplete B cells using 2H7, an anti-hCD20 mAb that recognizes 
the same epitope as rituximab, at specific time points. Using this 
approach resulted in 3 significant findings. First, a single round of 
B cell depletion could prevent or delay full-blown diabetes. This was 
the case even when treatment was started after insulitis had begun. 
The effects of early B cell depletion could be detected long after B 

Figure 5
Diabetes reversal following 2H7 treatment. Diabetic hCD20 mice were treated within 6 days of 
diagnosis with (A) 2H7 or (B) IgG as described in the legend for Figure 3, and their blood glucose 
was monitored daily. A subtherapeutic dose of insulin was administered, and this was discontinued 
when the blood glucose level was reduced to less than 250 mg/dl. Seven of the 14 mice treated 
with 2H7 are represented in A. Five of these mice recovered (3 of which remained euglycemic for 
more than 120 days and 1 of which was euglycemic for more than 150 days), and 2 mice remained 
diabetic. Five of the 10 mice treated with IgG are represented in B, none of which recovered from 
diabetes. The transient reduction in blood glucose seen in some mice was likely to be related to 
exogenous insulin treatment. The difference between 2H7- and IgG-treated mice was statistically 
significant (P = 0.03). (C) Three long-term anti-hCD20–treated euglycemic mice in A were chal-
lenged with glucose (1.5 mg/g body weight) i.p. Five newly NOD mice used as controls for dys-
functional islet β cells also had an ipGTT performed, and their blood glucose levels before fasting 
were all above 300 mg/dl. Five young NOD mice were used as controls for normal functional β 
cells, and their blood glucose levels before fasting were between 93 and 121 mg/dl.
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cells had returned. Second, and perhaps most relevant clinically, B 
cell depletion begun after frank hyperglycemia was effective in revers-
ing diabetes in a significant fraction of animals. This reversal was also 
long lasting in the responding animals. Last, we identified an unex-
pected mechanism for the efficacy of B cell depletion — development 
of cells that could dominantly suppress disease induced by diabeto-
genic T cells when these were transferred to a NOD/SCID recipient. 
Although the mechanisms by which B cells promote autoimmunity 

— and therefore the mechanisms by which B cell depletion treats 
autoimmunity — have been much discussed (23, 36–38), we believe 
this is the first demonstration that B cell depletion promotes regula-
tory cell development. This latter finding thus provides an important 
conceptual advance and opens an area of research into how B cell 
depletion operates to treat a wide variety of autoimmune diseases.

Depleting B cells at early stages of disease was effective in delaying 
disease in a long-lasting fashion, thus formally excluding altered 

Figure 6
Histology and insulitis scores following 2H7 or IgG treatment. (A) Sections of pancreas illustrating islets taken from euglycemic hCD20/NOD 
mice at 2 months after treatment with 2H7 (top panels) or IgG antibody (lower panels) administered (Rx) at 4 weeks (left panels) or 9 weeks (right 
panels) of age. Magnification, ×100. (B) The graph illustrates different insulitis scores following treatment: I, treatment at 4 weeks, observation 1 
month after treatment; II, treatment at 4 weeks, observation 2 months after treatment; III, treatment at 9 weeks, observation 1 month after treat-
ment; and IV, treatment at 9 weeks, observation 2 months after treatment. Islets were examined from at least 3 euglycemic mice in each group 
and insulitis scored in 16–56 islets. When the insulitis scores were compared between 2H7 and IgG treatment within each of the 4 groups, we 
found P < 0.0001 for each group, which was statistically significant, correcting for multiple comparisons.

Figure 7
Adoptive transfer of diabetes. (A) NOD/SCID mice were injected intra-
venously with (a) 107 spleen cells from diabetic mice alone (closed cir-
cles); (b) 107 spleen cells from diabetic mice cotransferred with spleen 
cells (107) from nondiabetic IgG-treated mice (open circles); (c) 107 
spleen cells from diabetic mice cotransferred with spleen cells (107) 
from nondiabetic 2H7-treated mice (closed triangles); or (d) spleen cells 
(107) from nondiabetic 2H7-treated mice alone (open squares). There 
was a significant delay in the onset of diabetes in the group cotrans-
ferred with cells from 2H7-treated mice (P = 0.007). The experiments 
were performed twice with similar results. Figure 7A shows results of 1 
of the 2 experiments. (B). NOD/SCID mice were injected intravenously 
with (a) 107 spleen cells from diabetic mice alone (filled circles); (b) 
107 spleen cells from diabetic mice cotransferred with purified CD4 T 
cells (3 × 106) from nondiabetic 2H7-treated mice (open triangles); (c) 
107 spleen cells from diabetic mice cotransferred with purified splenic 
B cells (3 × 106) from nondiabetic 2H7-treated mice (open circles); 
(d) purified CD4 T cells (3 × 106) alone from nondiabetic 2H7-treated 
mice (closed squares); and (e) purified splenic B cells alone (3 × 106)  
from nondiabetic 2H7-treated mice (closed triangles). There was a 
significant delay in the onset of diabetes in the group cotransferred 
with CD4+ T cells from 2H7-treated mice compared with spleen cells 
from diabetic mice alone (P = 0.029) and in the group cotransferred 
with purified splenic B cells compared with spleen cells from diabetic 
mice alone (P = 0.029). There was no statistical significance between 
the groups cotransferred with CD4+ T cells or B cells (P = 0.28). The 
results shown in Figure 7B were from 1 of the 2 sets of experiments.
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lymphoid architecture development as an explanation for the lack 
of diabetes in mutant mice genetically lacking B cells from birth. B 
cells returned to predepletion levels within 3 months of the initia-
tion of the treatment and were present at substantial levels within 
weeks, yet the disease incidence curve lagged behind controls for 
months and possibly indefinitely. This suggested that temporary 
B cell depletion altered the status of cells that may interact with B 
cells. As discussed below, this in part stimulated experiments to 
detect dominant regulatory cells that may emerge in the absence 
of B cells, although at this stage it is unclear whether they have a 
direct effect on B cells upon their reconstitution. Nevertheless, the 
repopulated splenic B cells had increased frequency of T2 transi-
tional B cells and decreased frequency of marginal zone B cells, 
and this warrants further investigation.

Importantly, temporary removal of B cells after disease onset 
could reverse diabetes in over one-third of mice, with responding 
mice becoming euglycemic for a prolonged period of time. The abil-
ity to rescue mice that had already become hyperglycemic and thus 
had advanced islet cell destruction suggests that regulatory cells 
not only prevent activation and/or migration of islet-specific T cells 
but also reduce pathogenicity of T cells that had already infiltrated 
islets. In any case, the approach is clinically relevant as it indicates 
that treatment during the honeymoon period could have long-term 
effects. Although we induced sustained remission in one-third of 
mice with frank hyperglycemia, the ultimately achievable suc-
cess rate may be higher than in these initial studies, provided that 
treatment initiation time and supportive care of the mice awaiting 
remission were optimized, such as initiation of the treatment on 

the day of diagnosis and implantation of insulin pellets to better 
control blood glucose. In this regard, our approach was conserva-
tive in that we waited for repeated hyperglycemia; thus, it is highly 
possible that the mice we treated had more advanced β cell destruc-
tion than in some other studies (39, 40). It is difficult to titrate the 
best insulin support in mice due to constant food access. However, 
in people, detection of subclinical hyperglycemia in at-risk popula-
tions could be achievable, and optimal insulin therapy during ini-
tial hyperglycemia is routine. Nonetheless, even if only one-third of 
patients were provided a sustained remission by this intervention, 
this would be important. The main conclusion is that even without 
best control of blood glucose and with a stringent definition of 
diabetes, remission can be achieved with B cell depletion.

It was intriguing that reversal of diabetes in some mice occurred 
over a protracted and variable length of time, from 2 to 6 weeks after 
the initiation of treatment. This could reflect the time needed for 
effector cells to run their course, for suppressor cell induction (see 
below), and/or for the regeneration or restoration of function of β 
cells. The length of time was also possibly dependent on the number 
of islets already destroyed by the time that diabetes manifested.

Perhaps the most significant and surprising finding was that 
induction of long-lasting remission is likely to be mediated by the 
development of dominant regulatory cells. This is indicated by the 
clear identification of such an effect in our cotransfer system. Cells 
from hCD20/NOD mice that had received 2H7 treatment 6 to 7 
months earlier and that remained nondiabetic long after full B cell 
reconstitution significantly delayed the induction of diabetes by 
spleen cells from NOD mice upon transfer into NOD/SCID recipi-

Figure 8
2H7-treated hCD20 mice have increased CD4 T cells expressing regulatory markers. (A) Splenocytes from hCD20 mice, treated at 9 weeks of 
age with 2H7 or IgG, were stained with anti-CD4, anti-CD25, and anti-Foxp3 antibodies. A representative flow cytometric plot is illustrated, and 
percentages shown in the gate represent the Foxp3+CD25+ cells as a percentage of total CD4 T cells. The graph in the middle is a summary 
of the values obtained from a number of mice. The graph on the right is a summary of the absolute number of CD4+CD25+FoxP3+ T cells. (B). 
Splenocytes from hCD20 mice, treated at 9 weeks of age with 2H7 or IgG, were stained with anti-CD4 and CTLA4. The percentages shown in 
the gate represent the CTLA4+ cells as a percentage of total CD4 T cells. The graph in the middle illustrates the values obtained from a number 
of mice. The graph on the right is a summary of the absolute number of CD4+CTLA4+ T cells.
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ents. In essence, this demonstrates that depletion of B cells unex-
pectedly can induce a state of transferable immune tolerance. We 
believe this is a novel mechanism of action for B cell depletion.

With regard to T cells, as we found the expansion of 2 popula-
tions of T cells known to regulate autoimmunity in other settings 
(CD4+CD25+Foxp3+ as well as CD4+CTLA4+ cells), we speculate 
that one or both of these populations may contain the important 
cells. How the depletion of B cells leads to development of Tregs is 
not yet known, but it may relate to alteration in the balance of cells 
that present antigen to islet-specific T cells. In the absence of B 
cells, both peripheral macrophages and DCs may play a more dom-
inant role, ultimately leading to quiescence rather than inflamma-
tion, as suggested by the decreased presentation ability of perito-
neal macrophages and splenic DCs derived from B cell–depleted 
animals. This effect might be short-circuited in the presence of 
expanding clones of self-reactive B cells when the B cell compart-
ment is intact. This is currently under further investigation.

Surprisingly, in addition to Tregs, we found that B cells could 
also mediate dominant suppression upon cotransfer with diabe-
togenic T cells. The newly reconstituted B cell population had a 
more than 2-fold increase in T2 transitional B cells and nearly a 
2-fold decrease in marginal zone B cells. Furthermore, there was 
decreased frequency of anti-islet autoantibodies. The obligatory 
role of B cells in activating autoreactive T cells in NOD mice, as 
shown in B cell–deficient knockouts as well as in this paper, implies 
that there are important B cell–T cell interactions in vivo. This 
is supported by the observation that cured hCD20/NOD mice 

showed reduced T cell responses to glutamic acid decarboxylase 
autoantigen (data not shown). It is thus logical to assume that B 
cells from previously treated mice could conversely assert regula-
tory function in the same types of B cell–T cell interactions. There 
are a number of reports of regulatory B cells with powerful effects, 
in part mediated via IL-10, in inflammatory bowel disease and col-
lagen-induced arthritis, although regulatory B cells have not pre-
viously been implicated in diabetes in NOD mice (41–43). How 
regulatory B cells develop during reconstitution is a very interesting 
unresolved question. Regulatory T cells and B cells could influence 
each other (44). Alternatively, newly developing B cells that emerge 
in a noninflammatory environment, enforced by the treatment 
itself, may be more likely to adopt a regulatory phenotype. In this 
context, there appears to be a window of pancreatic development 
in which β cells undergo apoptosis and which is critical for disease 
initiation (45); reconstituted B cells with regulatory activity would 
have developed after this window. We have not yet characterized the 
identity of the regulatory B cells. In other systems, regulatory B cells 
are enriched among immature B cell populations (46), and it may 
not be coincidental that after regeneration, immature phenotype 
B cells are more frequent in our mice and also in SLE patients who 
had undergone rituximab treatment (47). An implication of our 
findings for therapeutic design is that continuous B cell depletion 
may not be desirable, as eventually, regulatory B cells could also be 
depleted. Instead, depletion may best be carried out in cycles, moni-
toring for increased disease activity and then depleting B cells again 
if their proinflammatory influence begins to exceed their regula-

Figure 9
Antigen presentation of antigenic peptides to islet autoantigen-specific T cells. (A) Peritoneal macrophages were harvested from hCD20/NOD mice 
1 month after 2H7 or IgG treatment and used as APCs after irradiation in a proliferation assay with BDC2.5 CD4 cells responding to BDC2.5 mimo-
tope or 6426 cloned CD8 T cells responding to 9-mer insulin B chain peptide of amino acid position 15–23 (B15–B23). 3H-thymidine incorporation 
is presented as Δ cpm (cpm in the presence of antigenic peptide minus cpm in the absence of antigenic peptide). Macrophages from 2H7-treated 
mice presented peptides poorly to both CD4 and CD8 T cells compared with macrophages from IgG-treated mice (P < 0.005). (B) One month after 
2H7 or IgG treatment, splenic CD11c+ DCs of hCD20/NOD mice were used as APCs after irradiation. 6426 CD8 cloned T cells were cultured with 
irradiated DCs in the presence or absence of 9-mer insulin B chain peptide of amino acid position 15–23 (B15–B23) (at 3 μg/ml) in a 3H-thymidine 
incorporation proliferation assay. (C) Splenic CD11c+ DCs were purified from hCD20/NOD mice 1 month after 2H7 or IgG treatment and used as 
APCs after irradiation. Purified splenic BDC2.5 CD4 T cells were cultured with irradiated DCs in the presence or absence of BDC2.5 mimotope. 
IL-2 production was measured by cytotoxic T lymphocyte line (CTLL) assay in culture supernatants after a 48-hour incubation.
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tory component. In addition, if regulatory B cells turn out to have 
unique phenotypes, it may eventually be possible to design thera-
pies to spare them during depletion or to artificially reconstitute 
them. In any case, because anti-hCD20 treatment induces differ-
ent regulatory cells, such as Tregs and regulatory B cells, as well as 
inhibits APC function of macrophages and DCs, the tolerant state 
is likely to be a result of complex interactions, and there could be 
both redundancy and dependency. Further dissection of this state 
will require a variety of experiments and approaches, which is the 
subject of our current work.

In conclusion, we have shown that depleting B cells at differ-
ent time points delayed and/or reduced the onset of diabetes 
and reversed diabetes in over one-third of mice. Although a most 
unexpected aspect of our findings was that mice depleted of B 
cells harbor dominant regulatory cells, the efficacy of B cell deple-
tion therapy, overall, is likely to stem from a combination of both 
a decrease in effector CD4 and/or CD8 T cells and induction of 
such regulatory cells. It is possible that reduction or alteration of 
effector cell activation by acute B cell depletion then sets the stage 
for regulatory cell development or expansion, thus sustaining the 
remission even after B cells return. Moreover, another important 
finding is that B cells are among the regulatory populations. Our 
results complement and substantially extend earlier studies that 
indicated that B cells play an important role in the pathogenesis of 
autoimmune diabetes and bolster the notion that targeting B cells 
may be a useful therapeutic strategy for patients with new-onset 
T1D. Although it is encouraging that a single cycle of B cell deple-
tion led to a durable response, it is possible that further treatment 
would lead to longer and possibly even indefinite remissions.

Methods
Mice. We have made hCD20-transgenic mice using bacterial artificial chro-
mosomes incorporating the hCD20 locus (30). To generate hCD20-trans-
genic NOD mice, we backcrossed the founder line to NOD/Caj mice over 
10 generations. The expression of hCD20 allowed the use of a murine anti-
hCD20 antibody (2H7) that recognizes the same epitope as rituximab to 
target B cells that are subsequently deleted.

NOD/Caj and NOD/SCID mice have been main-
tained at Yale University for nearly 20 years. All the 
mice were kept in specific pathogen–free condi-
tions in a 12-hour dark/light cycle and housed in 
individually ventilated filter cages with autoclaved 
food. The use of the animals and the procedures 
applied in this study were in accordance with the 
current National Research Council Guide for the 
Care and Use of the Laboratory Animals and were 
approved by the Institutional Animal Care and Use 
Committee of Yale University.

Antibodies and reagents. All  fluorochrome-con-
jugated mAbs used in this study were purchased 
from eBioscience. All the hybridoma supernatants 
containing different mAbs, used for cell purifica-
tion, were generously provided by Kim Bottomly 
(Yale  University).  Affinity-purified  anti-hCD20 
monoclonal antibody 2H7, recognizing the same 
epitope as rituximab (a humanized anti-hCD20 
mAb), was prepared as described recently (30) and 
by BioExpress from the hybridoma cell line 2H7. 
Control IgG used in the in vivo studies was pur-
chased from Rockland. Magnetic beads conjugated 

with goat anti-mouse IgG, goat anti-mouse IgM, or goat anti-rat IgG were 
purchased from QIAGEN. Bruff ’s medium and heat-inactivated FCS were 
purchased from Invitrogen and Gemini, respectively.

BDC2.5 mimotope and 9-mer insulin B chain peptide of amino acid 
position 15–23 (B15–B23) were synthesized at the Keck facility of the Yale 
University School of Medicine. The sequences of BDC2.5 mimotope and 
9-mer insulin B chain peptide of amino acid position 15–23 (B15–B23) are 
RTRPLWVRME and LYLVCGERG, respectively.

B and T cell purification. B cells were isolated using the MACS cell isola-
tion kits following the manufacturer’s instructions (Miltenyi Biotech). In 
some experiments, B cells were also isolated by negative selection to remove 
T cells and macrophages (F4/80) with magnetic beads. CD4 T cells were 
purified by removing CD8+ T cells, B cells, and MHC class II+ cells using 
monoclonal antibodies and magnetic beads. The purity of the cells was 
routinely approximately 90%, analyzed by FACS.

B cell stimulation. Splenocytes were harvested from hCD20 mice and non-
transgenic NOD littermates and stimulated overnight with anti-mouse 
CD40  mAb  (FGK45  supernatant)  or  purified  anti-mouse  Ig  (Sigma-
Aldrich) at different concentrations. The cells were then washed and 
stained with B220 together with anti-CD86 or anti-CD40 (HM40-3, eBio-
Science) and analyzed by flow cytometry.

BMDCs, splenic DCs, and peritoneal macrophages. BM cells were flushed from 
the femurs and tibiae of 2H7- or IgG-treated mice. BM cells were depleted of 
red cells and cultured in Bruff’s medium (Invitrogen) with 5% FCS in the pres-
ence of GM-CSF (1% supernatant from J558L cells transfected with mouse 
GM-CSF construct) and recombinant IL-4 (100 U/ml). The culture medium 
was replenished every 2 days. On day 5 or 6, nonadherent and loosely adher-
ent cells were harvested. These cells contained approximately 70% CD11c+ 
DCs by FACS analysis and were used as BMDCs. CD11c+ DCs derived from 
spleen were purified using a kit from Miltenyi according to the manufacturer’s 
instructions and used immediately in the assays. Peritoneal macrophages were 
harvested by flushing mouse peritoneal cavity with ice-cold PBS. They usually 
contained approximately 70% CD11b+ cells and were used freshly ex vivo.

Antigen presentation assay. MACS bead–purified BDC2.5 splenic CD4+ T 
cells (105/well) from BDC2.5 TCR-transgenic mice and insulin-reactive CD8+ 
T cell clone, 6426 cells (48) (2 × 104/well) were cultured in the presence or 
absence of BDC2.5 mimotope and 9-mer insulin B chain peptide of amino 

Figure 10
Suppressed IFN-γ and IL-17 production by diabetogenic CD4 or CD8 T cells. (A) Peritoneal 
macrophages were harvested from hCD20/NOD mice 1 month after 2H7 or IgG treatment 
and used as APCs after irradiation. Purified splenic BDC2.5 CD4 T cells or 6426 CD8 cloned 
T cells were cultured with irradiated macrophages in the presence or absence of BDC2.5 
mimotope and 9-mer insulin B chain peptide of amino acid position 15–23 (B15–B23) (both 
at 3 μg/ml), respectively. IFN-γ was measured in culture supernatants after a 72-hour incuba-
tion. (B) Peritoneal macrophages or splenic CD11c+ DCs from hCD20/NOD mice 1 month 
after 2H7 or IgG treatment were purified as described. Purified splenic BDC2.5 CD4 T cells 
were cultured with irradiated macrophages or splenic DCs in the presence or absence of 
BDC2.5 mimotope. IL-17 was measured in culture supernatants after a 72-hour incubation.
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acid position 15–23 (B15–B23) at 3 μg/ml, respectively (in Bruff ’s medium 
containing 5% FCS) with irradiated (30 Gy) BMDCs (2 × 104/well) or splenic 
DCs (2 × 104/well) or macrophages (5 × 104 or 2 × 104/well). The APCs were 
used from the mice 1 month after the 2H7 or IgG control treatment.

T cell proliferation to the antigenic peptide, assessed by 3H-thymidine 
incorporation during the last 14 to 18 hours in the 3-day culture, was used 
as a measure of antigen presentation. The culture supernatants were tested 
for production of IL-2, IFN-γ, and IL-17.

Detection of islet autoantibodies. Anti-insulin autoantibodies were detected 
using Luminex beads covalently conjugated with human insulin, follow-
ing the protocol provided by the manufacturer (Bio-Rad). Control beads 
were conjugated with BSA. Of each serum sample, 3 μl was mixed with 
35 μl assay buffer (Invitrogen). Each sample was divided equally into the 
appropriate number of wells of two 96-well plates. Free insulin was added to 
the samples in 1 plate at a final concentration of 30 μg/ml (insulin block), 
and an equivalent volume of assay buffer was added to the other plate. All 
samples were incubated for 5–10 minutes at room temperature on a shak-
ing platform. Beads conjugated with insulin or BSA (500–1000 each/assay) 
were mixed together, then aliquoted into the appropriate number of wells 
of 2 Luminex filter plates (Millipore). Liquid was removed by vacuum suc-
tion, and insulin-blocked or nonblocked serum samples were added to the 
wells of the 2 filter plates. These were further incubated for 3 hours, with 
shaking, at room temperature. The liquid was removed, and 30 μl of a 1:200 
dilution of goat anti-mouse (biotin-conjugated) antibody (Invitrogen) was 
added to each well. After 15 minutes incubation with shaking at room tem-
perature, Streptavidin-PE (5 μg/ml final dilution) was added for 10 minutes 
for detection, followed by liquid removal. Beads were resuspended in 130 μl 
Luminex buffer/well. Plates were read in a Luminex reader. Validation of 
this Luminex assay was carried out with known anti-insulin positive NOD 
serum samples that were kindly provided by George Eisenbarth (Barbara 
Davis Center for Childhood Diabetes, Denver, Colorado, USA).

Natural history of diabetes development. NOD and hCD20/NOD mice were 
observed for diabetes development by weekly screening for glycosuria. Dia-
betes was confirmed by blood glucose greater than 250 mg/dl (13.9 mmol/l)  
for 2 consecutive readings.

B cell depletion and its effect on spontaneous diabetes development. B lympho-
cytes were depleted by injecting the hCD20-transgenic NOD mice (hCD20/
NOD) with the anti-hCD20 mAb, 2H7, i.v. One cycle of treatment was used 
in all the studies presented here, which was a 9-day treatment protocol:  
0.5 mg/mouse for the first injection (day 0) followed by 3 injections of  
0.25 mg/mouse at 3-day intervals. Purified mouse IgG was used as a con-
trol antibody. To test the effect of temporary depletion of B cells on the 
initiation and progression of spontaneous diabetes, 3 groups of hCD20/
NOD mice were used: preinsulitic (4 weeks old); prediabetic (9 weeks old), 
and new-onset diabetic mice were treated with 2H7 mAb. The same age 
groups were also treated with mouse IgG as controls. All the treated mice 
were observed for diabetes development to 35 weeks.

Adoptive transfer experiments. NOD/SCID mice (between 5–7 weeks of 
age) were used as recipients in adoptive transfer experiments. Diabetic 

NOD splenocytes (107) were injected i.v. with (a) total splenocytes (107), 
(b) purified CD4+ T cells (3 × 106), and (c) purified B cells (3 × 106) from 
nondiabetic anti-hCD20 mAb–treated transgenic mice. Diabetic NOD 
splenocytes (107) alone, splenocytes (107) from nondiabetic anti-hCD20 
mAb–treated transgenic mice alone, purified CD4+ T cells (3 × 106) from 
anti-hCD20 mice alone, or purified B cells (3 × 106) from anti-hCD20 mice 
alone were transferred into NOD/SCID mice as controls. NOD/SCID mice 
transferred with splenocytes from IgG-treated nondiabetic hCD20/NOD 
mice together with diabetic NOD splenocytes were also used as controls, 
all at 107 cells per mouse. All the recipients were monitored for glycos-
uria weekly after adoptive transfer, and the experiments were terminated 3 
months after transfer unless the mice developed diabetes, which was con-
firmed by blood glucose greater than 250 mg/dl (13.9 mmol/l).

ipGTT. Mice were fasted overnight (free water access but no food) before 
challenge (i.p.) with glucose (1.5 mg/g body weight). The levels of blood 
glucose were measured using a OneTouch-UltraSmart glucose meter at dif-
ferent time points: before fasting; prior to glucose challenge; and 15, 30, 60, 
90, and 120 minutes after glucose challenge.

Histopathology and insulitis score. Pancreata were fixed in buffered for-
malin. Paraffin-embedded tissues were sectioned and stained with H&E. 
Insulitis was scored under light microscopy using the following grading: 
0, no insulitis; 1, peri-insulitis and insulitis involving less than 25% islet; 
2, insulitis involving more than 25% islet; 3, more than 75% to complete 
islet infiltration.

Statistics. Incidence of diabetes was compared using the log-rank test. 
Insulitis scores were compared by χ2 test. Mean values of cell measurements 
by flow cytometry were compared by unpaired Student’s t tests. Statistical 
analysis was performed using GraphPad Prism software.
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