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Abstract
Objective—Although B cells are implicated in the pathogenesis of systemic lupus erythematosus
(SLE), the role of B cell depletion (BCD) as a treatment is controversial given the variable benefit
in human disease. The development of a murine lupus model of BCD would be helpful to better
understand mechanisms, heterogeneity, and effects on disease outcomes.

Methods—NZB/NZWF1 female mice of varying disease severity received anti-CD20 antibody
(IgG2a), BR3-Fc, or control antibody (10 mg/kg). Tissues were harvested and analyzed by flow
cytometry. Nephritis was monitored by proteinuria (Uristix) and kidney IHC. Serum
immunoglobulin levels were measured by ELISA.

Results—After a single injection of anti-mCD20 B cell depletion was more efficient in
peripheral blood, lymph node, and spleen compared to the bone marrow and peritoneum in normal
mice as well as in young and diseased lupus mice. Since depletion of the marginal zone and
peritoneal B cells was incomplete and variable particularly in older mice with established
nephritis, a sequential weekly dosing strategy was subsequently used with improved depletion.
BAFF blockade further enhanced depletion in spleen and lymph node. Early BCDT delayed
disease onset, whereas BCDT in mice with advanced disease reduced the progression of nephritis.
These effects were long-lasting even after B cell reconstitution occurred and associated with a
reduction in T cell activation but no significant change in autoantibody production.

Conclusion—The lasting benefit of a short course of BCD in lupus prone mice with an intact
immune system and established disease highlights the validity of this treatment approach.
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Systemic lupus erythematosis (SLE) is a complex autoimmune disease involving multiple
organ systems. The immunological events triggering the onset of clinical manifestations are
not been fully defined, but a central role for B cells in the pathogenesis of this disease has
been established by work performed in multiple laboratories using both mice and humans
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(1–3). Given the strong evidence supporting an abnormal B cell compartment in SLE, B cell
depletion therapy (BCDT) is being investigated as a potential treatment strategy. Several
open-label studies, including our own, demonstrate that B cell depletion provides significant
clinical benefit in SLE (4,5). Our studies show that clinical improvement precedes the
decline of conventional serum autoantibody, strongly supporting the notion of antibody-
independent pathogenic roles of B cells. However, there is heterogeneity in response to
BCDT, as also highlighted by the recent failure of two large multi-center trials of rituximab
in general lupus and lupus nephritis (6). The mechanism underlying the clinical benefit and
the variation in response to BCDT are not clearly defined. Developing a murine lupus model
to explore the effect of B cell depletion on the disease, variability in effects, mechanisms of
benefit, and potential synergy between therapies is thus of interest.

In addition to antibody production, both protective and pathogenic roles of B cells are
mediated by poorly understood antibody-independent mechanisms (7). The latter are
highlighted by the abrogation of disease and reduction in activated T cells in B cell deficient
MRL/lpr mice (2), yet the maintenance of T cell abnormalities in mice with B cells
incapable of secreting antibody (8). However, these studies do not establish the benefit of B
cell depletion as a treatment in mice with an intact immune system or established disease.
Autoantibody-independent B cell functions include antigen-presentation, T cell activation
and polarization, and dendritic cell (DC) modulation, that may be mediated at least in part
by the ability of B cells to produce cytokines (9,10). However, the relative importance of
these distinct B cell functions to the autoimmune process in SLE and the impact of B cell
depletion therapy are not yet defined.

Moreover, given the recent demonstration of regulatory B cell subsets that dampen harmful
immune responses it is possible that B cell depletion may worsen certain autoimmune
diseases depending on the relative balance of protective and pathogenic B cells (11,12).
Indeed, it has been suggested that the loss of negative regulatory B cells may contribute to
exacerbation of disease in a number of murine models including collagen induced arthritis,
inflammatory bowel disease, and experimental autoimmune encephalomyelitis (EAE) (13).
Thus, in EAE B cell depletion therapy either exacerbated or suppressed disease depending
on the timing (14).

Effective reagents for depleting B cells in mice have not been available until recently,
necessitating the use of human CD20 transgenic mice and anti-human CD20 for mechanistic
studies in the mouse (15,16). However, antibodies against mouse CD20 have recently
become available and cause significant depletion of B cells in normal mice (17) as well as a
variety of autoimmune mouse models (18–21). In this study, anti-mouse CD20 was used to
determine the role of B cells in the development and maintenance of murine lupus. We find
that B cell depletion therapy in NZB/NZWF1 lupus prone mice mirrors many of the clinical
and immunological effects of BCD in human SLE in a number of critical aspects including
B cell depletion variability, a disconnect between clinical improvement and autoantibody
titers, and B cell reconstitution with an immature transitional B cell pool. This study also
provides unique mechanistic insights including the significant impact of B cell depletion on
the T cell compartment with decreases in T cell activation and memory T cells and the
profound delay in lupus disease onset and progression even after short-term depletion. These
results suggest that B cells are critical for both the initiation and maintenance of
autoimmunity in SLE, and B cell depletion may favorably shift the balance of protective
versus pathogenic B cell functions.
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MATERIALS AND METHODS
Mice and experimental design

NZB/NZWF1 mice, C57BL/6 mice and BALB/c mice were supplied by Jackson
Laboratories. All mice were housed in the animal facility in the University of Rochester
Medical center. All experiment protocols were reviewed and approved by the University of
Rochester Committee on Animal Resources. Young NZB/NZWF1 mice (8–12 weeks), mice
with early disease (18 weeks), and mice with established nephritis (24–30 weeks with
durable proteinuria ≥2+ proteinuria or 100 mg/dl) (female) were treated with anti-mouse
CD20 antibody IgG2a (18B12) or control anti-human CD20 mAb (an engineered IgG2a
derivative of the 2B8 IgG1 mouse parent of rituximab that has no cross-reactivity with
mouse CD20) at ~10 mg/kg (300 μg) intravenously weekly via a retro-orbital route. C57BL6
and BALB/c mice were utilized as controls. In a treatment group of anti-mouse CD20
combined with BR3-Fc, BR3-Fc (supplied by Genentech) was given at 300μg per week with
retro-orbital i.v. injections for 4 weeks. During the treatment, mice were bled every 2 weeks
and proteinuria was monitored with urine dipstick (Uristix by Bayer). Upon treatment
completion, mice were sacrificed with CO2 euthanasia. Spleen, lymph node, peritoneum,
peripheral blood and bone marrow lymphocytes were collected in 4° C FACS buffer (3%
FBS in PBS) for flow cytometry analysis. Kidneys were collected and formalin fixed for
histological analysis.

ELISA assay
Sera from anti-mCD20 treated mice blood samples were collected and frozen prior to
quantifying anti-mCD20 serum levels. Quantification of circulating 18B12 was done by
capture ELISA, using an anti-idiotype monoclonal (18C8) specific for 18B12. Detection of
captured 18B12 was with anti-mIgG2a biotin (BD Biosciences 553502) followed by SA-
HRP (BD Biosciences 554066). Absorbance (OD450-650) values were converted to μg using
a standard curve of 18B12. Animal identification and treatment information were blinded for
all ELISA samples. Serum was also used for total IgG and IgM measurements and anti-
dsDNA analysis with mouse anti-dsDNA ELISA kit (alpha diagnostic international) by
following the manufacturer’s instructions.

Detection of antibody-secreting cells by enzyme-linked immunosorbent spot assay
For quantification of antibodies to dsDNA–secreting cells, 96-well multiscreen plates
(Millipore) were coated with poly–L-lysine (Sigma) and calf thymus DNA (Sigma) and then
blocked with 2% fetal calf serum in PBS. Cell suspensions from spleens or bone marrows
were incubated as serial dilutions starting with 5E5 cells/well overnight at 37 oC in a 5%
CO2– containing incubator. After incubation, plates were washed and incubated with
alkaline phosphatase–conjugated goat antibody to mouse IgG (Jackson) for 1 h at RT and
detected with Vector Blue Alkaline Phosphatase Substrate Kit III (Burlingame, CA). For
assessment of IgG-secreting cells, serial dilutions starting with 1E5 cells/well were
incubated on goat antibody to mouse IgG–coated plates (Southern Biotech).

Flow cytometry analysis
FITC-CD21, biotin-CD23, PE-CD23, PE-CD1d, APC-B220, FITC-B220, APC-AA4.1,
biotin-IgM, FITC-IgM, biotin-CD5 (BD Biosciences) and PE-CD11b (BD Biosciences)
were used for B cell and B cell subset identification. APC-CD4 (BD Biosciences) and
biotin-CD69 (BD Biosciences) were used for T cell analysis. PE-CD11b (BD Biosciences)
and FITC-CD11c (BD Biosciences) were used as dendritic cell markers. Streptavidin-PerCP
(BD Biosciences) was used as a secondary marker for biotinylated antibodies. Samples were
run on the FACSCalibur. A multicolor flow panel to additionally characterize GC cells
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consisted of PE-CY7-23, PE-CY5.5-IgM, APC750-B220, APC-AA4.1, FITC-CD21 (BD
Bioscience), PE-CD1d, Biotin-GL7 followed by SA-Pacblue (Invitrogen) and was run on a
FACSCanto. All antibodies were purchased from eBioscience except where indicated. B cell
subsets were defined as follows: T1 (B220+,CD23−,IgM+,AA4.1+), T2
(B220+,CD23+,IgM+,AA4.1+), T3 (B220+,CD23+,IgMlow,AA4.1+), FO
(B220+,CD23+,IgMlow,AA4.1−), MZ (B220+,IgM+,CD1d+,CD21+), B1a (CD11b
+,CD5+,IgM+,B220+/−), B1b (CD11b+,CD5−,IgM+,B220+/−), B2 (CD11b−,CD5−,IgM
+,B220+), prepro (IgM−,B220low), immature (IgM+,B220low/med), and mature( IgM
+,B220hi).

Histological analysis
Kidneys of NZB/NZWF1 mice from different treatment groups and C57BL/6 normal control
mice were fixed in 10% formalin and paraffin embedded or frozen. Kidney sections (4 μm)
were stained with hematoxylin and eosin. Pathology was analyzed and scored in a blinded
fashion (B.I.G.) (1). Briefly, the severity of glomerular, interstitial, and vascular lesions was
determined on a scale of 0 to 4+. Multiple sections at a minimum of two different levels
were examined, with each section typically containing >50 glomeruli and >25 blood vessels
as described. Spleen sections were frozen and cut into 4μm sections. Immunohistochemistry
slides were stained for FDC-M1 (BD Bioscience), PE-B220, and Biotin-GL7 using a Dako
LSAB2 kit. 3-color fluorescent slides were stained for FITC-MOMA (ABD serotec),
AMCA-IgM (Vector labs), ALEXA647-IgD OR -FITC-B220, BIOTIN-GL7 followed by
SA-PE, and APC-CD4 (BD Bioscience). Antibodies were purchased from eBioscience
except where indicated. Sections were quantitated in blinded fashion using IPLab 4.0
software to discriminate and enumerate area occupied by positive staining after imaging. GC
size was quantitated by morphometric analysis of GL7+ staining on IHC. GC size, expressed
in an arbitrary unit for total area of positive pixels, was averaged for all GL7+ clusters in
spleen sections from at least 4 anti-CD20 or control treated mice.

Statistical analysis
Student’s t-test was used for comparison between treatment groups. Chi-squared test was
performed on protein survival data. Significance is based on a value of p<0.05.

RESULTS
B cells from NZB/NZWF1 mice are resistant to BCDT

To evaluate the ability of anti-mCD20 antibody to deplete B cells in lupus prone mice, we
treated 10 week old NZB/NZWF1 mice with one dose of anti-mCD20 or control antibody.
Mice were sacrificed sequentially every week following the treatment to monitor the
efficacy of anti-mCD20 mediated B cell depletion in peripheral blood, lymph node, bone
marrow, spleen and peritoneal cavity. With one dose of anti-CD20, maximal depletion was
observed 1 to 3 weeks after the injection depending on the B cell compartment (Fig. 1A).
Enhanced depletion of the more resistant splenic marginal zone (MZ) and peritoneum was
noted over time. Depletion was most efficient in the peripheral blood (PB) (89%), lymph
node (LN) (80%), and spleen (78%) and least efficient in the peritoneum (36%) and bone
marrow (BM). Of note, mature B cells in the BM were very efficiently depleted but
immature B cells less so and precursor populations not at all (Fig. 1A), consistent with
absent to low CD20 expression on the latter populations. B cells began to recover at 2 to 3
weeks following the one dose anti-mCD20 injection (Fig. 1A). By comparison, normal
C57BL6 mice had more efficient depletion as follows: PB 96% >spleen 91% >LN 90%
>peritoneum 69% >BM 56% (data not shown) and remained depleted for greater than 4–6
weeks.
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Given the incomplete depletion of some subsets (MZ) and in certain tissues (peritoneum), as
well as the early reconstitution, we next administered anti-mCD20 at 10 mg/kg weekly for
one, two, three or four weeks. Mice were sacrificed one week after the last injection of anti-
mCD20. We found that B cells were progressively depleted with increased frequency of
dosing (Fig. 1B), an effect particularly striking in the splenic MZ as reflected in the
improved overall splenic depletion (from 78% after 1 dose to 87% after 4 doses) and
peritoneum (from 36% after 1 dose to 62% after 4 doses) (Fig. 1B).

B cell depletion is variable in NZB/NZWF1 mice with more advanced disease
To determine whether older NZB/NZWF1 mice with more advanced disease display further
resistance to B cell depletion, we compared the efficacy of depletion in young (pre-disease,
10 week) and old (post-nephritis onset with proteinuria ≥ 100 mg/dl and < 300 mg/dl, ~6
month) NZB/NZWF1 mice treated with four consecutive weekly injections of anti-CD20.
Although significant depletion was achieved in older mice compared to disease and age
matched mice treated with control antibody (Fig. 2A), depletion was not as complete as in
young NZB/NZWF1 mice or in C57BL/6 mice. Moreover, there was wide variability in
depletion ranging from 7% to 91% in the spleen. Similar variability in depletion was also
seen in other tissues.

We also found that resistance to depletion correlated with rapid clearance of anti-mCD20
from the serum (Fig 2B) and, conversely, that those mice achieving effective B cell
depletion maintained serum levels of anti-mCD20 of at least 10 μg/ml. Importantly, mice
with ≥ 3+ proteinuria were highly resistant to depletion (Fig 2B, squares) and had very low
levels of circulating anti-CD20. Overall, these results indicate a close relationship between
disease activity, serum drug levels, and depletion efficiency. To exclude clearance of
antibody through the kidney, drug levels were measured in the urine but were
undetectable. ,Thus, the mechanism of enhanced anti-CD20 antibody clearance in lupus
prone mice is still unclear.

Residual B cells after B cell depletion
To determine where residual B cells after anti-mCD20 were localized in the spleen, we
analyzed various B cell populations by histology. We found that residual B220+ B cells in
the spleen largely consisted of the IgM+ MZ (around the MOMA staining marginal sinus)
(Fig. 3A). This analysis also highlighted the sensitivity of mature IgD+ B cells to depletion
and the lack of effect of short-term B cell depletion on the large numbers of IgM bright
plasma cells (Fig. 3A). Given that lupus prone mice spontaneously form germinal centers
(GC) with age, we also examined germinal center B cells in the spleen. Although the
numbers of GCs was unchanged after BCD (Fig. 3A), in contrast to prior studies (15,16) we
found that GC B cells were sensitive to BCDT with a decrease in both the size of GCs and
the number of GL7+ cells (Fig. 3B).

To more quantitatively assess the effects of BCDT on the frequencies of GC, MZ, and other
B cell subsets in the spleen, we performed seven-color flow cytometry to analyze
simultaneously multiple surface markers on residual splenic B cells (22). Consistent with the
histologic analysis, we found that GL7+ GC B cells in the spleen were efficiently depleted
(93% depletion) (Fig. 3C). In contrast, the MZ subset was relatively resistant to BCDT (Fig.
3C, within Fraction III or alternatively defined as CD21+CD1d+) and formed the largest
fraction of the residual B220+ population after B cell depletion (22). Fractions I and II
(containing follicular/T3 and T1/T2 subsets respectively) were relatively sensitive to
depletion. Additional residual B cells included a CD21lowIgMlow population that likely
represents a class-switched memory B cell population (Fig. 3C).
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B cell survival factors contribute to B cell depletion resistance in lupus prone mice
B cell activation factor belonging to the TNF family (BAFF) is a key cytokine for the
survival and maturation of transitional, follicular, and MZ B cells. Mice over-expressing
BAFF develop an SLE-like phenotype (23). Moreover, lupus-prone mice have elevated
levels of circulating BAFF, and administration of soluble BAFF receptor (BAFFR/BR3-Fc
fusion protein) ameliorates disease progression and improves survival (24). To explore the
role of BAFF in mediating resistance of B cells to depletion in lupus mice, we quantified the
extent of B cell depletion after combination anti-mCD20 and BAFF blockade with BR3-Fc.
We found that the combination therapy enhanced B cell depletion in the lymph nodes and
spleen, particularly in the relatively depletion-resistant MZ, but had no effect on depletion in
the BM, peritoneum, or peripheral blood (Fig. 4). Thus, survival factors clearly play a role in
susceptibility to anti-mCD20 mediated B cell depletion at least in some tissues.

Effects of BCDT on progression of nephritis in NZB/NZWF1 mice
In order to define the clinical effects of BCDT, we treated six month old lupus mice with
established nephritis (proteinuria between 100mg/dl (2+) and 300 mg/dl (3+)) with anti-
mCD20 (weekly x 4) and monitored proteinuria weekly. We found that BCDT prevented
nephritis progression relative to controls (Fig. 5A). Despite the additional B cell depletion
that we observed in the spleen and lymph nodes using BR3-Fc, the combination of BCDT
with BR3-Fc had no additional clinical benefit over BCDT alone (Fig 5A). To determine
whether BCDT also had a measurable effect on kidney pathology, we looked for nephritis in
treated and control mice. We found that NZB/NZWF1 mice that received BCDT or
combination therapy had a significant reduction in interstitial nephritis and none to minimal
glomerulonephritis. In contrast, the control group displayed severe glomerulonephritis with
crescents, necrosis, and mesangial hypercellularity and massive interstitial nephritis (Fig
5B–C). Thus, BCDT clearly reduces both clinical markers of lupus and the histopathology
associated with disease.

To further define the duration of benefit of short-term BCDT we treated NZB/NZWF1 mice
with either anti-CD20 (1x/week for 4 weeks), with anti-CD20 and BR3-Fc (1x/week for 4
weeks) or with anti-CD20 alone (2x/week for 4 weeks) and followed disease progression for
25 weeks. We found that all three groups receiving treatment had an improvement in
nephritis, with progression delayed for over 5 months from initial treatment (Fig. 5D). The
difference in proteinuria free survival (proteinuria <300 mg/dl) was significant between the
treated and control groups (p=0.01), although a similar frequency of mice began to progress
beyond 2+ protein early in treatment (data not shown). Interestingly, the effects on nephritis
were not significantly different between groups that received BCDT alone or in combination
with BR3-Fc, despite the more consistent B cell depletion achieved in the latter group. There
was some suggestion that twice weekly anti-mCD20 had greater effects early in the course,
with a lower frequency of mice progressing (data not shown). Overall, the effect of a short
course of BCD was extended well beyond the timing of reconstitution, which occurred
between 31 and 39 weeks.

To determine whether BCDT could prevent disease, we treated 18 week old NZB/NZWF1
mice pre-nephritis with four doses of anti-mCD20 or control antibody over four weeks. We
found that without treatment, 100% of mice developed high levels of proteinuria (> 100 mg/
dl) by 33 weeks of age. In contrast, mice that received BCDT had a significant delay (4
months) in the onset of proteinuria onset (Fig. 5E). The difference in proteinuria free
survival between the two groups was highly significant (p=0.0007). Thus, BCDT can be
prophylactic in addition to therapeutic in the context of lupus.
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Autoantibody dependent and independent effects of B cell depletion
We next wanted to test whether the beneficial effects of BCDT correlated with alterations in
immune effector functions, such as autoantibody production or T cell activation. We found
that despite the clinical improvement of lupus after B cell depletion therapy, serum anti-
dsDNA autoantibody level did not significantly decline compared to baseline or control
treated animals at the end of 4 weeks of treatment (Fig. 6A). This is in accord with the
persistence of immune deposits in the kidneys of treated animals (Fig. 5B). Co-treatment
with anti-CD20 and BAFF blockade tended to have a greater effect on serum
immunoglobulins with the difference in anti-dsDNA between the control treated and co-
treatment group approaching significance at 4 weeks (p=0.06). This is in accord with longer
term measurements of total IgG, total IgM, and IgG anti-dsDNA antibodies after 4 weeks of
treatment (8 and 16 weeks after treatment initiation), where anti-CD20 alone failed to
abrogate progressive increases in total IgG and anti-dsDNA with age but co-treatment
stabilized this increase (Fig. 6A) However, the difference between anti-CD20 and co-
treatment at 16 weeks was only significant for total IgG (p=0.003).

Given that serum autoantibody concentrations reflect a complicated balance between
production and consumption, we next directly evaluated the impact of BCD on numbers of
IgG-secreting cells by enzyme linked immunosorbent spot (ELISPOT) analysis. Notably,
there was no change in total IgG–secreting and dsDNA-specific IgG–secreting cells in the
spleen or bone marrow of mice treated with BCDT for 4 weeks compared to control treated
animals (Fig. 6B).

In contrast to the minimal effects on autoantibody production, there was a significant effect
of BCD on the T cell compartment after 4 weeks of treatment. Untreated or control treated
mice accumulated CD4+CD69+ activated T cells as well as CD44hiCD62Llow antigen-
experienced T cells in the spleen (Fig. 7A). However, with BCD there was a significant
reduction in the frequency of activated T cells and antigen-experienced T cells (Fig. 6B) as
well as an increase in naïve T cells (both frequencies and absolute numbers). Similar effects
were observed in the lymph nodes (Fig. 7B).

Immature transitional B cells predominate during B cell reconstitution
In addition to the quantity and quality of B cell depletion, a central question regarding BCD
therapy is the nature of immunologic reconstitution and whether the B cell compartment is
altered after therapy. To answer this question, we studied the phenotype of B cells emerging
after treatment. When C57BL/6 mice were treated with a single injection of anti-mCD20, B
cell reconstitution began to occur at around 6 weeks. In the peripheral blood and spleen, an
immature B cell population with high IgM expression emerged, consisting of T1
(IgMhiCD23negAA4.1pos), T2 (IgMhiCD23posAA4.1pos) and T3
(IgMloCD23posAA4.1pos) B cells. By 9 weeks, these immature populations disappeared,
and most B cells in the peripheral blood were mature B220hiIgMloCD23+AA4.1− (data not
shown). In contrast, B cell reconstitution occurred earlier in NZB/NZWF1 lupus prone mice,
with emerging AA4.1 positive transitional B cells in the peripheral blood and spleen by 3
weeks (Fig. 5E). The reconstitution in lupus prone mice was more heterogeneous with the
presence of both newly emerging bone marrow B cells (AA4.1+) and residual B cells
(AA4.1− MZ, follicular, and memory B cells) at depletion time points and early
reconstitution (data not shown).

DISCUSSION
The physiological importance and complexity of B cell functions has been brought to the
fore in recent years by the success of rituximab-based B cell depletion therapy (BCDT) in
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multiple autoimmune diseases including Rheumatoid Arthritis and Multiple Sclerosis, often
conventionally viewed as T-cell mediated conditions. Given the exploration of BCDT in
various autoimmune diseases and the key role of B cells in both protective immunity and
pathogenic autoimmunity, it is important to better understand B cell functions in disease.
This is particularly highlighted by the recent failure of two large clinical trials of BCDT in
human SLE, raising doubts about the therapeutic efficacy of this approach. However, we
find that B cell depletion has robust effects in a murine lupus model, resulting in both
significant delays in disease onset when used in a prevention regimen and improvement in
nephritis when used for therapeutic treatment of advanced disease. This indicates that B
cells are critical for both the initiation and maintenance of autoimmunity in this spontaneous
SLE model, and even short-term B cell depletion may have lasting benefit.

In light of data regarding the variability in effects of BCD in human SLE (5,25), it is notable
that lupus prone mice with more active nephritis display some resistance to B cell depletion
with anti-CD20. Although this phenomenon has been demonstrated previously (16), our data
extend these findings, particularly given that the prior study relied predominantly on human
CD20 transgenic MRL-lpr mice that express lower levels of human CD20 as compared with
endogenous CD20, utilization of unusually large quantities of anti-CD20 antibody (1–10
mg; 10–100-fold higher than here or the comparable dosing in humans) of a less efficient
isotype (IgG1), and observed very inefficient B cell depletion (<50%). In our hands,
resistance of B cells to anti-CD20 appears to be multi-factorial and at least in part related to
more rapid drug clearance, suggesting that it could be overcome by more frequent or higher
dosing. The mechanistic basis for more rapid clearance of drug may include accelerated
clearance through the reticuloendothelial system and/or formation of an antibody response
against the anti-mCD20. However, we were unable to detect the latter (data not shown). It is
also likely that there are B cell intrinsic factors that contribute to the resistance to depletion
in autoimmune mice. Although it remains controversial how anti-CD20 mediates B cell
depletion, with evidence for complement-dependent cytotoxicity, antibody dependent
cellular cytotoxicity, and induction of apoptosis, Fc receptor dependent mechanisms via the
latter two pathways may predominate in vivo (15,25,26). Thus it is plausible that an
imbalance of B cell survival/apoptotic pathways, a defect shared among genetically distinct
mouse models (27), plays a significant role in depletion resistance, a hypothesis we are
currently exploring. Notably, we find that combined treatment with anti-CD20 and BAFF
blockade improves the extent of depletion suggesting that elevated levels of BAFF
contribute to enhanced B cell survival. This has been suggested in normal mice (15) but not
previously demonstrated in lupus, a disease where such mechanisms may be particularly
relevant given the excess BAFF found in both mice (24) and man (28).

The availability of anti-mCD20 provides the opportunity to monitor tissue depletion of B
cells in a systematic fashion that is not possible in human studies. It is interesting that there
is a tissue and subset specific hierarchy of sensitivity of B cells to depletion, with peripheral
blood B cells most sensitive, tissue B cells (spleen and LN) less so, and peritoneal and BM
B cells most resistant- the latter likely explained by the low CD20 expression by the
majority of BM B cells. The greater difficulty depleting tissue B cells is consistent with
prior publications (15,29) and emerging though more limited data in humans (30,31). We
find that in the spleen residual B cells are predominantly of a MZ and memory phenotype,
with plasma cells also resistant due to lack of CD20 expression. The resistance of MZ B
cells to depletion has been reported in human CD20 transgenic mice (15) as well as more
recently in autoimmune models using some anti-mCD20 (21) but not others (29). This
suggests that antibody specific, microenvironment, and mouse strain effects are likely to be
important in resistance of B cells to anti-CD20 depletion. The increased resistance of the
MZ to depletion in lupus mice may be due in part to excess BAFF and the dependence of
MZ B cell survival on this cytokine given that MZ depletion is significantly improved with
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combination BAFF blockade. We also find residual memory B cells in the spleen although,
in contrast to prior studies (15,16), GC B cells appear to be quite sensitive to depletion. This
suggests strain specific differences in the sensitivity of certain B cell subsets to depletion.
Alternatively, the factors maintaining spontaneous GCs in lupus prone mice may be
different from GCs in Peyer’s patches or splenic GCs arising after immunization (15). Of
note, the disruption of spontaneous GCs and ectopic GCs may be an important mechanism
of action of BCD in the treatment of lupus. The presence of residual memory B cells is
notable given our prior findings in human studies of relative resistance of memory B cells to
depletion in a subset of SLE patients (32). In accord with this data, it has recently been
demonstrated that the human spleen is a reservoir for long-lived memory B cells that are
resistant to B cell depletion (31). This may be beneficial for maintenance of protective
immunity after BCDT but limit the deletion of autoreactive memory. It is interesting that a
number of recent reports in mouse models of BCD find inhibition of both primary and
secondary immune responses, suggesting that memory B cells are deleted (33). However,
this may depend on the timing of anti-CD20 treatment relative to the establishment of a
memory response, as well as the host microenvironment. It is also possible that autoreactive
memory B cells are protected in inflammatory niches, either within target tissue, spleen, or
peritoneum.

Importantly, we find that B cell depletion prevents the progression of lupus nephritis in both
early and late disease despite the variability in extent of depletion. Similar to human SLE
(34), there is a lack of a significant effect of BCD on serum autoantibodies. Our results
significantly extend prior observations with the demonstration that autoreactive antibody
secreting cells in spleen and bone marrow are not impacted by B cell depletion, at least at
early time points. We are currently exploring whether B cell depletion longer term alters the
pro-inflammatory milieu that contributes to the maintenance of long-lived autoreactive
plasma cells. Different mechanisms of action have been invoked to explain the benefit of
BCD in SLE and other autoimmune diseases including the elimination of autoantibodies,
decreased T cell activation, the expansion of Treg cells, the disruption of ectopic lymphoid
tissue, and the elimination of effector B and other cells from target organs (35–38). The
lasting benefit seen here of a short course of BCDT in NZB/NZWF1 mice even after B cell
reconstitution suggests either profound effects of BCD on other cell populations and/or the
emergence of a B regulatory cell population. Regarding the former possibility, we do find a
significant impact of B cell depletion on the T cell compartment with decreases in activated
and memory T cells. Notably, BCD has been shown to inhibit antigen-specific CD4 T cell
expansion in both collagen-induced arthritis and autoimmune diabetes mouse models (39).
Whether this is mediated via direct B cell APC functions or indirectly through B cell
cytokine secretion or other B cell functions remains an important area of future study.

It has been known for many years that B cells can produce cytokines with
immunosuppressive, polarizing, inflammatory, and tissue-organizing properties, yet the
potential biologic relevance of cytokine-producing B cells was largely unappreciated.
However, recent findings have renewed interest in this area and have raised the intriguing
possibility that cytokine-producing B cells actively modulate both humoral and cellular
immune responses (40). From an autoimmunity standpoint, B cells may either stimulate or
inhibit pathogenic responses. A pathogenic role for B cells in SLE is strongly supported by
mouse models that are genetically B cell deficient (41), although these models have some
limitations including the presence of immunologic and lymphoid organ structural defects
engendered by the genetic absence of B cells and the inability to study effects on established
disease. Our data firmly establish the pathogenic role of B cells in lupus disease
development and progression, adding to results in human CD20 transgenic lupus prone mice
(16) and B cell depletion with other approaches (42,43). On the other hand, evidence is
accumulating for regulatory B cells (11) capable of preventing or suppressing autoimmunity
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in different mouse models (13,14). This protective role may be mediated by inducing T cell
anergy during antigen presentation or inducing Treg expansion or activity (11). These
activities are mediated, at least in part, by the B cell production of IL-10 or TGFβ and may
control a variety of auto-inflammatory diseases including: inflammatory arthritis,
inflammatory bowel disease, autoimmune diabetes, experimental autoimmune encephalitis,
and lupus (12,39,44–48).

Given the hierarchy of sensitivity of distinct B cell subsets to anti-mCD20, it is important to
consider the actual nature and mechanisms of action of Breg cells and the impact of BCD.
Mouse Breg activity has been variously assigned to cells with a transitional (in particular,
T2-MZ Precursors – T2/MZP), MZ, or B1 phenotype, and lupus resistance has been
associated with expansion of MZ cells (13,49). Our observation that expansion of
transitional B cells correlates with long-term remission in SLE patients treated with BCDT
is also consistent with a regulatory nature for certain B cell subsets in humans (32,50). Thus,
it is interesting that the B cell subsets most resistant to anti-mCD20 include the MZ and B1
cells, leading us to speculate that BCD shifts the balance of protective versus pathogenic B
cell functions. Our results are also the first to carefully delineate the kinetics and phenotype
of B cell reconstitution in autoimmune mice and impact on clinical and immunologic
outcomes. The predominance of an immature transitional phenotype is in keeping with
human B cell depletion therapy (50) and, in the context of persistent disease suppression,
highlights the potential regulatory function of these cells. Further delineation of the cytokine
secreting ability of these discrete B cell subsets in the context of the autoimmune process
and B cell depletion is necessary.

In conclusion, our results indicate that B cells are critical for both the initiation and
maintenance of autoimmunity in SLE. B cell depletion is associated with a reduction in T
cell memory and activation but a lack of significant effect on autoantibodies and
autoreactive B cell memory. The lasting benefit of a short course of BCDT in lupus prone
mice suggests a favorable shift in the balance of protective versus pathogenic B cell
functions and supports the validity of this approach in the treatment of lupus.
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Non-standard abbreviations

BAFF B cell activator of the TNF family

BCDT B cell depletion therapy

BM bone marrow

GC germinal center

FO follicular

LN lymph node

MZ marginal zone

MOMA-1 metallophillic macrophage-1

PB peripheral blood
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Figure 1. B cell depletion in lupus prone mice improves with prolonged treatment
10 wk old NZB/NZWF1 mice were treated with (A) a single dose of anti-mCD20 (300 μg)
or control anti-human CD20 mAb intravenously and tissues were harvested at 1,2,3,4 weeks
following treatment or (B) 1,2,3 or 4 weekly doses of anti-mCD20 and tissues were
harvested one week after the last antibody injection. B cells were enumerated by flow
cytometry, with subset definitions as defined in the Materials and Methods. B cell subsets
are depicted as a normalized ratio (mean +/− SE) compared to control treated group with
n=4 animals per group and time point. PBL, peripheral blood. SPLN, spleen. LN, lymph
node. BM, bone marrow. PERIT, peritoneum. MZ, marginal zone. FO, follicular.
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Figure 2. B cell depletion with anti-CD20 in older lupus mice is more variable
Six month old NZB/NZWF1 mice were treated with anti-mCD20 (n=8) or control antibody
(IgG2a) (n=8) (300 μg) once per week for 4 weeks. Mice were selected based on two
consecutive measures of proteinuria ≥ 100 mg/dl (2+) and < 300 mg/dl (3+). Younger NZB/
NZWF1 mice (10 wk) (n=4) and C57BL6 mice (n=6) were treated with anti-mCD20 for
comparison. (A) Splenic B cells (B220+) were quantitated by flow cytometry 1 week after
the fourth and final antibody injection and displayed as a % of the total lymphocyte gate.
Astericks indicate significant differences: **, p<0.001 by student’s t-test. *, p<0.05 by
student’s t-test. (B) Serum anti-mCD20 concentration was measured at day 14 (closed
diamonds) and day 28 (open circles) during the course of weekly injections (x 4) of anti-
mCD20 (300 μg). Mice that were able to maintain good serum drug levels had more
effective B cell depletion (splenic depletion at day 28 shown). Mice with 3+ or greater
proteinuria at the time of treatment are depicted with squares; the remaining mice began
treatment at 2+ proteinuria.
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Figure 3. Residual B cells after anti-CD20 mediated BCD
Six month old NZB/NZW F1 mice (≥ 100 mg/dl proteinuria) were treated as in Figure 2
with anti-mCD20 or control antibody (IgG2a) (300 μg) once per week for 4 weeks. (A)
Immunohistochemistry of spleens stained with GL-7 (GC stain) and B220 antibody (B cell
marker) or antibodies against MOMA (green), IgM (red), and IgD (blue) from NZB/NZWF1
mice treated with anti-CD20 (top panels) or control antibody (middle panels).
Magnification, x10. (B) Enumeration of GCs, based on size as calculated from IHC staining
for GL7+, and flow cytometry detection. (C) Depletion of B cells is depicted in spleen, with
additional characterization of residual B cells via flow cytometry expression of the indicated
markers. GC B cells are defined as GL7+ cells in the B220+ gate. Fractions I, II, and III are
defined based on CD21 and IgM expression, gated through B220+. MZ B cells are defined
here as CD21+CD1d+, gated through B220+. Representative dot plots are shown.
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Figure 4. B cell depletion is improved by combination BAFF blockade
Six month old NZB/NZWF1 mice (≥ 100 mg/dl proteinuria) were treated with anti-mCD20
(n=9), anti-mCD20 with BR3-Fc (n=4) or control antibody (IgG2a) (n=8) (300 μg) once per
week for 4 weeks. B220+ B cells were enumerated 1 week after the final antibody injection
in multiple tissues by flow cytometry. (A) Depletion of B cells (B220+) in spleen (SPLN),
bone marrow (BM), peritoneum (PERIT), peripheral blood (PBL), and lymph node (LN),
reported as the B220+ B cell % of the lymphocyte gate (mean +/− SE). (B) Depletion in B
cell subsets in spleen, peritoneum and bone marrow. B cell subsets were defined as in the
Methods.
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Figure 5. B cell depletion prevents the progression of nephritis
(A) Six month old NZB/NZW F1 mice were treated with control antibody (IgG2a), anti-
mCD20 alone (300 mg) or anti-mCD20 combined with BR3-Fc (8 mg/kg) once per week for
4 weeks. Mice were selected based on two consecutive measures of proteinuria ≥ 100 mg/dl
and < 300 mg/dl. Proteinuria monitored with urine dipstick during the treatment. Mean +/
−SE.*p<0.05. (B) Hematoxylin and eosin stained kidney sections anti-mCD20 treated and
untreated NZB/NZWF1 mice (20x). Deposition of IgG in the glomeruli is unchanged with
anti-CD20 (10x). (C) Kidney pathology was scored according to anatomic site as described
in the Materials and Methods. GN, glomerulonephritis. IN, interstitial nephritis. VI,
perivascular infiltration. (D) Prolonged follow-up. NZB/NZW F1 mice with 2+ protein (100
mg/dl) were treated at 24–28 weeks with control antibody (IgG2a,n=15), anti-mCD20 (300
mg, n=8) once per week for 4 weeks (Group A), anti-mCD20 combined with BR3-Fc (n=7)
for 4 weeks (Group B), or anti-mCD20 (300 mg, n=5) 2x/week for 4 weeks (Group C). The
difference in proteinuria free survival was significant between the groups (p=0.01). The
timing of reconstitution is indicated by the bar. (E) Early B cell depletion delays lupus
disease onset. 18 weeks old pre-diseased NZB/NZW F1 mice were treated with control
antibody (IgG2a,n=5) or anti-mCD20 (300 mg, n=6) once per week for 4 weeks (start of
treatment and beginning of reconstitution indicated by arrows). Proteinuria was monitored
and is depicted here as the percentage of proteinuria <300 mg/dl in both treatment groups.
The difference in proteinuria free survival was significant between the two groups
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(p=0.0007). The dot plots on the right indicate that immature transitional B cells
predominate during early reconstitution after BCD. Analysis of splenocytes with total
lymphocytes on the left and B220+ gated B cells on the right. In the CD23 v IgM dot plots
red cells are AA4.1+ and indicative of ‘immature’ status, also seen on the IgM v B220 plots
as a high IgM population.
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Figure 6. B cell depletion has minimal impact on autoantibody production
(A) Effects on serum autoantibodies: NZB/NZWF1 mice with 2+ proteinuria were treated
with anti-mCD20 (n=8), anti-mCD20 combined with BR3-Fc (CoTx) (n=7) or control
antibody (IgG2a,n=6) (300 mg) once per week for 4 weeks. Immunoglobulin levels (mean +
−SE) were assessed by ELISA before (baseline) and after treatment. The plot on the left
shows anti-dsDNA levels before and 1 week after completion of treatment (4 wks after
treatment start). There was no significant difference between baseline and any one of the
treatment groups by student’s t-test. The middle graph depicts serum IgG, IgM, and anti-
dsDNA in mice treated for 4 weeks with anti-CD20, or on the right anti-CD20 and BR3-Fc,
and then followed as in Fig. 5D. Even with prolonged follow-up serum immunoglobulin
levels do not decrease. The point of maximal B cell reconstitution rate is indicated by the
arrow. (B) Effects on antibody secreting cells: ELISPOT results for IgG to dsDNA (anti-
dsDNA)-secreting cells and total IgG-secreting cells in the spleens and bone marrows 1
week after 4 weekly treatments of anti-mCD20 (time point shown by asterick in A) (n=5) vs.
control antibody (IgG2a,n=6) (time point shown by asterick in A). Each point represents an
individual mouse with mean+/−SE also depicted.
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Figure 7. Autoantibody independent effects of B cell depletion
Six month old NZB/NZWF1 mice were treated with anti-mCD20 (n=9), anti-mCD20
combined with BR3-Fc (n=4) or control antibody (IgG2a,n=8) (300 μg) once per week for 4
weeks as in Figure 5. (A) T cells were analyzed by FACS 1 week after the completion of 4
weeks of treatment. Activated (CD69+ of the CD4+ T cells) and memory
(CD44hiCD62Llow) T cells in the spleen are reduced by B cell depletion therapy.
Representative dot plots are shown. Data not shown for combination treatment. (B) The
decrease in activated and memory T cells for each cohort in the spleen or LN. *, p=0.002,
**, p=0.0002, ***, p=0.001, ****, p=0.03, *****, p=0.01 by student’s t-test
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