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Abstract

B cells play a major role in the pathogenesis of many autoimmune disorders including rheumatoid
arthritis, systemic lupus erythematosus, multiple sclerosis and type | diabetes mellitus, as indicated
by the efficacy of B cell-targeted therapies in these diseases. Therapeutic effects of the most
commonly used B cell-targeted therapy, anti-CD20 monoclonal antibody, are contingent upon
long-term depletion of peripheral B cells. Here, we describe an alternative approach involving the
targeting of CD79, the transducer subunit of the B cell antigen receptor. Unlike anti-CD20 mADs,
the protective effects of CD79-targeted mAb are do not require cell depletion, but rather act by
inducing an anergic-like state. Thus, we describe a novel B cell-targeted approach predicated on
the induction of B cell anergy.

INTRODUCTION

B cells have proven to be effective targets for the treatment of multiple autoimmune
disorders and B-lineage cancers (1, 2). The most widely used B cell-targeted drug is
rituximab, which has been approved in the United States since 1997 for treatment of B cell
lymphoma and since 2006 for treatment of rheumatoid arthritis (RA). Therapeutic utility of
rituximab has recently been shown in multiple other autoimmune diseases, such as multiple
sclerosis (MS) and Type | diabetes mellitus (T1DM) (3, 4). Despite inconclusive data from
Phase Il clinical trials in SLE, rituximab continues to see significant off-label use for
treatment of this disease (5).

Rituximab is a chimeric human/mouse 1gG1 mAb that targets CD20 and mediates long-
lasting depletion of peripheral B cells (6). CD20 is a surface protein that is abundantly
expressed on B-lineage cells from the pre-B cell stage to the plasmablast stage (7). As CD20
is not expressed on plasma cells, rituximab does not impair established antibody-mediated
immunity gained from past infections and vaccinations (8). Empirical evidence supports at
least three direct modes of B cell depletion by rituximab: antibody-dependent cellular
cytotoxicity (ADCC), complement-dependent cellular cytotoxicity (CDC) and the direct
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induction of apoptosis via CD20 cross-linking (9-11). The primacy of these mechanisms in
rituximab-induced B cell loss in humans is unclear.

Rituximab is not consistently efficacious even among autoimmunities known to be antibody
mediated. For example, in mouse models of lupus in which B cells express human CD20,
rituximab was unable to efficiently deplete B cells from secondary lymphoid tissues or
affect the course of disease despite depletion of peripheral blood B cells (12). Indeed, the
very applicability of rituximab in SLE remains controversial. Two large, double-blinded,
placebo-controlled studies in SLE patients found that rituximab does not have any benefit
over placebo (5, 13). However, results of a number of non-blinded clinical trials and off-
label use of rituximab suggest that it does has clinical efficacy in SLE, although perhaps less
than seen in RA (14-16)

CD79 (lg-a/p) may emerge as an alternative target for the treatment of B cell-dependent
autoimmunity (17). CD79 is a disulphide-linked heterodimer of CD79a (lg-a) and CD79b
(1g-B), and is associated with membrane immunoglobulin (mlg) on the surface of B-lineage
cells. Together, these components constitute the B cell antigen receptor (BCR). Upon an
antigen-induced BCR aggregation, CD79 is phosphorylated and initiates a cascade of down-
stream signaling events. B cells are thus activated and ready to receive further co-activating
signals that drive proliferation and differentiation, ultimately delivering a memory cell pool
and an appropriate humoral response. During this process, B cells become robust antigen
presenting cells and release cytokines that can influence the quality of the immune response.

Work in our laboratory and others has defined and characterized an alternate mode of BCR
signaling that is induced by chronic antigen receptor stimulation and maintains a state of B
cell unresponsiveness termed, ‘anergy’ (18-23). Anergic B cells are characterized by the
partial down-regulation of surface BCR and impaired propagation of activating signals that
normally emanate from CD79, including activation of the SYK tyrosine kinase and
extracellular Ca%* influx; and have a life-span that is reduced from ~40 days of a typical
naive B cell to ~5 days (19, 21, 24-26). We hypothesized that the mechanism of B cell
anergy might be harnessed for therapeutic inactivation of B cells.

Recently, the therapeutic effectiveness of anti-CD79b mAb in the MRL/Ipr mouse model of
lupus was demonstrated (17). In the present study, we addressed the mechanism of anti-
CD79b mAb-mediated immune suppression. We report here that anti-CD79b mAb induces a
polyclonal B cell anergy that is capable of preventing collagen-induced arthritis (CIA).
These findings introduce a new strategy for therapeutic targeting of B cells that does not
require B cell depletion, but instead acts by disabling antigen receptor function.

MATERIALS AND METHODS

Mice

Unless otherwise noted, female mice were used at 2-6 months of age. C57BL/6 mice
purchased from Jackson Laboratories were used as wildtype controls. FcRy”~ mice, were a
kind gift from the laboratory of Dr. E. Gelfand. FcyRIIB~~ mice were purchased from
Taconic Laboratories. These mice were bred and housed at the animal facility at NJH and
the experiments were performed under approved IACUC protocols. CIA experiments were
undertaken using adult eight-week-old male DBA/1J.

Induction of collagen-induced arthritis (CIA)

CIA was induced in male DBA/1J as described in (27). Briefly, mice were immunized with
bovine Collagen Type Il (CII) emulsified in Complete Freund Adjuvant (CFA) at day 0.
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After 21 days, mice received a secondary immunization with Cll emulsified in Incomplete
Freund Adjuvant (IFA).

Anti-CD79b, m-anti-CD79b, m-anti-CD79b-D/A, anti-CD20, anti-CD20-D/A and control
hamster IgG and control mouse 1gG2a were administered subcutaneously (s.c.) on day 0.
Two hours after mAD injection the mice were immunized with bovine CII. Clinical scores
were assessed after the secondary immunization on individual paws, applying a scale
ranging from 0 to 4, as previously described (28).

BrdU Labeling

Histological

For analysis of newly-generated B cells, mice were given drinking water containing 0.8 mg/
ml of BrdU for three weeks. Fresh BrdU+ drinking water was protected from light and
refreshed every day. For the first week the BrdU+ drinking water was supplemented with
1.0% glucose to avoid drinking aversion. Intracellular staining was conducted with BD
Cytofix/Cytoperm (BD Biosciences) and the FITC-conjugated anti-BrdU antibody, B44 (BD
Biosciences)

assessment of arthritis

Animals were sacrificed at experimental end point on day 41. The knee joints of 4
representative animals per group were collected and processed as previously described and
embedded in paraffin blocks. Serial midsagital sections (8um of thickness) of the whole
knee joint were either stained with Hematoxylin and Eosin (H&E) or Safranin O/fast green
counterstaining (28). Histological sections were then graded as previously described (28).

Measurement of free serum anti-CD79 mAb

One million C57BL/6 splenocytes/well were distributed in a V-bottom 96-well plate and
blocked with anti-CD16/CD32 (BD Biosciences) for 20 min at 4°C. After washing the cells,
5 pl of whole mouse serum (or a dilution thereof) was diluted to a final volume of 50 pl and
was added to each well, followed by incubation for 30 min at 4°C. After subsequent
washing, cells were stained with a secondary fluorescent antibody to mouse 1gG2a and
analyzed by flow cytometry to quantitate B cell staining by the anti-CD79 mAb remaining
in the original serum.

Tissue harvesting

Spleens, lymph nodes (LN), bone marrow (BM) and peripheral blood lymphocytes (PBL)
were prepared for analysis by a variety of methods. To harvest spleens and lymph nodes a
single cell suspension was prepared by mechanical disruption in IMDM medium
supplemented with 5% FCS, HEPES, Pen/Strep and Gentamycin. Red blood cells (RBC)
were lysed using ACK (150mM NH4CI, 10mM KHCO3, 100mM Nay, EDTA) for 2 minutes
at RT. The cells were then resuspended in 10X volume of sterile PBS and washed in FACS
buffer (1% BSA, 0.02% NaN3 in PBS). To harvest PBL, peripheral blood was collected in
tubes containing 5ul of heparin. PBL were washed twice with ACK to lyse the RBCs and
then resuspended in FACS buffer. To collect bone marrow, the femurs were flushed with the
same medium as above using a syringe. Collected bone marrow cells were then washed once
in ACK and resuspended in FACs buffer. For ClA-related experiments, spleens or draining
lymph nodes were digested individually with collagenase (2.4 mg/ml; Gibco/Invitrogen) and
DNase (1 mg/ml; Sigma-Aldrich) for 30 minutes at RT. When appropriate, B cells were
negatively selected using a CD43 B cell isolation kit (Miltenyi).
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Flow cytometric analysis

Intracellular

For cell surface staining the following mAbs were used (from BD Biosciences unless
otherwise stated): Anti-CD3-FITC (145-2C11), anti-CD4-APC (RM4-5), anti-CD19-APC
(1D3), anti-CD19-Pacific Blue (1D3, eBioscience), anti-CD43-Biotin (S7) detected with
SA-Alexa-647 (Invitrogen), anti-CD43-FITC (S7), anti-CD44-FITC (IM7), anti-CD45-
PercP (30F11), anti-CD69-PE (H1.2F3), anti-CD79 (polyclonal rabbit) detected with goat-
anti-rabbit 1gG-Alexa-649 (Molecular Probes), anti-CD79b-DyLight-488 (HM79), anti-
CD79b-Dylight-649 (HM79), anti-CD80-PE (1610A1), anti-CD86-PE (GL-1), anti-B220-
PerCP (RA3-6B2), anti-FcyRI1IB-Dylight-488 (2.4G2), anti-Hamster 1gG FITC (G70-204/
(G94.56), anti-1A/IE FITC (2G9), anti-lgD-PE (11-26, Southern Biotech), anti-IgM-
Dylight-649 (b-7-6), anti-MHC-I11-Dylight-488 (D3.137), and anti-PNA FITC (Sigma). Cells
were incubated with Fc block (BD Biosciences) and stained in FACS buffer (PBS+1% BSA
+ 0.02% NaN3) to reduce non-specific staining. Flow cytometry was performed on cells
using a CYAN flow cytometer (Beckman Coulter) or FACS Calibur flow cytometer (BD
Biosciences) and analyzed using FlowJo (Treestar), CellQuestPro software (BD
Biosciences) and PRISM (Graphpad Software).

Ca2* mobilization

Primary B cells were prepped for real-time intracellular calcium analysis as previously
described (19). For stimulation in vitro, B cells were stimulated with 3.0pg of b-7-6 (anti-p)
or 1.5pg of 1-3-5 (anti-8) anti-immunoglobulin heavy chain antibodies, 15.0ng of polyclonal
rabbit-anti-mouse-CD79 or ionomycin (1.0pM) and analyzed by cytometry using an LSR-II
(B.D. Sciences) and FloJo software (Treestar). Experiments using B cells from CIA mice
were conducted as previously described; cells were resuspended in RPM11640
supplemented with 0.1% BSA and 25 mM HEPES and loaded with Fura-2AM (1pM,
Invitrogen) for 30 minutes at 37°C. After washing, the cells were transferred to a 96-well
plate. Stimulation was performed with 7.5.g of polyclonal goat-anti-mouse-IgM using the
Flexstation 11 device (Molecular Devices) and analyzed by SoftMax Pro software. Following
stimulation, the response was measured based on area under the curve of the relative
intracellular calcium concentration, minus that of the unstimulated background.

Immunization with NP,Ova

To prepare NP,Ova immunogen, a 1:1 volume mixture of Img/mL NP4Ova and 10mg/ml
Alum (Brenntag) was incubated at RT on a rotator for 3 hours. 200 ! of the mixture was
injected i.p. per mouse, to achieve a final immunization with 100pg of NP4Ova and 1mg of
Alum.

NP-specific ELISPOT assay

For ELISPOT analysis, serial two-fold dilutions of 1x108/ml splenocytes per sample were
resuspended and plated, in triplicate, in 96-well plates. Cells were incubated at 37°C for 6
hours. The plates were then washed 3 times with PBS + 0.05% Tween letting each wash sit
for 10 minutes at RT. The plates were then washed twice with PBS. Next, 50u.1 of secondary
goat-anti-mouse 1gG (1:4000) with 2% BSA in PBS was added and incubated at 4°C
overnight. The plates were then washed 3 times with PBS + 0.05% Tween. Next, the plates
were incubated with ESA buffer (25 pM BCIP, 100mM NaCl, 100mM Tris, 10mM MgCI2
at pH9.5) for 1 hour. The reaction was stopped by washing the plate 3 times with ddH,0.
The number of spots at a cell dilution in the linear range was determined and the number of
antibody secreting cells was calculated.
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HEL-specific ELISPOT assay

For ELISPOT analysis, serial two-fold dilutions of 1x108/ml splenocytes per sample were
resuspended and plated, in triplicate, in 96-well plates. Plates were coated with 10ug/ml of
HEL per well and incubated at RT for 2 hours and then blocked with 2% BSA in PBS for 2
hours. Next, splenocytes from harvested mice were incubated at 37°C for 6 hours. The plates
were then washed 3 times with PBS + 0.05% Tween letting each wash sit for 10 minutes at
RT. Finally plates were washed twice with PBS. Next, 50pl of RS3.1-bt (anti-IgM?)
(1:2000) with 2% BSA in PBS was added and incubated at 4°C overnight. The plates were
then washed 3 times with PBS + 0.05% Tween and then incubated with Streptavidin-AP
(1:2000) with 2% BSA in PBS and incubated at 4 C overnight. The plates were again
washed 3 times with PBS + 0.05% Tween Next, the plates were incubated with ESA buffer
(25 pM BCIP, 100mM NaCl, 100mM Tris, 10mM MgCI2 pH9.5) for 1 hour. The reaction
was stopped by washing the plate 3 times with ddH,0. The number of spots at a cell dilution
in the linear range was determined and the number of antibody secreting cells was
calculated.

HEL Immunization and B cell Adoptive Transfer

B cells from MD4 or MD4/ML5 mice treated with anti-CD79b mAb or control 1gG were
enriched by depletion of CD43+ cells with magnetic beads (MACS anti-mouse CD43;
Miltenyi Biotec). A total of 10% B cells in 200 ml PBS was adoptively transferred by i.v.
injection. One hour later the recipient mice were immunized i.p. with HEL-conjugated
SRBCs as described previously (29).

Measurement of IgG and NP-specific IgG

EIA/RIA 96-well plates (Costar) were coated with 50pl of 20pug/mL of NP»gBSA or
NP,BSA or 1pg/mL of goat anti-mouse 1gG or goat ant-mouse IgM in ELISA capture buffer
(PBS + 150mM NaCl). Plates were allowed to incubate overnight at 4°C. The next day,
wells were aspirated and then blocked with 2% BSA in PBS and allowed to incubate
overnight at 4°C. Serum was then added and serially diluted in three-fold increments across
the plate. The first dilutions were: 1:500 for total IgM, 1:1000 for total 1gG, 1:200 for
NP2,BSA or NP»gBSA specific detection. Plates were incubated overnight at 4°C, then
washed three times with PBS + 0.05% Tween. Depending upon the desired mode of
detection, 100ul of secondary detection antibody was then added. These reagents included
goat-anti-mouse 1gG1-Alkaline Phosphatase (1:2000), goat-anti-mouse 1gG-Alkaline
Phosphatase (1:2000) or goat-anti-mouse IgM-Alkaline Phosphatase (1:1000) in 1% BSA in
PBS + 0.05% Tween.

Cloning and expression of recombinant IgG2a chimeric antibody HM79 and 18B12

18B12 VH and VL nucleotide sequences were synthesized by DNA2.0 according to the
sequences described in patent application US 2007/0136826 Al. For expression in
mammalian cells, 18B12 VH and VL sequences were sub-cloned in frame of an IL-2 signal
sequence into pFUSE vectors (Invivogen) containing wild-type mouse 1gG2a backbone
(pFUSEss-CHIg-mG2a) and mouse constant IgK (pFUSE2ss-CLIg-mK) respectively. The
pFUSEss-CHIg-mG2a was then subjected to site directed mutagenesis using Quikchange
site-directed mutagenesis kit (Agilent) to introduce D265A mutation with the following
primers: 5’-CATGTGTGGTGGTGGCTGTGAGCGAGGATGAC-3’ and 5’-
GTCATCCTCGCTCACAGCCACCACCACACATG-3'.

200p.g of purified hamster HM79 (IgG2/)) antibody were subjected to SDS-PAGE and
transferred to PVDF membrane. The membrane was stained using Ponceau Red. Higher and
lower molecular bands, corresponding to heavy and light chains, respectively, were then
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submitted to N-terminal Edman sequencing. The EVRLLES sequence was obtained after 7
cycles for the hamster mAb higher molecular band. No data were obtained with hamster
mADb lower molecular band suggesting that the sample was N-terminally blocked. After total
RNA extraction from the HM79 hybridoma cell line and cDNA synthesis, the VH was PCR
amplified using a degenerate forward primer, based on the EVRLLES sequence described in
human and rodent VHs 5’-GAGGTGCGGCTKTTGGARTCTGG-3’ and reverse primer 5’-
CTACGTTGCAG-GTGATGGGCTGCTTG-3'. Purified PCR product was further cloned
into pCR4-TOPO vector (Invitrogen) before sequencing. Then, the HM79 VH was sub-
cloned in frame of an IL-2 signal sequence into pFUSEss-CHIg-mG2a vectors containing
mouse 1gG2a wt and mouse 1gG2a D265A backbones (mouse 1gG2a D265A was generated
by site directed mutagenesis as described above). For VL, part of the hamster constant
lambda chain was cloned using degenerate forward primers 5’-CAARGCYAC-
MYTGGTGTGTMYG-3’ and reverse primer, 5’-GRVRCABTCWGCASGRGMC-
ARRCTC-3’ on the basis of hamster H57 Fab protein sequence (INFD_E, Gl: 2914251).
Then, a specific reverse primer annealing in the hamster constant Lambda chain was
designed, 5’-GTTTCCCCTTCATGGGTAACTTGGCAGG-3’. Finally, HM79 VL
nucleotide sequence was amplified by RACE PCR using the SMART™ RACE cDNA
Amplification Kit (Clontech) according to manufacturer’s instruction and cloned into pCR4-
TOPO vector for sequencing. The VL sequence was further sub-cloned in frame of an I1L-2
signal sequence into pFUSE2ss-CLIg-mL1 vector containing mouse constant IgA1 for
expression in mammalian cells.

Full-length 18B12 and chimeric HM79 heavy and light chain constructs were co-transfected
in CHO cells and stable cell lines were obtained by selection using Blasticidin and Zeocin
(Invivogen). Conditioned supernatant of Ig expressing CHO cells were collected and
recombinant antibodies were purified by protein G affinity column chromatography (GE
Healthcare).

CD79a and CD79b cloning and expression in PEAK cells

Statistics

The cDNAs encoding mouse CD79a (BC027633) in pPCMV6-AC-GFP vector and mouse
CD79b (NM_008339) in pCMV6 vector were purchased from Origene Technologies. PEAK
cells were cultured and transfected with this constructs as previously described (30). The
cells were used for FACS staining with anti-CD79b mAbs 48 hours post-transfection.

Because of the non-normal distributions of both the arthritis score and the B-cell counts, we
used a nonparametric permutation testing approach to analyze the data in Figure 1A, Figure
7A, and Figure 7B (31). Additionally, we adjusted the p-values from these tests to
compensate for the multiple significance testing. This adjustment used the permutation
approach described by Westfall and Young (32), a procedure which has the further
advantage of taking into account the correlation structure of the data (multiple assessments
recorded for each animal). All statistical analyses were done using SAS 9.2.

All other data are depicted as means with standard error of the mean. Data was graphed
using PRISM software. Excluding the statistics described above, p-values were calculated
using PRISM using 1-tailed or 2-tailed t-tests, where appropriate. Abbreviations used in the
figures: * = p-value < 0.05, ** = p-value <0.01, *** = p-value <0.001, n.s. = not significant.

Study Approval

All animal studies were conducted under the procedures approved by the IACUC at National
Jewish Health or according to license from the Swiss veterinary office for animal
experimentation (OVC).
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RESULTS

Anti-CD79b mAb Inhibits Development of Collagen-Induced Arthritis (CIA)

CIA has been shown to require B cells and has been used to define the therapeutic actions of
B cell targeted mAb (33). To study the efficacy of anti-CD79b mAb in this model, 8-week
old DBA/1 mice were pretreated with control polyclonal hamster 1gG (hlgG) or anti-CD79b
mADb prior to induction of CIA. Mice treated with a single dose of anti-CD79b mAb
exhibited a delay in arthritis onset as well as reduced disease incidence and severity (Figure
1A, left and middle panel). Reduced B cell numbers were seen in peripheral blood for two
weeks, followed by a gradual, but not entirely complete, recovery for the duration of the
experiment (Figure 1A, right panel). There was reduced synovial lymphocytic infiltrate in
anti-CD79b mAb-treated mice although this did not reach a significant level (p=0.054)
(Figure 1B). Reduced infiltration was correlated with increased preservation of cartilage in
anti-CD79b mAb-treated mice as indicated by histological analysis (Figure 1C). The
reduction in disease anti-CD79b mAb treated mice was also correlated with decreased serum
C-ll-specific IgG, in particular IgG2a and 1gG2b subclasses (Figure 1D). Interestingly, not
all subclasses were equally affected by anti-CD79b mAb treatment, as IgG1 antibody levels
were not significantly reduced.

Anti-CD79b mAb Treatment Leads to a Reduction in peripheral blood, lymph node and
splenic B cells

Anti-CD79b mADb treatment reduced B cell numbers in peripheral blood, as has been
reported by studies using other B cell-targeted treatments in both mice and humans (1-6,
17). To determine if anti-CD79b mAb treatment affected B cell numbers in other organs we
treated 8-12 week-old C57BL/6 mice with 0.5 mg of control hlgG, anti-CD79b mAb or anti-
CD20 mAb and analyzed spleens, lymph nodes, bone marrow and peripheral blood. One
week postadministration, anti-CD79b mADb treatment reduced B cell numbers in the spleen
by approximately 50% (Figure 2A, 2B). No concomitant increase in the number of
peripheral T cells was observed (Supplemental Figure 1). However, loss of B cells was
much less complete than that induced by an anti-CD20 mAb (18B12), a mouse 1gG2a
specific for mouse CD20 (Figure 2A). Consistent with previously published reports, anti-
CD20 mAb treatment led to loss of > 95% of B cells from spleen (34, 35). B cell loss in the
lymph nodes and peripheral blood was more efficient although still not approaching the
depletion previously reported with anti-CD20 mAb treatment (Figure 2B). Genetic ablation
of genes whose products are required for antibody-dependent cellular cytotoxicity (FcRy and
FcyRIIb) or disabling complementdependent cytotoxicity did not impair the ability of anti-
CD79b mAb to induce B cell loss from these organs, suggesting that the depression in B cell
numbers may be due to effects of the antibody on B cells other than Fc engagement of
cytotoxic effectors (Supplemental Figure 2).

We observed no differential effect of anti-CD79 treatment on splenic immature (CD93%),
mature (CD93") or follicular B cell numbers (Figure 2C, 2D). Surprisingly, however, anti-
CD79b mADb treatment had no effect on the number of marginal zone B cells recovered
(CD21*/CD1dhi) (Figure 2E). No change was observed in developing B cell populations
(CD237/CD24N/CD93*/B220*) in the bone marrow despite loss of the mature recirculating
B cell populations (CD23*/CD24i"/CD93/B220*/CD19") (Figure 2F).

Targeting CD79 with mAb Does Not Induce B cell Activation

B cell activation is also a potential consequence of BCR ligation in vivo. To explore the
status of B cells following anti-CD79b mAb treatment, we assessed expression of B cell
activation markers ex vivo 12-48 hours following administration of anti-CD79b mAb. B
cells in mice treated with anti-CD79b mAb exhibited a slight up-regulation of CD69 and
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CD86, but not CD44, at 12 hours (Figure 3A). However, by 24 hours, expression of these
markers returned to baseline. Analysis of cells one week following treatment revealed no
significant up-regulation of MHCII, CD80, CD44 or CD86 (Figure 3B). As an additional
assay of B cell activation and differentiation to immunoglobulin-secreting cells, we analyzed
serum levels of total IgM and 1gG in anti-CD79b mAb treated mice. We detected no change
in serum IgM or IgG levels relative to controls (Figure 3C). Thus, BCR signaling induced in
vivo by anti-CD79b does not cause significant B cell activation.

Protection from Autoimmunity is Not Dependent on Anti-CD79b-induced Reduction of
Peripheral B cells

To determine whether the therapeutic activity of anti-CD79b mAb is dependent on Fc
domain function we engineered anti-CD79b and anti-CD20 mAbs to eliminate ADCC and
CDC activity, and tested their effectiveness in preventing disease. Variable regions of the
hamster anti-CD79b antibody, HM79, were cloned into mouse lambda chain and 1gG2a
heavy chain constant region backbones to create a chimeric hamster/mouse anti-CD79b
mAb (m-anti-CD79b). We then engineered an alanine substitution at aspartic acid 265 in the
chimeric anti-CD79b mAb to generate m-anti-CD79b-D/A and, as a control, into the anti-
CD20 mAb generating anti-CD20-D/A, 18B12. The 265 aspartic acid residue has been
shown to be required for the functional engagement of 19G Fc with FcyR and complement
(36). Importantly, both mutant and non-mutant m-anti-CD79b mAbs retained ability to bind
CD79b-expressing cells ex vivo and reduced B cell populations similarly to the parental
hamster mADbs in vivo (Supplemental Figures 3)

To test the efficacy of these antibodies, we examined their ability to modulate arthritis
induced in DBA/1 mice as described in Figure 1. Mice were injected once at the beginning
of the experiment with control mouse 1gG2a (mlgG2a), m-anti-CD20 mAb, m-anti-CD20-
D/A mAb, m-anti-CD79b mAb, or m-anti-CD79b-D/A mAb. B cell numbers in peripheral
blood and disease activity were assessed at regular intervals thereafter. As previously
reported, mice treated with m-anti-CD20 mADb did not develop arthritis and had remarkably
reduced peripheral B cells for the duration of the experiment (Figure 4A). Importantly,
introduction of the D265A mutation eliminated the protective effects of m-anti-CD20 mADb,
while its ability to deplete peripheral B cell was partially retained (Figure 4A). These data
suggest that the protective effects of anti- CD20 mAb are Fc-dependent and predicated upon
efficient and complete peripheral B cell clearance.

Similar to the results shown in Figure 1, incidence and clinical score of collagen-induced
arthritis was reduced in mice treated with m-anti-CD79b-D/A mAb despite the fact that this
treatment caused less B cell loss than the functionally ineffective m-anti-CD20-D/A
antibody (Figure 4B).

Consistent with a non-depleting mode of action of m-anti-CD79b-D/A antibody, peripheral
blood B cell numbers returned to near normal levels within two weeks of treatment (Figure
4B). Despite complete recovery of the peripheral B cell pool prior to the secondary collagen
challenge on day 21, m-anti-CD79b-D/A mAb treatment impaired the onset of collagen-
induced arthritis and reduced disease severity. These observations are in contrast to those
seen with anti-CD20-D/A mAb, which, despite more efficient peripheral B cell depletion,
did not suppress arthritis development. Thus, depletion of peripheral B cells cannot account
for the therapeutic efficacy of anti-CD79b mAb.

To asses the effect of D/Z mutations on mAb half-life, we determined the serum levels of
free mAb in mice from Figure 4A and 4B. As expected, the levels of free serum m-anti-
CD20 mAb were not altered by the D265A mutation which lies outside of the FcRn binding
site (Figure 4C, right panel) (37). Unexpectedly, the D265A mutation significantly reduced
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the half-life of free serum m-anti-CD79b (Figure 4D, left panel). Like m-anti-CD20 and m-
anti-CD20-D/A, m-anti-CD79b mAb was detectable in the serum of treated mice for more
than two weeks following injection, while m-anti-CD79b-D/A was cleared about a week
earlier. Thus m-anti-CD79-D/A retains protective activity despite having a reduced half-life
and truncated biological activity relative to m-anti-CD20-D/A.

Anti-CD79b mAb Induces B cell Antigen Receptor Desensitization

The effectiveness of m-anti-CD79b-D/A mAb in CIA suggests that therapeutic benefit may
derive solely from the mAbs’ interaction with its antigen, CD79b. Thus we hypothesized
that exposure of B cells to a chronic antigen receptor stimulus derived from the anti-CD79b
mAb may mimic the tolerizing signals that occur naturally and drive autoreactive cells into a
silenced state termed ‘B cell anergy’ (20, 23, 24). Consistent with this hypothesis, anti-
CD79b mAb was able to productively engage BCR-signaling as demonstrated by Ca2*
mobilization in B cells, while anti-CD20 mAb was not (Figure 5A). To further explore the
possible role of anergy in mediating the effects of anti-CD79b mAb, we determined whether
in vivo treatment affects the ability of B cells to signal through their antigen receptors. B
cells recovered from mice 7 days following a single administration of anti-CD79b mAb
expressed reduced surface levels of IgM, IgD and CD79b consistent with ligand encounter
(Figure 5B). These recovered B cells were coated with anti-CD79b mAb as indicated by
staining with anti-hamster 1g antibody (Figure 5B). Control experiments indicated that
binding of staining reagents, including the affinity purified rabbit anti-CD79 used to
measure CD79 levels, was not significantly hindered by monoclonal anti-CD79 adsorbed to
the B cells.

Previous work from our laboratory has demonstrated that chronic engagement of the BCR in
anergic B cells results in elevated basal Ca2* and dampened BCR-mediated Ca2* influx
(19). Analysis of B cells recovered from m-anti-CD79b mAb and m-anti-CD79-D/A-treated
mice one day following treatment revealed elevated basal Ca2* and suppressed BCR-
mediated Ca?* influx (Fig 5C). One week later, B cells from anti-CD79b treated animals
remained hyporesponsive, while those from m-anti-CD79-D/A-treated animals had partially
recovered responsiveness (Fig 5C). This is likely a consequence of the reduced half-life of
the m-anti-CD79-D/A mAb relative to the intact m-anti-CD79b mADb. Finally, B cells
recovered following anti-CD20 mAb treatment did not display impaired BCR-mediated
Ca?* mobilization or increased basal [Ca2*]; (Figure 5D). Thus, treatment of mice with anti-
CD79b mADb, but not anti-CD20 mAb, leads to B cell unresponsiveness to subsequent BCR
stimulation, as is characteristic of anergic B cells.

Anti-CD79b mAb induces B cell Anergy

B cells from mice treated with anti-CD79b mAb share many features with anergic B cells
including phenotypic markers and blunted B cell antigen receptor-mediated Ca?* signaling.
To determine if these characteristics extend to impairment of their ability to mount antibody
responses in vivo, we treated mice with anti-CD79b mAb or control polyclonal hamster 1gG
and immunized i.p. with nitrophenyl-conjugated ovalbumin (NP4Ova) precipitated in Alum.
On day 15 following immunization, serum levels of NP-specific IgG were measured.
Antibody responses were reduced by 75% in anti-CD79b mAb treated mice (Figure 6A, top
panel). Interestingly, high affinity NP-specific 1gG was reduced by more than 90% by anti-
CD79b mAb treatment, suggesting selective impairment of affinity matured responses
(Figure 6A, bottom panel). ELISPOT enumeration of total and high-affinity NP-specific 1gG
antibody-secreting cells (ASC) revealed a similar anti-CD79-induced suppression. Control
IgG treated mice had a mean of 117 ASC/10° splenocytes and approximately 43% of these
were secreting high affinity antibody as indicated by detection with low-valency antigen. In
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contrast, anti-CD79b treated mice produced half as many total IgG* anti-NP ASC and of
these only 12% were high affinity (Figure 6B).

B cell anergy is a cell intrinsic phenomena due in part to altered BCR signaling. To
determine whether anti-CD79b mAb-induced B cell suppression was also cell intrinsic we
utilized the MD4/ML5 mouse model of B cell tolerance. MD4 transgenic mice express a
hen-egg lysozyme (HEL) specific BCR and contain a mostly naive peripheral B cell
population. ML5 transgenic mice express soluble HEL and when crossed to the MD4
transgene results in the expression of HEL as a neo-cognate self-antigen (20). B cells from
MD4/ML5 mice are rendered anergic as evidenced by reduced peripheral B cell numbers,
lower surface IgM expression and fail to mobilize calcium efficiently upon BCR
crosslinking (20). We treated MD4 mice with anti-CD79b mAb and one day later purified
and transferred 1x106 splenic B cells from these donor mice into wild-type C57BL/6
(IgMP*) recipients. As control we transferred anergic B cells isolated from an anti-HEL/
SHEL (MD4/MLJ5) transgenic mice. A naive B cell control was provided by B cells from
untreated anti-HEL (MD4) tg mice. One hour after transfer recipient mice were immunized
by i.p. injection of SRBC-HEL. Five days after cell transfer, spleens from recipient mice
were harvested and HEL-specific IgM2* antibody secreting cells were measured by
ELISPOT assay. Anergic B cells from MD4/ML5 mice and B cells from MD4 mice treated
with anti-CD79b mAD prior to transfer exhibited a similarly impaired immune response
relative to control treated MD4 B cells suggesting that the anti-CD79b mAb treatment led to
a B cell intrinsic hyporesponsiveness functionally equivalent to anergy (Figure 6C).

Reduced recovery of B cells following anti-CD79b mAb treatment reflects transient
relocalization of cells

Repopulation of the B cell compartment following treatment with anti-CD20 requires weeks
in mice and months in humans (38, 39). However, in mice treated with m-anti-CD79b-D/A
mADb splenic B cells returned to near-normal levels within 14 days of maximal B cell
reduction suggesting that treatment does not cause B cell death (Figure 7A). To determine if
this repopulation was due to de novo generation of new B cells, mice were treated with
antibodies then continuously fed bromodeoxyuridine (BrdU)-containing drinking water for
three weeks to label B cells produced during the recovery period. Approximately 31.5% of
the mature (CD93") splenic B cells from control mice had incorporated BrdU, consistent
with generation due to normal B cell turnover (Figure 7B). In mice that had been sublethally
irradiated to kill most mature B cells, >80% of B cells incorporated BrdU during de novo
generation in the bone marrow. Surprisingly, only 10.9% of mature B cells from m-anti-
CD79b-treated mice incorporated BrdU despite near-complete restoration of the B cell
compartment (Figure 7B). No differences were observed in BrdU incorporation in immature
B cells, or in non-B cells. In treated and control animals, BrdU incorporation in the lymph
node B cells was similarly affected by the respective treatments (Figure 7B). These data
formally demonstrate that B cell “depleting” effects of m-anti-CD79 D/A mAb treatment
does not reflect B cell death. Rather, the treatment must reflect transient relocation of some
B cells to other niches from which they return following the clearance of m-anti-CD79b-D/
A mAD from the animal.

DISCUSSION

Previous work by collaborators has demonstrated that anti-CD79b mAbs are therapeutic in
the MRL/Ipr mouse model of lupus (17). Here we report analysis of the mechanisms that
underlie the efficacy of anti-CD79b mAb treatment. Unlike other B cell-targeted biologics
that induce B cells death by ADCC, Complement fixation or survival factor starvation
mediated cell death, anti-CD79b mAb appears to exert its therapeutic effect by inducing a
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transient state of B cell anergy. Analogous to naturally occurring anergic B cells, B cell
exposure to anti-CD79b mAb in vivo leads to reduced surface immunoglobulin, impaired
BCR-triggered calcium mobilization, and failure to mount a complete and robust response to
antigen challenge. Further, we demonstrate that this polyclonal B cell anergy inhibits
pathogenic immune responses in the absence of complete or long-term B cell depletion.

The unique mechanism of action of anti-CD79b mAb relative to anti-CD20 mAb derives
from the distinct biologic function of its target antigen, CD79. CD20 is a membrane
tetraspanner that was originally thought to have ion channel activity (40). Mice deficient in
CD20 have relatively intact B cell development and humoral immunity (7). In contrast,
CD79 is an integral component of the B cell antigen receptor complex and is required for B
cell development and survival in the periphery (41-44). Signals emanating from CD79 are
critical determinants of B cell fate decisions, among them peripheral B cell anergy.

In mice, peripheral B cell depletion by CD20-targeted mAb is primarily mediated by the
interaction of the mAbs Fc domain with host Fcy receptors and clearance of mAb coated B
cells by ADCC (34). When the concentration of anti-CD20 mAb falls below the threshold
necessary to maintain clearance, B cells newly produced in bone marrow repopulate the
periphery, followed soon by a return of pathology (27, 38, 39). Some reports suggest that
certain anti-CD20 mAbs can induce tolerance or apoptosis directly by cross-linking of CD20
(9, 11). However, considering the compelling evidence that ADCC is still critical for B cell
depletion by these anti-CD20 mAbs, the direct induction of apoptosis is likely to be of only
minor significance in anti-CD20 mAb action (45).

If the activity of anti-CD79b mAb does not require B cell depletion, then how is the
antibody protective in CIA? Experiments reported here shed additional light on this
question. The introduction of the D265A mutation, which ablates mAb ADCC and CDC
activity, virtually eliminates the ability of anti-CD20 mAb to modify the course of CIA. In
contrast to the anti-CD20 mAb, anti-CD79b mAb possessing the same mutation retain the
ability to impair development of CIA despite return of B cells to peripheral lymphoid organs
prior to disease onset. Experiments addressing the contribution of newly generated B cells to
peripheral pools indicate that the disease preventive effects of m-anti-CD79b-D/A mAb are
associated with transient B cell relocalization in the animal, rather than B cell death.
Additional studies are required to elucidate the basis of this induced peripheral B cell
redistribution and the contributions of this phenomena to the disease preventive activity of
anti-CD79b mADb. It is interesting that FCR binding incompetent anti-CD3 mAbs induce a
similarly transient redistribution of T cells in treated animals, and this is associated with cell
localization in the gut and is apparently the consequence of TCR signaling (46). Whether a
similar response is activated in B cells by anti-CD79 antibodies is currently under study.

It is not clear how similar the molecular underpinnings of anti-CD79b mAb -induced
unresponsiveness is to naturally occurring anergy. Some minor differences do exist. For
example, treatment with anti-CD79b mAb causes down-regulation of all components of the
BCR, while in most cases anergic B cells display down-regulation of IgM, with IgD
remaining at near normal levels (24). Additionally, preliminary results suggest that one of
the apparently redundant regulatory enzymes that is important in maintaining anergy, the
inositol 5-posphate phosphatase SHIP-1, is dispensable for anti-CD79b mAb-induced
desensitization, at least in vitro (Hardy and Cambier, unpublished observations, (18). It is
important to note that anergy is a rapidly reversible phenomenon, the maintenance of which
requires chronic antigen receptor occupancy (19). The anergic-like state induced by anti-
CD79b therapy appears similarly reversible and this would be advantageous when patients
develop disadvantageous side effects or opportunistic infections.
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We suggest that with development of additional strategies for suppression of pathogenic B
cell function, may come a situation in multiple B cell-targeted therapies gain acceptance in
the clinical market. As we better understand mode of action of B cell-targeted therapies in
autoimmunity, and thus determinants of efficacy, it may be possible to predict an optimal
course of B cell-targeted therapy based on the integrated calculus of disease state and the
genetics of the patient. One clear aim of next-generation B cell-targeted therapy is
achievement of greater specificity, thus improving upon the current paradigm of disease
control at the expense of global immune suppression. Anti-CD79b mAb therapy, with its
potential to allow rapid immune recovery, may represent a step toward this goal.

In conclusion, our studies define a novel, potentially therapeutic approach that silences B
cells en masse by inducing an antigen unresponsive state reminiscent of anergy. These
findings have far reaching implications for the design of therapeutics targeting the many
other receptors that are subject to ligand-induced desensitization.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Anti-CD79b mAb Inhibits Development of Collagen-Induced Arthritis

DBA/1 mice (n=10 per group) were treated with 1.0 mg of anti-CD79b mAb or hamster IgG
(hlgG) as control 2 hours before primary immunization with C-11. Twenty-one days later,
the mice received a second immunization with C-I1. A. The arthritis incidence (left panel),
arthritis score (middle panel) and B cell (CD19%) count in peripheral blood (right panel)
were assessed. This experiment is representative of three independent experiments. B.
Representative H&E stained joint sections at day 41 (original magnification X5, enlarged
magnification X20). C. Representative Safranin O/fast green stained joint sections at day
41(original magnification X5, enlarged magnification X20). D. Serum was collected from
five mice in each group once a week from day 14 to day 41 and the serum titers of anti-C-1I
1gG, 1gG1, 1gG2a and 1gG2b was determined.
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Figure 2. Anti-CD79b mADb Treatment Leadsto a Reduction in Peripheral B cells

Wild-type C57BL/6 mice were injected with 0.5 mg of control polyclonal hamster 1IgG
(hlgG), anti-CD79b mAb (HM79) or 0.25 mg of anti-CD20 mAb (18B12). Tissues were
harvested for analysis one week later. A. The percentage of B cells (CD19%) among
splenocytes (left), absolute number of splenocytes (middle) and absolute number of splenic
B cells (CD19™) (right). Data are the total of 5-7 independent experiments as and consist of
30 to 10 mice. B. The percentage of B cells (CD19+) in peripheral blood (left) and lymph
node (middle). The absolute number of B cells (CD19+) in the lymph node (right panel). C.
The frequency (left) and absolute numbers (right) of immature (CD93*) and mature (CD93)
B cells among the total splenic B cells (CD19%). D. The frequency (left) and absolute
number (right) of follicular B cells (CD23*, CD21%) B cells among splenic B cells (CD19%).
E. The frequency (left) and absolute number (right) of marginal zone (CD21*, CD1d") B
cells among splenic B cells (CD19*) F. The frequency of immature B cells (CD237/CD24M/
CD93*/CD19%) (left) and recirculating mature B cells (CD23*/CD24I"/CD93/CD19*/
B220™) (right panel) among total bone marrow cells. B-F. These experiments are
representative of three independent experiments of 3-5 mice per group.

J Immunol. Author manuscript; available in PMC 2015 February 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hardy et al.

CD69

CD86

CD44

12 hr 24 hr 48 hr B
| /\ A { TmHc CDB8O
5
£
2 2
E z
Z | 3
z < cD44 CD86
Q >
o =1
] 5
2 [}
E o
2 I
o

—— Relative Expression (log) —

Figure 3. Targeting CD79 with mAb Does Not Induce B cell Activation
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Wild-type, C57BL/6 mice (2-3 per group) were injected with 0.5 mg of control polyclonal
hamster IgG (shaded trace) or anti-CD79b mAb (HM79) (red trace). A. Tissues were
harvested from mice at 12, 24 and 48 hours post injection with antibody and splenic B cells
(CD19%) were stained for surface expression of CD69, CD86 and CD44, as described in
Methods. B. Tissues were harvested one week after injection with mAb and splenic B cells
(CD19%) were stained for surface expression of MHC-11, CD44, CD80 and CD86. C. Serum
was collected one week after injection with 0.5 mg of control polyclonal hamster IgG (solid
line) or anti-CD79b mAb (HM79) (dashed line) and analyzed for the levels of serum IgM

and IgG.
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Figure 4. Protection from Autoimmunity is Not Dependent on Anti-CD79b-induced Reduction of
Peripheral B cells

Avrthritis was initiated in DBA/1 mice as described in methods. A&B. On the same day as
the first C-11 immunization, mice (n=10) were treated with 1.0 mg of mouse 1gG2a, anti-
CD20 mAb, anti-CD20-D/A mAb, m-anti-CD79b mAb, or m-anti-CD79b-D/A mAb. The
arthritis incidence (left panels), arthritis score (middle panels) and B cell count in peripheral
blood (right panels) were assessed. Statistical significance between the isotype control and
the D/A mAD is as indicated. This experiment is representative of two independent
experiments. C. Serum was collected from five mice in each group from day 4 to day 41 and
used to stain freshly isolated target B cells.
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Figure 5. Anti-CD79b mAb Induces B cell Antigen Receptor Desensitization

A. Analysis of [Ca2*]; of wild-type, splenic B cells (B220%) in response to 10pug/ml of anti-
CD79b mADb or anti-CD20 mAb. Splenocytes were prepared as described in Methods. This
experiment is representative of two independent experiments. B. Wild-type C57BL/6 mice
(n=3 per group) were injected with 0.5 mg of hlgG (shaded trace) or anti-CD79b antibody
(solid line). One week later, tissues were harvested for analysis. Splenic B cells (CD19%)
were assessed for surface expression of bound hamster 1gG, IgM, IgD and CD79 as
described in Methods. This experiment is representative of three independent experiments.
C. Wild-type C57BL/6 mice were injected with 1.0 mg of control mouse 1gG (heavy line),
m-anti-CD79b mADb (solid line) or m-anti- CD79b-D/A mAb (light line). One week later,
tissues were harvested and intracellular Ca2* influx of B cells (B220™) in response to BCR
cross-linking was determined by flow cytometry. D. Wild-type C57BL/6 mice were injected
with 0.5 mg of control polyclonal hamster 1gG (black trace) or 0.25 mg of anti-CD20
antibody (dashed trace). One week later, tissues were harvested and intracellular Ca2* influx
of B cells (B220%) in response to BCR cross-linking was determined by flow cytometry.
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Figure 6. Anti-CD79b mAb Treatment Induces B cell anergy

Wild-type, C57BL/6 mice (n=3) were injected on with 0.5 mg of hamster 1gG or anti-
CD79b mAb and immunized i.p. with 100pg of NP4Ova in Alum. On day 15, serum was
collected and tissues were harvested for analysis. A. The relative amounts of total (top
panel) and high-affinity (bottom panel) NP-specific IgG from mice treated with control
polyclonal hamster IgG (black trace) or anti-CD79b mAb (dashed line). B. The number of
the total and high-affinity NP-specific IgG* antibody secreting cells per 10° splenocytes.
The experiment is representative of two independent experiments. C. MD4 mice were
injected with hlgG or anti-CD79b and MD4/ML5 mice were injected with hlgG as
previously described. One day later B cells were purified and 108 B cells were adoptively
transferred into recipient wild-type C57BL/6 mice (n=5). An hour post transfer 100 ul of
10% SRBC conjugated to HEL was injected I.P. 5 days later tissues were harvested for
analysis and an the number of splenic HEL-specific IgMa+ antibody secreting cells were
enumerated.
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Figure 7. Loss of B cells Following anti-CD79b mAb Treatment Reflects Transient
Relocalization of Cells Rather Than B Cell Death

A. C57BL/6 wild-type mice (n=5) were injected with 1.0 mg of control mouse IgG or m-
anti-CD79b-D/A mAb. 3 weeks later, they were harvested for analysis and splenocytes were
enumerated and the proportion B cells determined by FACS. B. C57BL/6 wild-type mice
(n=4) were injected with 1.0 mg of control mouse 1gG or m-anti-CD79b-D/A mAb or were
sublethally irradiated. The mice were then fed BrdU+ drinking water (0.8mg/ml) for three
weeks after which the mice were sacrificed and harvested as described in the methods. The
percentage of BrdU™ mature B cells (CD19*/CD93"), immature B cells (CD19*/CD93") and
non-B cells (CD19) were determined by intracellular BrdU staining and FACS analysis.
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