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Abstract

Although reagents are available to block mouse complement receptor type 2 and/or typel (CR2/
CR1, CD21/CD35) function in acute or short term models of human disease, a mouse anti-rat
antibody response limits their use in chronic models. We have addressed this problem by
generating in Cr2—/— mice a mouse monoclonal antibody (mAb 4B2) to mouse CR2/CR1. The
binding of murine mAb 4B2 to CR2/CR1 directly blocked C3dg (C3d) ligand binding. In vivo
injection of mAb 4B2 induced substantial down regulation of CR2 and CR1 from the B cell
surface, an effect that lasted six weeks after a single injection of 2 mg of mAb. The 4B2 mAb was
studied in vivo for the capability to affect immunological responses to model antigens. Pre-
injection of mAb 4B2 before immunization of C57BL/6 mice reduced the 1gG1 antibody response
to the T-dependent antigen sheep red blood cells (SRBC) to a level comparable to that found in
Cr2-/- mice. We also used the collagen-induced arthritis (CIA) model, a CR2/CR1-dependent
autoimmune disease model, and found that mice pre-injected with mAb 4B2 demonstrated
substantially reduced levels of pathogenic 1gG2a antibodies to both the bovine type 11 collagen
(CIl) used to induce arthritis and to endogenous mouse Cll. Consistent with this result, mice pre-
injected with mAb 4B2 demonstrated only very mild arthritis. This reduction in disease, together
with published data in ClI-immunized Cr2—/- mice, confirm both that the arthritis development
depends on CR2/CR1 receptors and that mAb 4B2 can be used to induce biologically relevant
receptor blockade. Thus mAb 4B2 is an excellent candidate for use in chronic murine models to
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determine how receptor blockage at different points modifies disease activity and autoantibody
responses.
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1. Introduction

Mouse complement receptors type 2 and type 1 (CR2/CR1, CD21/CD35) are products of
alternative splicing of a single gene. In humans, however, these proteins are encoded by
linked but distinct genes. Despite the differences in origin, there are great similarities
between mice and human in function and expression of these receptors. Moreover human
CR2 and mouse CR2 share 67% homology at the nucleotide level and 58% homology in
protein sequence (Fingeroth, 1990). Mouse CR2 consists of 15 short consensus repeats
(SCR), while mouse CR1 is identical to CR2 but with the addition of six N-terminal SCRs
(Fingeroth et al., 1989;Kurtz et al., 1990;Molina et al., 1990). These six SCRs are
responsible for unique mouse CR1 activities that go beyond the iC3b/C3d binding activity of
CR2, including C3b and C4b binding and factor | cofactor activity for C3b/C4b cleavage
(Kinoshita et al., 1985;Ross and Medof, 1985).

Since mouse CR2 has identical sequences as mouse CR1, monoclonal antibodies (mAbs)
directed against mouse CR2 recognize mouse CR1 (Kinoshita et al., 1990), and gene
targeting of the Cr2 gene results in mice lacking both mouse CR2 and CR1 proteins (Kurtz
et al., 1990;Molina et al., 1990). Mouse CR2 and CR1 are expressed on B lymphocytes and
follicular dendritic cells, and some populations of activated T cells (Fischer et al.,
1991;Kinoshita et al., 1991;Tedder et al., 1984;Molnar et al., 2008b). In humans CR1 is also
expressed on erythrocytes where it serves the function of transporting immune complexes to
the reticuloendothelial system, and on macrophages and neutrophils where it facilitates the
phagocytosis of complement-opsonized particles (Ahearn and Fearon, 1989). Both, human
and mouse CR2 proteins are receptors for the C3d fragment of activated complement
component C3 (lida et al., 1983), in addition to the larger C3dg and iC3b fragments (Kalli et
al., 1991;Weis et al., 1984).

The CR2-C3dg/C3d binding interaction is a major regulator of immunological responses.
Co-ligation of CR2 with the B cell receptor (BCR) through Ag-C3d complexes markedly
amplifies the BCR activation signal, lowering by up to 10,000 times the amount of antigen
needed to trigger immunological responses (Dempsey et al., 1996;Luxembourg and Cooper,
1994;Lyubchenko et al., 2005). Amplification of BCR activation by CR2 is CD19-
dependent and is primarily due to the non-covalent association of CD19 with CR2
(Bradbury et al., 1993;Buhl et al., 1998;Tedder et al., 1994). This association of CR2 with
the BCR brings CD19 into proximity of BCR-associated kinases, following which the
cytoplasmic tail of CD19 rapidly becomes phosphorylated and subsequently engages several
positive signaling pathways (Carter and Fearon, 1992;Dempsey et al., 1996;Fearon and
Carroll, 2000). In addition, ligation of CR2 can promote the survival and proliferation of B
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cells (Molnar et al., 2008a), and CR2 on marginal zone (MZ) B cells also plays an important
role in capturing immune complexes (IC) and transferring them to follicular B cells (Phan et
al., 2007;Whipple et al., 2007).

Data obtained with Cr2 —/— mice have further revealed the importance of these receptors in
immunological responses to antigen. For example, CR2/CR1 deficient mice demonstrate
impaired T-dependent and T-independent antibody production (Carroll, 1998;Carroll,
2000;Kaye et al., 2004;Szomolanyi-Tsuda et al., 2006;Wu et al., 2000), as well as a
defective natural antibody repertoire (Fleming et al., 2002;Holers, 2005;Reid et al.,
2000;Reid et al., 2002). In some settings, CR2 in association with its ligands helps to
maintain tolerance to self-antigens, which may be particularly important in control of
reactivity to nuclear antigens (Boackle et al., 2001;Prodeus et al., 1998a;Prodeus et al.,
1998b). In addition, CR2/CR1 is involved in central nervous system processes, including
prevention of neuronal cell death after head injury trauma (Neher et al., 2014) and in adult
hippocampal neurogenesis (Moriyama et al., 2011) by either direct interactions or through
shaping of the natural antibody repertoire. Finally, we previously published data using
human CR2 transgenic mice demonstrating dramatic inhibition, including the lack of
development of antigen-specific 1gG responses, following pre-injection of a CR2-C3d
blocking mAb directed to human CR2 (Kulik et al., 2011).

Rat mAbs against mouse CR1 or CR1/CR2 have been available for many years (Kinoshita et
al., 1988;Kinoshita et al., 1990). They have been used in many assays based on the short
term blocking of CR2 and CR1 function (Heyman et al., 1990), as well as used as a carrier
for antigen delivery to B cells (Prechl et al., 1999;Prechl et al., 2007;Whipple et al.,
2007;Whipple et al., 2004;Baiu et al., 1999). Nevertheless, the use of these reagents for
recurrent treatment of long term chronic autoimmune diseases is limited (Whipple et al.,
2007) due to anti-rat 1gG development . Using mAb 7G6, we were likewise unable to utilize
this mAb for multiple injections as anti-rat antibodies were emerging as soon as after first
injection (data not shown). Similarly, Cr2—/— mice cannot be used to independently study
the effects of chronic treatment introduced to animals after the development of the disease
phenotypes. To address these problems, herein we report the generation of a new mouse
anti-mouse CR2/CR1 mAb, designated mAb 4B2, and demonstrate its inhibitory
characteristics and in vivo immunomodulatory activities.

2. Materials and Methods

2.1. Mice

Adult female DBA/1j mice were obtained from Jackson Laboratory (Bar Harbor, ME).
Cr27/~ and CR2/CR1 sufficient C57BL/6 mice were bred at the University of Colorado
Denver. All animal work was approved and performed under the guidelines established by
the University of Colorado Institutional Animal Care and Use Committee.

2.2. Reagents and antibodies

Purified and biotin-conjugated mAb 4B2 and 1gG1 isotype control (anti-Ova), as well as rat
anti-mouse CR2/CR1 mAbs 7G6 and 7E9 were produced in the laboratory following
standard methods. 2.4G2 (anti-mCD16/mCD32, FcBlock), biotin-conjugated 8C12 (rat anti-
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mouse CR1), alkaline phosphatase (AP-anti-mouse 1gG2a), FITC-conjugated RA3-6B2
(anti-mouse CD45R, B220), FITC-conjugated anti-mouse CD24, PE-conjugated anti-mouse
CD23, streptavidin (SA)-allophycocyanin, and SA-PE were all obtained from BD
PharMingen (San Diego, CA). AP-conjugated goat anti-mouse 1gG1, and goat anti-mouse
IgM were obtained from Caltag Laboratories (Burlingame, CA). Goat-anti-mouse IgG and
biotin-conjugated goat-anti-mouse-IgM F(ab"), were purchased from SouthernBiotech
(Birmingham, AL). Biotin-conjugated C3dg was produced in our laboratory as described
(Henson et al., 2001).

2.3. Flow cytometry

Spleens were meshed by frosted glass slides, and splenocytes were isolated. Blood was
collected by tail vain bleeding directly into tubes with ACK lysis buffer (0.15M NH4CI,
1mM KHCO3, 0.1mM NaEDTA pH 7.2-7.4). After RBC lysis by ACK buffer, nucleated
cells were washed and then resuspended in 10 pg/ml 2.4G2 mAb to block FcR. After a 15
min incubation on ice, cells were washed in staining buffer (2% BSA/0.02% NaN3/PBS)
and suspended in 100 pl staining buffer containing biotinylated mAb (0.1-3 pg/ml) and
flourochrome-labeled mAb to specific cell surface markers. Cells were incubated for 30 min
on ice in the dark. After incubation, cells were washed in staining buffer two times and then
incubated with the appropriate SA-conjugated fluorochrome to detect biotin-labeled mAb.
Following incubation, cells were washed as above and then resuspended in PBS containing
1% formaldehyde. Flow cytometry was carried out using a BD Biosciences FACSCalibur
(Oxford, U.K.).

2.4. Immunization and Ag-specific ELISA

Mice were immunized by the i.p. route with 200 pl containing 1x108 of SRBC in PBS
(Colorado Serum, Denver, CO). Cells were washed three times with PBS and then diluted to
the working concentration for immunization. A day before immunization with SRBC, mice
were pre-injected with control anti-Ova IgG1 mAb, or mAb 4B2. Detection of Ab to SRBC
was conducted by ELISA essentially as described by Heyman et al. (Heyman et al., 1984).
To calculate relative units, the mean OD at 405 nm from triplicate wells was compared with
a standard curve of OD measurements of titrated standard high titer serum.

2.5. Collagen-induced arthritis (CIA)

To induce CIA, we adapted with minor modifications a protocol described previously (Del
Nagro et al., 2005). Briefly, DBA/1j mice (6-8 wk old) were immunized by intradermal
injection at the base of the tail with 100 pg of bovine CII (50 pl; Chondrex) in 50 pl of CFA
(Sigma-Aldrich). A booster injection of 200 pg of bovine CII in PBS was given i.p. on day
21. A day before the initial bovine CIl immunization, mice were pre-injected with 2 mg of
control 19G1, mAb 4B2, or PBS. A 3-point scale was used to assess arthritis for each paw: 0
= normal joint; 1 = slight inflammation and redness; 2 = severe erythema and swelling
affecting the entire paw; and 3 = deformed paw or joint with ankylosis, joint rigidity, and
loss of function. The maximum score of 12 for each animal was based on the total score for
all four paws. Detection of anti-CIl Abs in the sera of mice was performed by standard
ELISA. Peripheral blood serum was isolated from mice by retro-orbital bleed. ClI-specific
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Abs were captured from serum using either 10 pug/ml bovine CII or mouse CllI-coated
(Chondrex) 96-well plates (BD Biosciences) and were detected with alkaline phosphatase-
conjugated rat anti-mouse 1gG, IgM, 1gG2a, 1gG2b, IgG1, and 1gG3 secondary Abs
(Southern Biotechnology Associates) applied at a 1/2000 dilution. p-Nitrophenyl phosphate
(Southern Biotechnology Associates) substrate was used for visualization at 405 nm using a
Versamax microplate reader (Molecular Devices).

2.6. Western blot analysis

Isolated splenocytes were lysed on ice for 20 min in a buffer containing 0.5% Triton X-100,
0.5% Chaps, 20 mM Tris-HCI (pH 7.5), 1 mM EDTA, 10 pg/ml leupeptin and protease
inhibitor cocktail (Roche Molecular Biochemicals). Lysates were cleared by centrifugation
at 8000xg for 15 min. Following separation by 3-8% Tris-Acetate gel (Life Technologies)
in SDS-running buffer, the proteins were transferred to a nitrocellulose membrane. The
membrane was blocked overnight with 5% non-fat milk dissolved in PBS. The membrane
was washed in PBS with 0.1% Tween (T-PBS) and then probed with biotinylated 7E9 (7E9-
b) 1-2 hours in 2% milk/T-PBS, washed and then incubated with streptavidin conjugated
horseradish-peroxidase (ST/HRP). A positive signal was visualized using the ECL system
(Perkin Elmer).

2.7. Anti-CR2 ELISA

3. Results

Immulon-2B plates (Dynatech) were coated over night at 4°C with 5 ug/ml of recombinant
mouse CR2(SCR1-4) purified protein (Huang et al., 2008) in PBS. Wells were blocked with
1% BSA in PBS for 1 hour at RT. Serial dilutions of serum samples in PBS or hybridoma
culture supernatants were applied to wells. After incubation and washing, bound Abs were
detected using AP-conjugated anti-mouse 1gG Abs, followed by p-nitrophenyl phosphate
(NPP) (Sigma-Aldrich) at 1 mg/ml. Plates were read at 405 nm. For C3dg-biotin binding
and competition analyses, recombinant C3dg-biotin was pre-incubated for 30 min in
BSA/PBS with titrated amounts of SA-labeled HRP, and following this was added to the
ELISA plate that had been pre-bound with CR2(SCR1-4). After 1 hour incubation plates
were washed in PBS, and NPP was added.

3.1. Generation and characterization of mouse anti-mouse CR2/CR1 monoclonal antibody

To generate new mAbs, we used as an immunogen recombinant mouse soluble CR2 protein
consisting of the first 4 N-terminal SCRs (CR2 (SCR1-4)) that are encompassed by amino
acid residues 1-257 of the mature protein. The recombinant protein was expressed in the
Chinese hamster ovary (CHO) cell line and purified by affinity purification on a mAb 7G6-
Sepharose column (Atkinson et al., 2005;Huang et al., 2008). To generate mAbs to what is a
“foreign” protein, Cr2—/- mice were immunized with the antigen, and splenocytes were
fused with the X63Ag8.653 myeloma cell line. The resulting hybridomas were screened by
ELISA for binding to the mouse CR2 (SCR1-4) protein. Positive clones were assessed by
flow cytomentry for the binding with full length mouse CR2 expressed on transfected
human K562 cells. One such mAb designated 4B2 (IgG1, k light chain) was cloned and
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isolated and found to bind specifically to mouse CR2 and CR1 proteins but not to human
CR2 (Fig.1A).

The mAb 4B2 was found to bind to the same or overlapping epitope of the published
inhibitory rat anti-mouse mAb 7G6 antibody (Fig. 1B). This was demonstrated by the
finding that when the non-inhibitory anti-CR2/CR1 mAb 7E9 was used as a capturing
antibody both mAbs 4B2 and 7G6 were able to bind mouse CR2. In contrast, when mAb
4B2 was used to capture the mouse CR2 antigen, only mAb 7E9 and not mAb 7G6 was not
able to bind to the protein.

Formal demonstration of inhibition of ligand binding was sought by assessing the effects of
mAbs on binding to the mouse CR2(SCR1-4) protein by recombinant biotinylated human
C3dg that had been cross-linked using streptavidin and labelled with horseradish peroxidase
(C3dg-b/ST/HRP). In this experiment, ELISA wells were coated with mouse CR2(SCR1-4)
protein and either pre-incubated with control 1gG1, anti-mouse CR2/CR1 mAbs (7G6, 7E9
or 4B2), or 1% BSA in PBS. After the plates were washed, the C3dg-b/ST/HRP was added
to determine if the applied mAbs would block binding to CR2. It was found in this C3dg
competition assay that mAb 4B2 blocked binding of C3dg to mouse CR2(SCR1-4) in a
similar manner as mAb 7G6 (Fig.1C), further supporting that the two mAbs recognize a
functionally similar site.

3.2. In vivo injection of mAb 4B2 does not induce B cell death but leads to substantial
down modulation of CR2 and CR1 levels

To determine the effects of mAb 4B2 on splenic B cell CR2 and CR1 receptor levels, we
first studied freshly isolated splenocytes. When these cells were pre-incubated in vitro with
purified mAb 4B2 either at 4°C or at 37°C, no changes in the levels of CR2 or CR1
expression on B cells was found as measured as by staining with mAb 7E9 (binding mouse
CR2 and CR1) and 8C12 (specific for mouse CR1) (Fig. 2A). As anticipated, pre-incubation
with mAb 4B2 did decrease staining with labelled mAb 4B2 (left). In contrast, when mAb
4B2 was injected in vivo, the intensity of staining by mAb 8C12 was substantially reduced
(Fig. 2B). An even more dramatic peak shift was found for mAb 7E9 staining, suggesting
the possibility that mouse CR2 protein was down regulated or shed from the B cell surface
in a more pronounced manner than CR1 (Fig. 2B). The down modulation of CR2/CR1 by
mAb 4B2 was long lasting, as a similar staining phenotype was obtained not only after 24
hours but also 7 days after mAb 4B2 injection (data not shown).

To confirm that mAb 4B2 did cause down modulation of CR2 and CR1 from the B cell
surface and the flow cytometric results did not just reflect a conformational change altering
mAb 8C12 and 7E9 binding, we prepared lysates from isolated splenocytes of mAb 4B2
treated and control mice and analyzed the level of CR2 and CR1 by Western blot analysis
with mAb 7E9. Very little mouse CR2 and CR1 was detected in splenocyte lysates prepared
from mice injected with mAb 4B2 either 24 hours or 7 days later, confirming that receptors
greatly decrease after mAb 4B2 engagement (Fig.2C).

Despite the modulation of mouse CR2 and CR1 expression, treatment with mAb 4B2 did not
result in apparent splenic or peripheral blood B cell death or elimination. Specifically, we
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were not able to detect a decrease in the B cell percentage 24 hours following injection of
different amounts of mAb 4B2 (from 250 to 1000 pg/mouse) in naive WT mice (Fig. 3A), or
7 days later (data not shown). In addition, in mice treated with mAb 4B2 followed by an
antigen injection, type 1l bovine collagen (CII) in adjuvant (Fig. 3B), no changes in B cell
percentages were observed in peripheral blood (data not shown). To determine whether mAb
4B2 injection induced changes in spleen cell subpopulations, we performed CD24/CD23
staining of B220+ cells to separate follicular (CD24!°W, CD23Mid"), marginal

(CD24 '°WCD23"), transitional (CD24M9" cD23M9M) and immature (CD24M3h, CD23") cells.
Based on this staining, we found that mAb 4B2 injection modestly altered the relative
percentage of the marginal zone (MZ) B cell sub-population. This MZ B cell reduction was
observed when either mice were injected with mAb alone or with mAb followed by antigen
in adjuvant, and the reduction was detected both 24 hours and 7 days later (Fig. 3C, and data
not shown).

Notably, the down regulation of mouse CR2 and CR1 from the B cell surface after in vivo
mAb 4B2 injection did not affect mouse CD19 expression on B cells. Specifically, the level
of expression of CD19 on splenic B cells was indistinguishable in mice injected with mAb
4B2 as compared to control 1IgG1 (Fig. 4A). The same was true for the B cell receptor
protein IgD. All B220+ cells were IgD+ in mice injected with mAb 4B2 (Fig.4B), and the
level of 1gD expression on B cells was not altered (Fig. 4C). Similarly, mAb 4B2 injection
did not affect CD19 and IgD expression on peripheral blood B cells (data not shown).

3.3. Prolonged modulation of mouse CR2 and CR1 after treatment with mAb 4B2

To measure the circulatory half-life of mAb 4B2 and the role of endogenous receptors in its
clearance, WT C57BL/6 and Cr2—/— mice were treated with 2 mg/mouse of mAb 4B2, and
serial blood samples were acquired after 22 hours, 42 hours, 9 days and 18 days. Serum
samples were assayed for mAb 4B2 levels by ELISA using mouse CR2(SCR1- 4) as the
substrate. In CR2/CR1 sufficient mice, the level of mAb 4B2 drops substantially as observed
22 hours after injection. However, the levels remain substantial in these mice even at day 18
after injection. This drop in concentration of 4B2 in blood was CR2/CR1 dependent, as
Cr2—/— mice lacking receptors demonstrated only gradually decreasing levels of circulating
mADb 4B2 to 50 % of the original level after 18 days (Fig.5A).

To determine the durability of inhibition of mouse CR2 and CR1, and thus the frequency by
which mAb 4B2 would need to be utilized in an autoimmune disease model, DBA/1j mice
were injected with mAb 4B2, and peripheral blood B cells were assayed each week for
labelled mAb 4B2 and mAb 7E9 staining. In this study, even at week 6 after injection with 2
mg of mAb 4B2 (Fig 5B), the labeled mAb 4B2 still was not able to bind to its epitope on
CR2 or CR1 (a). Staining with the non-cross-reactive mAb also showed a continued
reduction in CR2/CR1 levels (b).

3.4. Treatment with mAb 4B2 blocks the humoral immune response to a T-dependent

antigen

As a model T-dependent antigen that is known to be dependent upon CR2/CR1 function
(Rutemark et al., 2012;Fang et al., 1998;Gustavsson et al., 1995;Carlsson et al.,
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2009;Molina et al., 1996), sheep red blood cells (SRBC) were chosen. After pre-injection of
mice with either control 19G1 or mAb 4B2 (1.5 mg/mouse), 1x108 cells/mouse of SRBC
were injected. Two and half weeks later mice were bled and sera were assayed for anti-
SRBC antibody. Mice pre-injected with mAb 4B2 demonstrated a markedly reduced level of
anti-SRBC 1gG1 that was comparable to the level of anti-SRBC IgG1 which developed
following immunization of Cr2—/- mice (Fig.6A). At the same time the mAb 4B2 treatment
demonstrated no effect on anti-SRBC IgM levels, which was similar to the results in Cr2—/
— mice (Fig. 6B).

In addition to evaluating the effects of mAb 4B2 on the humoral immune response to foreign
antigens, we also utilized ELISA to determine whether the injection of 2 mg of mAb 4B2
was generating an immunological response to 4B2 and thus inducing an anti-idiotypic
antibody. We were not able to detect any anti-4B2 Ig in circulating blood (data not shown).

3.5. Pre-injection of mAb 4B2 reduced the severity of arthritis and autoantibody levels in
the mouse CIA model

To determine if 4B2 mAb can effect autoimmune disease development, a CR2/CR1-
dependent CIA model was chosen (Del Nagro et al., 2005;Kuhn et al., 2008). In this model
mice were treated with a single injection of 2 mg/mouse of mAb 4B2 or isotype 1gGlcontrol
antibody a day before bovine CIl immunization. A booster injection with bovine CIl was
performed on day 21. A single injection was chosen based on half-life determination shown
above.

The analyses of blood for anti-bovine (Fig. 7A, upper row) or anti-mouse (Fig. 7A, lower
row) ClI isotype-specific antibodies showed that mice developed similar levels of 1IgG1 in
each group of mice (Fig. 7A, left two graphs). However, the levels of pathogenic 1gG2a
antibodies, including autoantibodies to mouse Cll, decreased in mice treated with mAb 4B2
(Fig. 7A, middle graphs). Similarly, mice injected with mAb 4B2 demonstrated substantial
reductions in 1gG3 anti-CllI levels (Fig.7A, right graphs).

In parallel, mice were monitored for arthritis development (Fig. 7B). Mice that were pre-
injected with mAb 4B2 demonstrated a markedly reduced severity of arthritis (Fig.7B, left),
as well as a reduced incidence and prevalence of arthritis (Fig. 7B, right). Immunized mice
were also bled and peripheral blood B cells were analyzed for activation markers (Fig. 7C).
It was found that B cells from mice pre-injected with mAb 4B2 demonstrated a reduction in
CD86 expression. CD86 expression is up-regulated after B cell activation and together with
CD80 is a key molecule in T cell priming and activation (Lanier et al., 1995;Hathcock et al.,
1994).

We also performed a CIA experiment where 1gG1 control mAb and mAb 4B2 were injected
twice, once before first immunization with bovine Cll and at day 21 before the booster
bovine CII immunization. Similarly as in the case of a single mAb 4B2 pre-injection shown
above, reduction in severity of arthritis and reduction in anti-Cll 1gG2a antibody levels were
observed in mice pre-injected with mAb 4B2 mAb as compared to the two other groups
(PBS or control IgG1) (data not shown).
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4. Discussion

In the current report we describe a new inhibitory mouse anti-mouse CR2/CR1-reactive
mADb, designated 4B2, generated from B cells obtained from a CR2 protein-immunized
Cr2—/— mouse. The mAb is species specific and does not bind human CR2. The antibody is
directed to either the same or a closely overlapping epitope as the previously described
inhibitory rat-anti- mouse CR2/CR1 mAb 7G6 (Kinoshita et al., 1988;Kinoshita et al.,
1990). However, because mAb 4B2 is a mouse antibody, it is capable of circulating in the
mouse for longer period of time without generating an anti-rat Ab response, or without an
apparent anti-idiotype Ab response.

The binding of mAb 4B2 to an epitope on a shared epitope on mouse CR2 and CR1 blocks
C3dg ligand binding in vitro and modulates humoral immune responses in vivo. The
mechanism of inhibition is likely to be multi-factorial, though. While binding of the mAb to
CR2/CR1 on freshly-isolated splenocytes does not induce changes in receptor expression,
when the mAD is injected in vivo it leads to substantial decreases in the expression level of
the receptors. That is apparent not only from flow cytometric studies but was also visualized
by Western blot analysis, confirming that the decrease in mAb 7E9 binding is not simply
due to steric inhibition. Also, mAb 4B2 binding to mouse CR1 also affected the expression
of the receptor, as assessed by flow cytometry with the CR1-specific mAb 8C12.

While the precise mechanism of the process is not known that leads to decreased B cell
receptor expression, based on published data it is likely disappearance of the receptor cell
surface is due to partial internalization induced by mAb 4B2 (Hess et al., 2000; Tessier et al.,
2007) and/or shedding (Fremeaux-Bacchi et al., 1996;Hoefer et al., 2008;Masilamani et al.,
2003) that also accompanies CR2 engagement by C3d ligand, or B Cell Receptor (BCR)
activation.

Importantly, in vivo blockade and decreased expression is long lasting, as labelled mAb 4B2
was not able to bind its epitope as long as six weeks after injection, which was associated
with decreased mAb 7E9 staining. However, we are not able to answer the question yet what
is the exact mechanism of these effects, and this issue requires further study. Importantly,
treatment with mAb 4B2 does not appreciably decrease the total number of B cells, as we
did not detect B cell death or a B cell reduction in either naive mice or with injection of a
foreign antigen. Also, no change in the levels of CD19 or IgD was found. However, we did
detect a relative reduction in MZ B cells after mAb 4B2 treatment. This effect was related to
mAb 4B2 alone, as we observed it in mice injected with only the mAb in the absence of
foreign antigen. This effect is consistent with prior reports (Whipple et al., 2004) where
injection of mAb 7G6 induced MZ B cell down regulation that was directly related to anti-
CR2/CR1 mAb injection, as the deficiency in mouse CR2/CR1 proteins does not result in
MZ B cell changes (Pozdnyakova et al., 2003;Donius et al., 2013).

Further support for the validity of the use of mAb 4B2 is that the level of IgG antibody
responses to the T-dependent foreign SRBC antigen was reduced to a similar level as in
Cr2—/- mice. The level of anti-SRBC IgM was not decreased, as it was observed previously
in immunized by SRBC Cr2-/- mice (Molina et al., 1996;Carlsson et al., 2009). Finally, we
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performed an experiment wherein we confirmed that treatment with mAb 4B2 ameliorated
development of the foreign anti-bovine CII antibody response as well as the anti-mouse CllI
autoantibody response and development of clinical arthritis. These results are similar to
those in Cr2—/- mice, where a reduced severity and incidence of arthritis was shown (Del
Nagro et al., 2005;Kuhn et al., 2008). We also further explored the mechanism of the
reduction in CIA development in mice treated with mAb 4B2 by showing that B cells from
mice demonstrated a reduction in CD86 expression, a T cell stimulatory molecule, and an
effect which would likely prevent T cells from being properly activated by an antigen.

In sum, we present herein a new mouse anti-mouse CR2/CR1 C3d ligand blocking mAb as a
new tool to study the effects of chronic complement receptor inhibition in murine models of
human diseases. Based on the resent data that the receptors may be expressed on other cells,
for example on neuronal cells lineage and involved in neurogenesis and brain recovery after
trauma (Moriyama et al., 2011;Neher et al., 2014), mAb 4B2 antibody can also serve as a
tool to study these processes in vivo in chronic models.
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Fig. 1. mAb 4B2 specifically binds to mouse CR2 and CR1 and blocks binding of C3d to CR2
(A) K562 cells transfected with whole length human CR2 (h-CR2), mouse CR2 (m-CR2)

and mouse CR1 (m-CR1) proteins were analyzed by flow cytometry for binding by mAb
4B2. (B) Cross competition analysis wherein mAb 4B2 was assessed by ELISA for its
ability to block binding of the previously described inhibitory rat anti-mouse CR2/CR1 mAb
7G6 to CR2 (SCR1-4). For the study, mouse CR2 (SCR1-4) protein was captured by either
the non-cross-inhibitory rat anti-mouse CR2/CR1 mAb7E9 or mAb 4B2, and was detected
by using either biotinylated mAb 7G6-b (striped), mAb 7E9-b (dotted), or mAb 4B2-b
(black). Capturing mouse CR2 with mAb 7E9 did not affect binding of either mAbs 7G6 or
4B2 to recombinant protein. However, when mouse CR2 was captured by mAb 4B2, only
biotinylated mAb 7E9 was able to detect the recombinant protein, and the mAb 7G6 epitope
was blocked by 4B2 binding. (C) ELISA plate was coated with mouse CR2(SCR1-4)
protein and incubated with BSA alone (unfilled) or purified mAbs: control 1gG1 (gray), 7E9
(dotted), 7G6 (striped), and 4B2 (black). Plates were washed and biotinylated human C3dg
that had been cross-linked by streptavidin labeled with horseradish peroxidase (C3dg-b/ST/
HRP) was added. mAb 4B2 blocked the interaction between mouse CR2 and C3dg similarly
to mouse CR2 blocking rat mAb 7G6. » p<0.05.
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Fig. 2. In vivo injection of mAb 4B2 down modulates mouse CR2 and CR1 expression
(A) Freshly isolated mouse B cells either untreated (black histogram) or pre-incubated with

mAb 4B2 (gray histogram) were probed with labeled mAb 4B2 (left histogram), mAb 7E9
(middle) or mAb 8C12 (right). As a negative control, mice were stained with control 1gG1
(unfilled histogram). Incubation of splenocytes in vitro with mAb 4B2 did not cause either
CR2 or CR1 protein down regulation, as freshly isolated cells and cells pre-incubated with
mADb 4B2 were overlapping for staining with both mAb 7E9 (middle) and mAb 8C12
(right). (B) Mice injected in vivo with 1 mg/mouse of control IgG1 (black histogram) or 4B2
(unfilled) were assayed 24 hours later for the levels of mouse CR2 and CR1 on B cells.
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B220+ cells were probed with labelled mAb 4B2 (left picture), mAb 7E9 (middle) and mAb
8C12 (right). As a negative staining control, splenocytes from Cr2—/- mice (gray histogram)
were used. Anti-mouse CR1 mAb 8C12 showed 4-5 times reduction in intensity, pointing to
substantial mouse CR1 down regulation or loss from the surface. mAb 7E9 staining was also
substantially decreased, although the relative levels of binding to mouse CR2 and CR1 could
not be precisely determined. (C) Protein lysates made from 5x108 splenocytes were
separated on tris-acetate gel without using denatured reagents in sample buffer and SDS
running buffer. Proteins were transferred to nitrocellulose membrane, and Western blot
analysis was performed with biotinylated mAb 7E9 to detect both CR1 and CR2 proteins.
Lanes are: (1) splenocytes from a Cr2—/- mouse, (2) WT mouse 24 hours after control 1gG1
injected mouse, (3) or 24 hours after mAb 4B2 injection, (4) or after 7 days mAb 4B2
injection. (5) Mouse CR2 transfected K562 cell line, (6) and WT mouse 7 days after control
IgG1 injection.
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Fig. 3. Treatment in vivo with mAb 4B2 does not induce B cell elimination
(A) Mice were injected with increasing (250, 750 or 1000 ug per mouse) doses of mAb 4B2,

control 1gG1, or with PBS alone. After 24 hours splenocytes were studied by flow cytometry
to quantitative the percentage of CD4+ cells (filled bar), B220+ cells (cross hatched), and
CD8+ cells (horizontal stripes). (B) Mice were injected similarly as in (A) at day 0. One day
later mice were immunized by intra-dermal injection with 100 ug of bovine CIl. Seven days
after immunization splenocytes were assayed for CD4, CD8 and B220+ cell percentages. As
in (A), no B cell elimination was detected. (C) Injection with mAb 4B2 diminishes the
relative marginal zone (MZ) B cell sub-population. Mice were injected as in (B) with mAb
4B2 or control 1gG1, or with PBS, followed by CII intradermal injection. Seven days after
immunization spleens were analyzed for splenic B cell subpopulations. B220+ cells were
analyzed for follicular (unfilled bar), transitional (striped), immature (filled gray), and MZ
cells (filled black). A significant 50-70% reduction in the MZ B cell subpopulation was
observed in mice pre-injected with mAb 4B2.
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Fig. 4. Injection of mAb 4B2 has no effect on expression of CD19 or IgD levels
(A) Overlaying histograms represent staining for CD19 on B cells from mice 24 hours

following injection with IgG1 control (gray line) or mAb 4B2 (black line). Dotted line
represents staining of peripheral blood cells for CD19 1 week after mAb 4B2 injection. (B)
Representative staining for IgD and B220 on B cells from mice injected with mAb 4B2. (C)
Overlaying histograms represent staining for IgD on B220+ B cells from mice 24 hours
following injection with 1gG1 control mAb (gray line) or mAb 4B2 (black line). Dotted line
represents staining for IgD 1 week after mAb 4B2 injection.
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Fig. 5. Durable effect of in vivo injection with mAb 4B2
(A) WT (black) and Cr2—-/- (dotted) C57BL/6 mice were injected with 2 mg of 4B2

antibody, and peripheral blood samples were acquired 22 hours, 42 hours, 9 days and 18
days later. The concentration of injected 4B2 mAb in processed mouse serum samples was
measured by ELISA using mouse CR2(SCR1-4) protein as the substrate. The reduction in
mAb 4B2 levels at 22 hours was CR2/CR1 dependent, as Cr2—/— mice did not demonstrate
this same drop in concentration. (B) Comparison of CR2 and CR1 down modulation by
mAb 4B2 in DBA/1j mice injected with control 1gG1 (black histogram) or mAb 4B2 (gray
histogram) demonstrates at least a six week duration of receptor inhibition. Blood B220+
cells were analyzed by flow cytometry with labeled mAb 4B2 for the presence of the mAb
4B2 epitope (a) on CR2/CR1 that is exposed and free of previously injected mAb 4B2, as
compared to non-cross-reactive labeled mAb 7E9 (b) for the level of total CR2/CR1 on the
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B cell surface. As a negative control for CR2/CR1 staining, Cr2—/— mice were studied
(unfilled histogram).
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Fig. 6. Injection of 4B2 mAb reduces the humoral immune response to the T dependent antigen
SRBC

WT C57BL/6 mice were pre-injected i.p. with 2 mg/mouse of 4B2 mAD (filled circle),
isotype control 1gG1 (unfilled circle) or left un-manipulated (filled triangle). Mice were
immunized the following day with 1x108 of SRBC injected i.p.. 20 days after immunization
the levels of anti-SRBC IgG1 (A) and IgM (B) were analyzed by ELISA with SRBC
substrate. As a control Cr2—/- mice (unfilled diamond) were immunized with the same
amount of SRBC.
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Fig. 7. Pre-injection of mAb 4B2 prevented arthritis development in the mouse CIA model
(A) Induction of CIA was performed as described in Material and Methods. Before bovine

Cll injection, DBA/1j mice received and i.p. injection of 2 mg/mouse of mAb 4B2 (filled
circle), control 1gG1 (unfilled triangle) or PBS (unfilled circle). Mice were bled at day 40,
and serum samples were assayed for the presence of anti-bovine CII (upper row) and anti-
mouse CII (lower row) IgG1 (left two graphs), IlgG2a (middle two graphs) or 1gG3 (right
two graphs). (B) Starting from day 33 after the first immunization with bovine CII mice
were monitored for signs of arthritis, and an injury score based on a 3 level scale was
assigned to each mouse as described in Material and Methods (left). The percentage of mice
that developed arthritis is shown in the right graph. (C) Percentage of CD86+ cells in
splenocytes of B220+ population was determined by flow cytomentry of mice undergoing
CIA 7 days after the first bovine CllI injection. 1 day before Cll injection the mice were pre-
injected with different doses (250, 750, 1000ug/mouse) of mAb 4B2 (black) or control IgG1
(striped vertically) or just PBS (unfilled).
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