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Abstract

Hybridoma cell lines producing natural autoantibodies (NAA), generated from A.SW mice with 

progressive experimental autoimmune encephalomyelitis (P-EAE), have been shown to cause 

demyelination and renal pathology when injected into naïve mice. To investigate the relative 

contribution of these antibodies to disease pathogenesis, B-1 cells, the major producers of NAA, 

were depleted by hypotonic shock. Depletion of B-1 cells during the effector phase of EAE 

significantly decreased the severity of demyelination and overall pathology in the brain. There was 

also a decreased incidence of P-EAE and a decrease in clinical score. Depletion during the 

induction phase of the disease resulted in an increase in the incidence of P-EAE and in the clinical 

score. Overall, B-1 cells were found to modulate EAE pathogenesis.
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Introduction

Antibody producing B cells are divided into B-1 and B-2 cells [1]. B-2 cells circulate from 

the bone marrow to lymphoid organs and undergo T cell dependent isotype rearrangements, 

to produce different immunoglobulin (Ig) subclasses, and somatic hypermutation and 

affinity maturation, to produce antibodies with increased specificity. In contrast, B-1 cells 

are T cell independent and produce natural autoantibodies (NAA) of the IgM isotype. B-1 

cells originate from fetal liver and to a lesser extent bone marrow precursor cells. They are 

phenotypically IgMhiIgDloCD23− B220lo and are subdivided based on expression of CD5 

(Ly1) into B-1a (CD5+) and B-1b (CD5−) [2–5]. B-1 cells also have a strong self-renewal 

capacity [6], are found predominantly in the peritoneal cavity of mice [7] and are the major 

producer of NAA.

The term NAA was initially introduced to refer to autoreactive antibodies present in normal 

healthy subjects [8]. NAA are primarily of the IgM isotype and are produced by B-1 cells. 

NAA are polyreactive and exhibit cross-reactivity with both self and nonself antigens. These 
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antibodies are encoded by Ig genes that have not undergone somatic hypermutation or 

affinity maturation and therefore have few or no mutations and N insertions in their variable 

regions [9–11]. NAA have been detected in sera of healthy humans and animals, in patients 

with autoimmune diseases and monoclonal gammopathies, and among first degree healthy 

relatives of patients with auto-immune diseases [8]. The precise biologic roles of NAA have 

not yet been fully elucidated. However, they have been suggested to serve a primary 

protective role in the innate immune response against microorganisms.

A pathogenic role for NAA in autoimmunity has been proposed based on reports that high 

titers of NAA in the serum of patients with primary anti-phospholipid syndrome (PAPS) and 

systemic lupus erythematosus (SLE) were shown to correlate with disease activity. In 

addition, NAA were detected on the surface of erythrocytes from patients with PAPS and in 

the kidneys of patients with SLE. Passive transfer of the NAA to naive mice was sufficient 

to induce the clinical and serological manifestations of the autoimmune diseases (reviewed 

in [8]). Higher frequencies of B-1 cells have been reported in patients with autoimmune 

diseases, such as Sjögren’s disease [12] and rheumatoid arthritis [13], and animal models of 

autoimmune disease, i.e. lupus in NZB mice [14]. However, the role of B-1 cells in the 

development of autoimmune diseases is controversial since there are claims both for a 

pathogenic role of B-1 cells in autoimmune hemolytic anemia [15], and cases against a 

pathogenic role in SLE [16] and graft versus host disease [17].

Multiple sclerosis (MS) has been suggested to be an autoimmune disease of the central 

nervous system (CNS). Patients with MS have higher levels of NAA in cerebrospinal fluid 

(CSF) compared to both healthy controls and patients with other neurological diseases [18]. 

Myelin reactive antibodies are typically presumed to be involved in oligodendrocyte loss 

and demyelination in MS and its animal model, experimental autoimmune 

encephalomyelitis (EAE). However, these antibodies are typically of the IgG isotype 

[19,20]. Recently, a few oligodendrocyte-reactive NAA were shown to promote 

remyelination in the Theiler’s murine encephalomyelitis virus-induced model for MS 

[9,10,21–23]. Therefore, NAA could potentially participate in both destruction and repair of 

myelin in MS and its animal models. B-1 cells have also been found at higher frequencies in 

the CSF and peripheral blood of patients with MS [24,25]. The frequency of B-1 cells has 

been demonstrated to correlate with disease activity, circulating levels of autoantibodies 

against myelin basic protein and the number of gadolinium-enhancing magnetic resonance 

imaging (MRI) lesions in patients with relapsing-remitting (RR) MS [26]. Patients with 

progressive MS were found to have a significantly higher percentage of B-1 cells than 

patients with RR disease [27]. A recent study reported an increase in CD5− B cells (B-2 or 

B-1b) in patients with MS, but similar numbers of CD5+ B-1a cells among patients with 

clinically definite MS, patients with a clinically isolated syndrome (CIS) suggestive of MS 

and control patients with noninflammatory neurological diseases [28]. Although these 

results are contradictory to previous studies with regard to differences in the frequency of 

CD5+ B cells between patients with MS and controls, they do not eliminate the possibility of 

a role for NAA in MS, since NAA are also produced by CD5− B-1b cells and by CD5 

knockout mice [29–31].
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A.SW mice sensitized with amino acids 92–106 from myelin oligodendrocyte glycoprotein 

(MOG) develop a progressive form of EAE, with antibody deposition associated with 

demyelinated lesions and serum MOG92–106 antibody titers that correlated with disease 

progression [32]. To investigate the contribution of MOG92–106 antibodies to disease, we 

generated hybridoma cell lines from an A.SW mouse with progressive EAE (P-EAE) [33]. 

Two hybridoma cell lines producing MOG92–106 antibodies were found to be of the IgM 

isotype, encoded by Ig genes in their germline configuration [34] and polyreactive. These 

monoclonal antibodies recognized not only the initiating antigen, but also antigens 

associated with systemic autoimmune disease such as double-stranded DNA (dsDNA) and 

histone H1a, as well as proteins isolated from organs outside the CNS. The MOG92 – 106 

reactive antibodies were also cytotoxic in vitro, suggesting a mechanism by which they 

could contribute to systemic disease. Intracerebral (i.c.) injection of the MOG92–106 

antibody producing hybridoma cells into naïve mice resulted in antibody deposition and 

demyelination in the CNS. In addition, intraperitoneal (i.p.) injection of the MOG92–106 

antibody producing hybridoma cells into naïve mice resulted in antibody deposition in the 

kidney [33]. Thus, the MOG92–106 reactive NAA recognize a variety of antigens including 

several ubiquitously expressed antigens and transfer of the antibodies recapitulates disease 

manifestations observed in P-EAE. Since MOG92–106 antibodies established from mice with 

P-EAE are NAA, we hypothesized that NAA play a pathogenic role in EAE, and enhance 

disease progression. NAA are known to be produced by B-1 cells that are found 

predominantly in the peritoneal cavity. Thus, we tested whether depletion of B-1 cells could 

modulate the clinical course of EAE in A.SW mice.

In this study, we examined the involvement of B-1 cells, and the NAA they produce, in 

MOG92–106 induced EAE by depletion of peritoneal cells, which are the main source of B-1 

cells, but not of other immune cells. B-1 cells were depleted using hypotonic shock as 

described by Murakami et al. [15]. Depletion of B-1 cells was confirmed by flow cytometry. 

Depletion of B-1 cells during the effector phase of EAE significantly decreased the severity 

of demyelination and overall pathology in the brain. There was also a decreased incidence of 

P-EAE and a decrease in clinical score. Depletion during the induction phase of the disease 

resulted in an increase in the incidence of P-EAE and in the clinical score. In addition, B-1 

cell depletion did not alter the titer of IgM antibodies reactive against MOG92–106 and/or 

dsDNA. These results suggest that B-1 cells can modulate MOG92–106 induced EAE.

Materials and methods

Animals and EAE induction

SJL/J and A.SW mice were purchased from the Jackson Laboratory (Bar Harbor, ME, 

USA). Five week old mice were sensitized subcutaneously at the base of the tail with 200 

nmol of MOG92–106 peptide (DEGGYTCFFRDHSYQ) (Peptide Core Facility, University of 

Utah, Salt Lake City, UT, USA) [35,36] in complete Freund’s adjuvant (CFA) containing 2 

mg/ml Mycobacterium tuberculosis H37 Ra (Difco Laboratories, Detroit, MI, USA). Mice 

were weighed and observed for clinical signs for three months. Classical signs of EAE were 

assessed according to the following criteria: 0, no clinical disease; 1, loss of tail tonicity; 2, 

mild hind leg paresis; 3, moderate hind leg paralysis; 4, complete paraplegia; and 5, 
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quadriplegia, moribund state or death [37]. Ataxic signs of EAE were assessed according to 

the following criteria: 0, no clinical disease; 1, mice turning their heads or bodies to one side 

with or without a waddling gait; 2, mice lean significantly to one side and fall while 

walking; 3, mice continuously roll by twisting their bodies or rotate laterally in a circle; 4, 

mice cannot stand but lie on their sides with or without rolling; and 5, moribund state or 

death [32,38].

Histology

Mice were euthanized using isoflurane, exsanguinated and perfused with phosphate-buffered 

saline (PBS) followed by a buffered 4% paraformaldehyde solution and brains and spinal 

cords were removed from the mice. Brains were divided into five coronal slabs and spinal 

cords into 10–12 transverse slabs. Tissues were then embedded in paraffin. Four-micrometer 

thick tissue sections were stained with Luxol fast blue for myelin visualization or with 

hematoxylin and eosin. Brain and spinal cord sections were scored for meningitis, 

demyelination and perivascular cuffing as described previously [32]. Briefly, brain sections 

were scored for meningitis (0, no meningitis; 1, mild cellular infiltrates; 2, moderate cellular 

infiltrates; 3, severe cellular infiltrates), perivascular cuffing (0, no cuffing; 1, 1–10 lesions; 

2, 11–20 lesions; 3, 21–30 lesions; 4, 31–40 lesions; 5, more than 40 lesions) and 

demyelination (0, no demyelination; 1, mild demyelination; 2, moderate demyelination; 3, 

severe demyelination). The scores were then combined for a maximum score of 11 per 

mouse brain. Spinal cord sections were divided into four quadrants consisting of the anterior 

funiculus, the posterior funiculus and each lateral funiculus. Each quadrant containing 

meningitis, demyelination or perivascular cuffing was given a score of 1 in that pathologic 

class. The total number of positive quadrants for each pathologic class was determined, then 

divided by the total number of quadrants present on the slide and multiplied by 100 to give 

the percent involvement for each pathologic class. The overall pathology score was 

determined by counting the number of quadrants containing any lesions.

B-1 cell depletion

B-1 cell depletion was performed using an adaptation of the protocol reported by Murakami 

et al. [15], in which i.p. injection of double distilled water (ddH2O) results in the selective 

depletion of B-1 cells in the peritoneal cavity, but not in the spleen. Mice were injected i.p. 

with 0.5 ml of ddH2O every week from three weeks of age until sacrifice or from the onset 

of clinical signs until sacrifice. As a negative control, groups of mice received injections of 

PBS, an isotonic solution. To determine the efficiency of depletion of B-1 cells, cells were 

isolated from the peritoneal cavity and flow cytometric analysis performed.

Peritoneal cells were obtained by injecting 8 ml ice cold PBS into the peritoneal cavity of 

mice, gently massaging the cavity and collecting lavage fluid containing peritoneal cells 

using a 22-gauge needle. Single cell suspensions containing 1 × 106 cells in a volume of 100 

μl of staining buffer [PBS containing 2% cosmic calf serum (CCS) (Hyclone, Logan, UT, 

USA) and 0.1% sodium azide (Sigma-Aldrich, St Louis, MO, USA)] were incubated with 

anti-mouse CD16/CD32 (BD Pharmingen, San Diego, CA, USA) for 5 min at 4°C to block 

Fc receptor binding. The cell suspensions were then incubated with fluorochrome-

conjugated monoclonal antibodies against B220/CD45R (RA3-6B2; Caltag, Burlingame, 
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CA, USA), CD5 (53–7.3; BD Biosciences, San Diego, CA, USA), CD3 (CT-CD3; Caltag), 

CD4 (GK1.5; BD Biosciences) and CD8a (CT-CD8a; Caltag) for 30 min at 4°C. The cell 

suspensions were then washed three times with buffer and analyzed by flow cytometry. For 

each combination of antibodies, 10,000 viable lymphocytes were analyzed by FACScan 

(Becton Dickinson Immunocytometry Systems, San Jose, CA, USA) using CELL Quest 

Software (Becton Dickinson).

Serum anti-MOG92 –106 and anti-dsDNA IgM ELISAs

Enzyme-linked immunosorbent assays (ELISAs) were performed to measure the amount of 

serum MOG and dsDNA antibodies as described previously [32]. Briefly, 96-well flat-

bottom Nunc-Immuno Maxi-Sorp™ plates (Nalge Nunc International, Rochester, NY, USA) 

were coated overnight with 10 μg/ml MOG92–106 peptide or dsDNA (Sigma-Aldrich) at 4°C 

in a humidified chamber. After blocking with 10% CCS and 0.2% Tween 20, serial dilutions 

of sera were added to the plates and incubated for 90 min at room temperature. After 

washing, peroxidase-conjugated anti-mouse IgM (Stressgen Biotechnologies, Victoria, BC, 

Canada) or anti-IgG (Caltag) was added for 90 min. Immunoreactive complexes were 

detected with o-phenylenediamine dihydrochloride (Sigma-Aldrich), and were read at 492 

nm in a Titertek Multiskan Plus MK II spectrophotometer (Flow Laboratories, McLean, VA, 

USA).

Lymphoproliferation assay

Lymphoproliferation assays were performed as described previously [39], using 

mononuclear cells (MNCs) from MOG-sensitized mice injected with PBS (control) or 

ddH2O (depleted). Spleens and inguinal lymph nodes were removed and pooled, and MNCs 

were isolated using Histopaque®-1083. A volume of 200 μl containing 2 × 105 cells in 

RPMI 1640 (Mediatech, Herndon, VA, USA), supplemented with 1% glutamine 

(Mediatech), 1% antibiotics (Mediatech), 50 μM 2-mercaptoethanol (Sigma-Aldrich) and 

10% CCS, was added to each well. MNCs were stimulated with MOG92 – 106 peptide or 

myelin proteolipid protein (PLP139–151) peptide (HSLGKWLGHPDKF) (Peptide Core 

Facility, University of Utah) at a concentration of 50 μg/ml. The cells were cultured for 4 

days, pulsed with 1 μCi of 3H-thymidine (PerkinElmer Life Sciences, Boston, MA, USA) 

per well, and cultured for another 18–24 h. Cultures were harvested onto filters using a 

multiwell cell harvester (Molecular Devices, Sunnyvale, CA, USA) and 3H incorporation 

was determined using standard liquid scintillation techniques. All cultures were performed 

in triplicate and results expressed as stimulation index [experimental counts per minute 

(cpm)/control cpm].

Results

Efficiency of B-1 cell depletion by hypotonic shock

Previously, Murakami et al. [15] reported that i.p. injection of 1 ml ddH2O resulted in a 

dramatic reduction of B cells, T cells and macrophages in the peritoneal cavity, but not in 

the spleen of mice. Although the initial killing was non-specific, the long-lasting depletion 

was specific to B-1 cells because B-1 cells are the only cells that depend on self-renewal 

within the peritoneal cavity for replenishment. In our experiments, we injected 0.5 ml 
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ddH2O, because the strains of mice we use for our studies do not grow to the same size/

weight as the strains used by Murakami et al. [15]. The frequency of B-1 cells (CD5+, 

B220lo) in the peritoneal cavity was 7.8% in A.SW mice treated with ddH2O (Figure 1a) 

compared with 23.2% in control A.SW mice treated with PBS (Figure 1b). The efficiency of 

depletion in the peritoneal cavity was approximately 70%, which is similar to the depletion 

reported by Murakami et al. [15] in BALB/c mice (75%), but less than that reported in NZB 

and NZB/NZW F1 mice (87%). Water injection decreased the number of B-1 cells, and 

increased the number of conventional B cells in the peritoneal cavity. Water treatment had 

no significant effect on the number of B-1 or B-2 cells in the spleen as compared to the 

control PBS treated group (data not shown).

B-1 cell depletion after disease onset (effector phase) decreases the extent of 
demyelination

Since we established NAA producing hybridomas from mice in the effector phase of P-

EAE, we first speculated that B-1 cells play a role during the effector phase. To examine the 

effect of depletion of B-1 cells on the development of EAE, we evaluated the incidence, the 

time of onset and the severity of clinical signs of disease. Mice were sensitized with 

MOG92–106 at 5 weeks of age and monitored for weight change and ataxic signs of EAE. 

After the onset of clinical signs, groups of mice received ddH2O (depleted) or PBS (control) 

injections. No significant effects on disease course were observed between the groups 

(Figure 2a). Interestingly, control mice had a higher incidence of P-EAE and more severe 

clinical signs than the depleted group, although these differences did not reach statistical 

significance (Table I). Neuropathologically, MOG92–106 sensitized A.SW mice depleted 

after the onset of clinical signs of disease had significantly less demyelination (P < 0.05, t-

test) and overall pathology (P < 0.05, t-test) in their brain compared to control mice (Figure 

2b). In the spinal cord, no significant difference in the extent of meningitis (P = 0.41, t-test), 

perivascular cuffing (P = 0.40, t-test), demyelination (P = 0.36, t-test) and overall pathology 

(P = 0.83, t-test) was observed between depleted versus control mice (Figure 2c).

Mice depleted during the induction phase have a higher incidence of P-EAE than control 
mice

We hypothesized that B-1 cells could also play a role in the induction phase of EAE. To 

examine the effects of B-1 cell depletion during the induction phase of EAE, mice received 

ddH2O (depleted) or PBS (control) injections i.p. every week from three weeks of age and 

were sensitized with MOG92–106 at five weeks of age. In contrast to the results observed in 

depleted and control mice treated after the onset of clinical signs (effector phase), A.SW 

mice depleted prior to sensitization with MOG92–106 (induction phase) had a higher 

incidence of progressive disease (9/16) with more severe clinical signs compared to control 

mice. However, there was no difference in disease onset (Table II). During the first two 

months of the observation period, depleted mice displayed higher mean clinical scores than 

control mice. However, in the last month of the observation period, depleted mice and 

control mice had similar mean clinical scores (Figure 3a). This was largely due to mice with 

high clinical scores having died of P-EAE.
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We observed more demyelination in mice that developed P-EAE than in mice with RR-

EAE, regardless of treatment (Figure 4). Demyelination was most frequently observed in the 

cerebellum and spinal cord. A.SW mice with P-EAE developed large demyelinating lesions 

in the cerebellum (Figure 4a) and spinal cord (Figure 4c). In contrast, A.SW mice with RR-

EAE developed small perivascular demyelinating lesions in the brain (Figure 4b) and severe 

inflammation with mild demyelination in the spinal cord (Figure 4d). Overall, when P-EAE 

and RR-EAE were combined within the depleted and control groups, similar pathology 

scores were observed in the brains of mice from the two groups (Figure 3b). No significant 

differences were observed in any brain pathology scores, demyelination, meningitis, 

perivascular cuffing and overall, between the two groups. Similarly, in the spinal cord, no 

significant differences were observed in pathology scores between depleted mice versus 

control mice, when P-EAE and RR-EAE were combined (Figure 3c).

Water injection does not alter EAE in B-1 cell deficient SJL/J mice

Although the i.p. injection procedure was the same between depleted and control groups in 

the experiments described above, ddH2O injection might elicit other responses in mice, such 

as damage to the peritoneal cavity itself and stress, which potentially influence the immune 

response [40]. To determine whether the i.p. injection itself influences the disease course, 

we decided to use SJL/J mice, which have very few peritoneal CD5+ B-1 cells [41], to 

examine whether differences observed between depleted and control mice could be 

attributed to factors other than B-1 cells. SJL/J mice received ddH2O (depleted) or PBS 

(control) injections i.p. every week from three weeks of age and were sensitized with 

MOG92–106 at five weeks of age. SJL/J mice sensitized with MOG92–106 had a similar 

disease course, (Figure 5a), incidence (100%), time of onset (56.6 ± 8.5 and 45.1 ± 3.8) and 

severity of disease (2.8 ± 0.4 and 2.3 ± 0.2) whether they were depleted or control mice, 

respectively. Histological analysis of the CNS did not reveal any difference in the extent of 

meningitis (P = 0.75, t-test), perivascular cuffing (P = 0.92, t-test), demyelination (P = 0.74, 

t-test) and overall neuropathology (P = 0.82, t-test) in the brain whether the mice were 

depleted or control mice (Figure 5b). Similarly, no difference in the extent of meningitis (P 

= 0.66, t-test), perivascular cuffing (P = 0.47, t-test), demyelination (P = 0.91, t-test) and 

overall neuropathology (P = 0.74, t-test) was observed in the spinal cord of depleted or 

control mice (Figure 5c).

B-1 cell depletion does not alter MOG92 –106 specific immune responses or dsDNA 
antibody responses

Previously, we reported that two MOG92–106 anti-bodies produced by two hybridoma cell 

lines were NAA of the IgM isotype, which reacted not only with the initiating antigen, but 

also protein isolated from organs outside the CNS and antigens associated with systemic 

autoimmune disease [33], such as dsDNA and histone H1a [41]. If these NAA contribute 

significantly to the amount of IgM antibodies reactive with MOG92–106 and dsDNA, 

depletion of the major producer of these antibodies, B-1 cells, should drastically reduce 

serum titer of MOG92–106 and dsDNA antibodies of the IgM isotype. While the efficiency of 

B-1 cell depletion in the peritoneal cavity of A.SW mice was approximately 70%, this did 

not reduce the titer of MOG92–106 or dsDNA reactive IgM or total IgM in the sera compared 

to control mice (Figure 6a). These results suggest that B-1 cells are only partially 
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responsible for the generation of MOG92 – 106 or dsDNA reactive IgM in mice sensitized 

with MOG92–106.

Lymphoproliferative responses to MOG92–106 were determined using MNCs isolated from 

spleen and inguinal lymph nodes. MOG92–106 specific proliferation was low in A.SW mice 

that developed clinical signs of EAE. Among the mice with clinical signs, no significant 

difference in lymphoproliferation was observed between depleted mice and control mice 

(Figure 6b).

Discussion

In this study, we examined the involvement of NAA in MOG92–106 induced EAE by 

depletion of peritoneal cells, which are the main source of B-1 cells, but not of other 

immune cells. B-1 cells were depleted using hypotonic shock as described by Murakami et 

al. [15]. This treatment has been shown to significantly decrease the number of peritoneal 

cells within minutes, and to be an effective method for depletion of B-1 cells from lamina 

propria of the gut, whereas, the number and relative proportion of the other lymphocyte 

subsets do not change in the spleen and bone marrow [15]. If B-1 cells producing NAA play 

a role in disease progression in MOG92–106 sensitized A.SW mice, elimination of B-1 cells 

should alter the disease course and neuropathology. This could be due to either the 

MOG92–106 NAA itself being functional (myelinotoxic or remyelinating antibody) or to 

other roles of B-1 cells such as antigen presentation to T cells. Thus, in addition to 

investigating disease modulation, we examined whether clinical signs correlated with 

MOG92 – 106 antibody titers or MOG92–106 specific immune responses. It is possible that 

MOG92–106 reactive NAA might be beneficial, and contribute to remyelination. If this were 

the case, elimination of NAA would exacerbate disease. We found that the effect of 

depletion of B-1 cells depended on whether the depletion was performed during the 

induction or the effector phase of EAE, though the effects were minimal. It is possible that 

B-1 cells and the NAA they produce could have different roles during the induction phase 

versus the effector phase.

SJL/J mice have very few peritoneal B-1 cells [41]. Our previous results suggest that 

MOG92–106 specific T cells, not antibody, play a major pathogenic role in SJL/J mice, which 

develop RR-EAE after sensitization with MOG92–106 [32]. Thus, modulation of disease 

course should not be observed in SJL/J mice with or without depletion, making SJL/J a good 

control for the effects of hypotonic shock on EAE. As expected, no difference in the clinical 

or pathological outcome of MOG92–106 induced EAE was observed between depleted or 

control SJL/J mice.

Several possibilities could explain why depletion of B-1 cells during the effector phase 

resulted in such a modest alteration in clinical and pathological outcomes in A.SW mice 

with MOG92–106 induced EAE. The simplest explanation is that they play a minor role in the 

pathogenesis of MOG92–106 induced EAE. However, the mild effect could also be due to the 

incomplete elimination of B-1 cells, or to production of pathogenic antibodies by 

conventional B-2 B cells. B-1 cells are found predominantly in the peritoneal cavity, but are 

also present in the pleural cavity and to a lesser extent in peripheral blood and lymphoid 
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organs [7]. Therefore, B-1 cells outside the peritoneal cavity could be contributing to the 

pathogenesis in EAE. It is also possible that both beneficial (remyelinating) and pathogenic 

(demyelinating) NAA exist, and that it is the balance between these antibodies that 

determines their role in autoimmunity. Our method of depleting B-1 cells, likely depleted 

cells producing both types of NAA, and therefore did not alter the balance in the remaining 

B-1 cell population. Studies are currently ongoing to further delineate the contribution of 

B-1 cells in EAE by performing the reverse experiments of increasing the numbers of B-1 

cells present in the peritoneum at various times in the disease course rather than depleting 

them.

Our results for the effect of B-1 cell depletion on autoimmunity differ, to some extent, from 

those reported by Murakami et al. [15] in NZB and NZB/NZW F1 mice. Depletion of B-1 

cells by hypotonic shock in NZB mice was shown to dramatically decrease the incidence 

and severity of autoimmune hemolytic anemia, and the titer of anti-erythrocyte IgM and IgG 

in the sera. In NZB/NZW F1 mice, B-1 cell depletion was demonstrated to decrease the titer 

of total IgM and anti-DNA IgM and IgG in the sera, as well as the severity of renal 

pathology. In contrast, no significant effects on anti-DNA IgM titer were observed in our 

study. This could be due to slight differences in the depletion protocol, since the maximum 

dose of ddH2O tolerated by the mice in our study was 0.5 ml, while Murakami et al. [15] 

were injecting two to four times this volume in their mice. However, we achieved a similar 

level of CD5+ B-1 cell depletion, so this is not likely to explain the observed differences. It 

is possible that the contribution of B-1 cells and NAA differs between autoimmune diseases. 

Reap et al. [16,17] demonstrated that B-2 cells, not B-1 cells, were the source of 

autoantibodies in the mouse models of both SLE and graft-versus-host disease. It is also 

possible that the difference is due to the increased frequency (42% in NZB and NZB/NZW 

F1 mice compared to 23% in A.SW), and therefore a more dramatic depletion, of B-1 cells 

in the peritoneal cavity of naïve NZB and NZB/NZW F1 mice [15], compared to A.SW 

mice.

In our experiments in which A.SW mice were injected with 0.5 ml of ddH2O (depleted) or 

PBS (control) weekly from three weeks of age, we found that depleted mice showed more 

severe disease than the control group. Control A.SW mice had a similar time of onset of 

EAE compared to depleted mice. In contrast, more of the control mice had a RR disease 

course with a lower maximum clinical score compared to depleted mice (Table II).

Previously, we reported that A.SW mice sensitized with MOG92–106 develop P-EAE, with 

antibody deposition associated with demyelinated lesions in the CNS and serum MOG92–106 

antibody responses that associated with disease progression [32]. We also demonstrated that 

antibodies produced by hybridoma cell lines generated from an A.SW mouse with P-EAE 

were NAA, capable of recognizing not only the initiating antigen, but also antigens 

associated with systemic autoimmune disease such as dsDNA, as well as protein isolated 

from organs outside the CNS. I.c. injection of the MOG92–106 antibody producing 

hybridomas into naïve mice resulted in antibody deposition and demyelination in the CNS 

[33]. This led us to hypothesize that NAA were involved in the disease progression and 

demyelination in A.SW mice with MOG92–106 induced P-EAE. B-1 cell depletion did show 

effects on the type of disease course (P-EAE versus RR-EAE), the severity of maximum 
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clinical signs and the extent of demyelination, but the overall effects were relatively minor. 

Therefore, B-1 cells play a minor role in pathogenesis in MOG92–106 induced EAE. This 

suggests that B-2 cells play a more significant role in MOG induced EAE. This is supported 

by the study of EAE induction in transgenic mice engineered to produce increased levels of 

MOG autoantibodies [42]. These transgenic mice had a dramatic reduction in the number of 

CD5+ B-1 cells in their peritoneal cavity compared to wild type mice. Despite the reduced 

frequency of peritoneal B-1 cells, MOG antibody producing transgenic mice developed EAE 

with an earlier time of onset, and more severe clinical signs and CNS pathology compared to 

wild type mice [42]. Therefore, in this study, an increase in B-2 cells producing MOG 

antibody overcame the effect of decreased NAA production by B-1 cells. We are currently 

investigating this possibility.
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Figure 1. 
Depletion of CD5+ B-1 cells by repeated i.p. injection of ddH2O in A.SW mice sensitized 

with MOG92–106. Flow cytometric analysis of cells from peritoneal lavage using antibodies 

against B220 and CD5 was used to assess the depletion of CD5+ B-1 cells. Two months 

after sensitization with MOG92–106, A.SW mice, into which 0.5 ml of ddH2O had been 

injected weekly from three weeks of age (depleted), had a significant reduction in the 

frequency of CD5+ B-1 cells (a) compared to mice that had been injected with PBS (control) 

(b). The percentage of T cells (B220−, CD5+), B cells (B220+, CD5−) and B-1 cells (B220lo, 

CD5+) gated is indicated. The data is representative of mice sensitized with MOG92–106 and 

treated with ddH2O (depleted) or PBS (control) in three independent experiments.
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Figure 2. 
B-1 cell depletion after the onset of clinical signs of EAE (effector phase) did not 

significantly alter the disease course, but decreased the severity of demyelination in A.SW 

mice sensitized with MOG92–106. A.SW mice were sensitized with MOG92–106 at five 

weeks of age and received i.p. injections of ddH2O (depleted) or PBS (control) weekly after 

the onset of clinical signs. Mice were weighed and observed for clinical signs for three 

months. (a) A.SW mice in which B-1 cells had been depleted by i.p. injection of ddH2O 

after the onset of clinical signs had a disease course similar to that observed in control mice 

injected with PBS. (b) A.SW mice treated with ddH2O (depleted) after the onset of clinical 

signs of disease had significantly less demyelination and overall neuropathology in their 

brain compared to mice treated with PBS (control). However, no significant differences in 

the extent of meningitis or perivascular cuffing were observed in the brain whether the mice 

were treated with ddH2O (depleted) or PBS (control). (c) Similarly, no significant difference 
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in the extent of meningitis, perivascular cuffing, demyelination and overall neuropathology 

was observed in the spinal cord of mice treated with ddH2O (depleted) or PBS (control) after 

onset of clinical signs. *P < 0.05, t-test. Data shown are mean + standard error of the mean 

(SEM) for P-EAE and RR-EAE combined from three independent experiments.
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Figure 3. 
B-1 cell depletion during the induction phase did not significantly alter the disease course or 

neuropathology of EAE in A.SW mice sensitized with MOG92–106. A.SW mice received i.p. 

injections of ddH2O (depleted) or PBS (control) weekly from three weeks of age and were 

sensitized with MOG92–106 at five weeks of age. Mice were weighed and observed for 

clinical signs for three months. (a) The PBS (control) injected group developed less severe 

clinical signs than the ddH2O (depleted) injected group. (b) No significant differences in the 

extent of meningitis, perivascular cuffing, demyelination or overall neuropathology in the 

brain were observed among the groups. (c) No significant differences in the extent of 

meningitis, perivascular cuffing, demyelination or overall neuropathology in the spinal cord 

were observed among the groups. Data shown are mean + SEM for P-EAE and RR-EAE 

combined from three independent experiments.
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Figure 4. 
Neuropathology corresponded to the clinical course of EAE in A.SW mice sensitized with 

MOG92–106 and treated with ddH2O to deplete B-1 cells or PBS as a control. (a,c) A.SW 

mice with P-EAE developed large demyelinating lesions in the cerebellum (a) and spinal 

cord (c). Images shown are from a representative mouse that had been treated with ddH2O 

(depleted). (b,d) A.SW mice with RR-EAE developed small perivascular demyelinating 

lesions (arrows) in the brain (b) and severe inflammation with mild demyelination 

(arrowheads) in the spinal cord (d). Images shown are from a representative mouse that had 

been treated with PBS (control). Myelin was visualized using Luxol fast blue staining (a, b: 

× 23; c, d: × 230).
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Figure 5. 
B-1 cell depletion did not significantly alter the disease course or neuropathology of 

MOG92–106 induced EAE in mice with inherently low levels of B-1 cells, SJL/J mice. SJL/J 

mice received i.p. injections of ddH2O (depleted) and PBS (control) weekly from three 

weeks of age and were sensitized with MOG92–106 at five weeks of age. Mice were weighed 

and observed for clinical signs for three months. No significant differences in disease course 

(a) or neuropathology in the brain (b) and spinal cord (c) were observed between the 

depleted mice and control mice. Data shown are mean + SEM.
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Figure 6. 
Depletion of B-1 cells had no effect on MOG92–106 specific antibody production or 

proliferation. A.SW mice received i.p. injections of ddH2O (depleted) and PBS (control) 

weekly from three weeks of age and were sensitized with MOG92–106 at five weeks of age. 

(a) Total IgM, anti-dsDNA IgM and anti-MOG92–106 IgM and IgG antibody responses in the 

serum were measured by ELISA. No significant differences in antibody response were 

detected between depleted mice and control mice. (b) MNCs were isolated from spleens and 

stimulated with MOG92–106 or PLP139–151 for five days. No significant differences in 

responses to MOG92–106 were detected in depleted mice and control mice. All cultures were 

performed in triplicate. Results are representative of two independent experiments. Data 

shown are mean + SEM.
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Table I

Clinical disease in mice treated with ddH2O (depleted) or PBS (control) during the effector phase of EAE.

P-EAE/ mice RR-EAE/ mice Disease onset* Clinical score*

Depleted 3/11 8/11 49.7 ± 7.4 3.1 ± 0.4

Control 5/11 6/11 50.1 ± 7.7 4.0 ± 0.3

ddH2O, double-distilled water; PBS, phosphate-buffered saline; P-EAE, progressive experimental autoimmune encephalomyelitis; RR-EAE, 

relapsing-remitting experimental autoimmune encephalomyelitis;

*
Mean ± SEM for P-EAE and RR-EAE combined.
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