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Name of Candidate Brett D. Noerager

Committee Chair J. Edwin Blalock

Title Cross-Reactive Idiotypes: Vaccine Targets for Autoimmune Diseases

Multiple sclerosis (MS) and its animal model, experimental allergic encephalo

myelitis (EAE), are autoimmune diseases of the central nervous system (CNS) resulting 

in the destruction of the myelin sheath and impaired nerve impulse conduction. Al

though traditionally regarded as T cell mediated diseases, it now appears that antibody 

(Ab) plays an integral role in disease modulation. A myelin basic protein (MBP)-spe- 

cific monoclonal antibody (mAb), termed F28C4, has been shown to share remarkable 

functional and structural relatedness and consequently a cross-reactive idiotype (CRId) 

with T cell receptors (TCR) from certain encephalitogenic T cells. This CRId has been 

defined using the anti-CRId mAb. F30C7. which blocks both peptide recognition by 

F28C4 and peptide stimulation of MBP acetyl (Ac) 1-9-specific T cells. In this study we 

have tested whether the CRId in F28C4 could serve as a surrogate to encephalitogenic T 

cells or their TCR as a vaccine target in EAE. When we actively immunize anim als with 

mAb F28C4 prior to disease induction we can prevent EAE with 80-100% effectiveness 

independently of major histocompatibility complex (MHC) haplotype, encephalitogenic 

epitope, or species. In addition to its use as a vaccine, we also demonstrate the ther

apeutic potential of this CRId. It appears F28C4 is working through an anti-CRId path

way in manifesting its protective effects as demonstrated by the ability o f the anti-CRId 

mAb F30C7 to protect animals from EAE when passively administered. This probably

in
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occurs through interaction of F30C7 with certain T cells in a clonotypic fashion, thereby 

causing these cells to become CD47CD25" regulatory T cells that home to the CNS and 

down-regulate encephalitogenic T cells in an antigen-non-specific manner. We have fur

ther demonstrated that the CRId on this mouse Ab has a human equivalent (i.e. V7.VTH). 

The CRId in human as well as mouse immunoglobulin (Ig) is associated with reactivity 

to MBP. Collectively, these results suggest that the CRId on mAb F28C4 may be of 

therapeutic potential for treatment of MS patients. In a more general sense, the use of 

mAb possessing CRId that induces the generation of CD47CD25- regulatory T cells 

may prove to be beneficial in treatment of other autoimmune diseases.

iv
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INTRODUCTION 

Specific immunotherapy for autoimmune diseases

Treatment of autoimmune disease involving specifically targeting the errant im

mune cells would be much more advantageous than more general immunosuppressive 

agents which also compromise beneficial responses. Several ‘antigen (Ag)-specific’ ap

proaches have been tested including tolerance induction (Karpus et al., 1996), T cell and 

T cell receptor (TCR) peptide vaccination (Whitham et al., 1993; Chou et al., 1996), and 

immune deviation (Ruuls and Sedgewick, 1998). Recent studies showing overlap o f dis

ease-associated epitopes that are recognized by T and B cells together with our own data 

showing functional and structural relatedness of the Ag receptors on certain of the afore

mentioned cells suggested a novel and relatively specific approach. The central idea is 

that if there is considerable overlap in the structure and fine specificity o f antibody (Ab) 

and TCR for a disease-associated epitope, then such an Ab could potentially serve as a 

surrogate vaccine to an encephalitogenic T cell or its TCR. Such Ab vaccines would 

therefore lead to not only an anti-idiotypic (Id) Ab response but also a cross-reactive 

anti-clonotypic Ab response against disease-associated T cells. Evidence that supports 

the feasibility of this approach in the autoimmune disease multiple sclerosis (MS) and its 

model, experimental allergic encephalomyelitis (EAE), is discussed below.

1
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Immune mechanisms in MS and EAE

MS is a chronic inflammatory demyelinating disease afflicting over 350,000 peo

ple in the U.S. alone. Focal infiltration of myelin-specific lymphocytes into the white 

matter of the central nervous system (CNS) results in a loss o f neurologic function. T 

cells specific for human myelin basic protein (MBP), which comprises 30% of CNS 

mvelin, have been implicated in disease (Bashir and Whitaker, 1998). Residues 82-100 

of MBP have been shown to harbor the immunodominant T cell epitope. It was demon

strated that this peptide binds with high affinity to the HLA-DR2 molecule, which has 

been implicated in disease susceptibility (Martin et al., 1990; Wucherpfennig et al.,

1990, 1991). Another encephalitogenic peptide located within this region of MBP. resi

dues 87-99, induces a chronic relapsing form of experimental allergic encephalomyelitis 

(rEAE) in SJL mice (Gaur et al., 1997).

EAE is an organ-specific autoimmune disease affecting the CNS and is consid

ered to be the prime animal model for MS. EAE is characterized by the infiltration of 

myelin-specific CD4~ Thl type cells into the CNS following immunization with a vari

ety of myelin proteins or their encephalitogenic peptides. Although MBP is the most ex

tensively studied encephalitogenic CNS molecule, other myelin components have en

cephalitogenic properties as well including proteolipid protein, myelin oligodendrocyte 

glycoprotein, and myelin-associated glycoprotein (MAG). It is clear that T cells play a 

central role in MS and EAE, whereas the role of B cells has yet to be fully defined.

There is increasing evidence to suggest that humoral components may be involved in 

initiation, perpetuation, or modulation of MS or EAE. It has been shown that in both MS 

and EAE, B cells penetrate the blood brain barrier into the CNS, transform into plasma 

cells, and can locally synthesize immunoglobulin (Ig), some of which is anti-MBP
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(Martino et al., 1991). The MBP 83-97 peptide was recently shown to be immunodomi

nant for autoantibodies purified from CNS lesions from MS patients. Furthermore, resi

dues crucial for autoantibody binding were located in the same region as that shown to 

be crucial for T cell recognition, thus suggesting that human MBP-specific autoannbod- 

ies can have fine specificity similar to that of autoreactive T cells for the same region of 

human MBP (Wucherpfennig et al., 1997). Indeed, it has been shown that in MS and 

marmoset EAE. autoantibodies to CNS myelin are present and bind to disintegrating 

myelin around axons in lesions (Genain et al.. 1999). Moreover, since Ag-specific B 

cells are competent antigen-presenting cells, such data suggest a role of B cells in MBP- 

specific T cell activation. We have previously shown that a monoclonal antibody (mAb) 

and TCR against the same encephalitogenic peptide can share a common cross-reactive 

idiotype (CRId) (Maier et al., 1994); thus, it is tempting to speculate that this sharing of 

Ids may extend into the human as well.

The role of humoral responses in modulation of EAE

Although T cells clearly are central players in the pathogenesis of EAE, there is 

accumulating evidence to suggest B cells are important in modulation of disease. Not 

only can B cells infiltrate the CNS in both MS and EAE, but they can locally synthesize 

Ig as well (Ewan and Lachmann, 1979). In chronic rEAE, which more closely resembles 

MS both clinically and histopathologically, increased IgG levels and oligoclonal Ig 

bands have been found in serum, cerebrospinal fluid (CSF), and CNS extracts (Mehta et 

al., 1985). Unlike T cells, however, B cells are present in the CNS lesions of animals 

with acute EAE but only in small numbers. Active immunization with CNS Ag induces 

Ab production, but titers do not correlate with the severity of EAE. For example, in the
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Lewis rat model Ab is initially detected during the onset o f disease and is maximal after 

recovery (Day and Pitts, 1974). Lewis rats are subsequently resistant to reinduction of 

EAE following recovery from active disease. CD4" T cells isolated during the recovery 

phase can transfer resistance only if  co-transferred with MBP-primed B cells (Karpus 

and Swanborg, 1991). The finding that sera from rats recovered from EAE passively 

protect against active EAE parallels such B cell modulation of resistance (Macphee et 

al., 1990). Also, animals that are Ig deficient or have B ceil suppression are resistant to 

actively induced EAE (Willenborg et al., 1986). Preventing the development of mature 

B cells by disrupting the IgM heavy (H) chain transmembrane region caused animals to 

exhibit no differences in disease onset or severity of acute EAE but rarely recovered 

(Wolf et al., 1996). Collectively, these data suggest that humoral responses play an im

portant regulatory role in the pathogenesis of EAE.

The Id network in EAE

One of the hallmarks of EAE is the observation that the usage of TCR genes can 

be biased or restricted, particularly V[58 gene products, in the recognition of MBP or 

encephalitogenic MBP peptides (Acha-Orbea et al., 1988; Bums et al., 1989). mAb ad

ministration against V(38 or its peptides is effective in preventing EAE (Hashim et al., 

1990; Weinberg et al., 1994). In addition, anti-id or anti-clonotypic T cells can also pre

vent EAE, suggesting that an Id network may be involved in the pathogenesis or immu- 

noregulation o f EAE (Lider et al., 1988). The previously mentioned expression o f  CRId 

on Abs as well as TCR against encephalitogenic epitopes o f MBP provides evidence for 

this
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Within the MBP molecule reside multiple immunogenic and encephalitogenic 

epitopes. MBP peptide acetyl (Ac) 1-9 is the dominant, I-Au restricted encephalitogenic 

epitope for PL/J mice (Zhou and Whitaker, 1990). In PL/J mice and Lewis rats TCR 

Va2.3(582. similarly restricts the TCR repertoire o f the encephalitogenic T cell response 

to different MBP epitopes (Esch et al., 1992). F28C4, a mAb raised in the PL/J mouse 

against MBP peptide Ac 1-9. shares a CRId with the PIv'J V(58.2’ TCR recognizing the 

same MBP peptide. This CRId has been defined using the anti-id mAb, F30C7. which 

can block both peptide recognition by F28C4 (Zhou and Whitaker, 1992) and peptide 

stimulation o f MBP Ac 1-9-specific T cells (Zhou and Whitaker, 1993), suggesting that 

the CRId resides at or near the combining site of F28C4 and the TCR and therefore is 

not a public Id. The ability of mAb F30C7 anti-Id to lessen clinical EAE in the adoptive 

transfer model in PL J mice, possibly by T cell anergy (Zhou and Whitaker. 1993; Zhou 

et al., 1994). suggests a role for this CRId and the related Id network in EAE.

The structure and fine specificity of F28C4 appear to be crucial for its paratope 

and Id characteristics. Sequence homology of 75% exists between complementarity de

termining region (CDR) 3 of F28C4 H and L chain V regions and the V-D-J junction of 

the TCR V{)8.2 from encephalitogenic T cells (Maier et al., 1994). Other Ig CDR3s do 

not share this homology and arises, in part, because F28C4 uses an unusual L chain V 

region called VLx (Dildrop et al., 1987; Sanchez et al., 1987). No Ab with this L chain 

had any known specificity prior to the demonstration that an Ab with the Vkx L chain 

could bind MBP.
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6

Characteristics of V7ix

V /jc  is a newly described V7. gene segment that was discovered in 1987 in poly- 

clonally activated B cells (Dildrop et al., 1987; Sanchez et al., 1987). V /jc  rearranges 

with J/.2-C/.2 and displays at least three unique features: Its amino acid sequence is only 

30-33% homologous to other known V/. and/or V-kappa (k) genes; the last codon of the 

V /jc  gene is a TAA termination codon that must be disrupted by JX2 to create a func- 

tion-al codon; and such appropriate joining at the V-J junction results in a third hyper

variable region extended by an additional four amino acids. It is interesting to note that 

homo l-o go us sequences have been found in various mammalian species including man, 

thus suggesting that V /jc  apparently existed before the speciation o f mammals (Sanchez 

et al.. 1990). Considering the rarity of V /jc  usage, less than 0.5% of all Ig in normal 

mice sera, it was tempting to speculate that the expression o f V /jc  in response to an en- 

cephalito-genic immunogen may not have been a coincidental event but may rather rep

resent an underlying component involved in the immunopathogenesis o f CNS myelin 

damage.

The expression of V /jc  in response to an MBP peptide led to the notion that this 

finding was not just fortuitous but may represent an underlying association of V/oc with 

MBP reactivity. Consistent with this notion was the observation that the only known 

V/jc-containing IgM mAbs, each o f previously unknown specificity, as well as recom- 

bin-ant V /jc  alone, were able to bind human MBP (Galin et al., 1996a). Since mAbs are 

somewhat artificial in their selection and might not occur in a more natural setting, we 

purified the V/jc-containing Ig from normal BALB/c sera and found that these Abs also 

bind human MBP. Interestingly, the average affinity of these Abs was higher than that
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of the V7oc-containing IgM mAbs and was closer to that of F28C4 (IgG2a, VJix). Evalu

ating the H chain isotype distribution of V /jc -bearing Abs in normal mouse sera made it 

possible to understand the apparently higher MBP reactivity o f naturally occurring V/ix 

Igs relative to that of the Vkx~ IgMs. A biased H chain isotype association with a skew

ing to IgG2a and b was demonstrated (Galin et al.. 1996b). The IgG2a restriction was 

even more apparent in V /.x -containing Abs that bind MBP. Thus, the interaction of V /jc  

with MBP seems to be facilitated by an association with y2a that may reflect restricted H 

chain V region usage by this isotype. This suggests that, as with MBP reactive TCR in 

EAE. restricted V region usage may extend to an Ab.

Human V/.YTII L chains

Human /. L chains w'ere originally classified on the basis of distinctive amino 

acid and nucleotide sequence homologies into six V region subgroups (Kabai et al., 

1991). Five of the six subgroups, V/J, V/JI, V/JIL V/iTV, and V/.VT, have been de

scribed and defined serologically (Solomon and Weiss, 1987). Other human /.-type L 

chains have subsequently been identified, including Va.VT1I (Ch’ang et al., 1995; Solo

mon et al.. 1995). Using a panel of mAbs to the individual V7. L chains made it possible 

to quan-titare the absolute concentration and percentage of distribution of each Va. sub

group among /.-type Igs both in normal serum as well as in certain disease processes in

cluding multiple myeloma, AL amyloidosis, and Waldenstrom’s Macroglobulinemia 

(WM) (Abe et al., 1994; Ozaki et al., 1994). The expression o f the VaH and V7.V7 gene 

families in the pathogenesis of the aforementioned diseases is remarkably different from 

that found in the normal state (Ozaki et al., 1994).
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V/iVTEI was cloned from a monoclonal IgM/. rheumatoid factor-producing cell 

line (Robbins et al., 1990). Two monoclonal /.-type Bence Jones proteins (BJPs), des

ignated Hag and Biv, were obtained from patients having features typical of multiple 

myeloma and shown to be VaVTTT (Solomon et al., 1995). A monoclonal anti-V/.VIII 

mAb termed 31-8C7 was obtained by immunizing mice with BJP Hag and was found to 

be specific for recognition of /tYTH-related determinants on intact Igs as well as on free 

L chains (Abe et al.. 1994; Solomon et al., 1995). BJPs Hag and Biv were shown to con

tain a CDR2 lengthened by an additional four amino acid residues (Ch'ang et al., 1995). 

V/.VIH components contain other serologic and chemical features besides the elongated 

CDR2 that further distinguish them from other V7. L chain subgroups, resulting in ho

mology that is nearer to murine V /jc  than to other human V/. or V k  gene families 

(Ch’ang et al.. 1995). As a consequence of V /jc 's  antigenic specificity, we have investi

gated whether V/JII is also reactive with MBP and immuno logically related to V k x .

WM

WM is a plasma cell dyscrasia characterized by the infiltration o f plasma cells 

and lymphocytes into bone marrow and by high levels of monoclonal macroglobulin 

(IgM) (Waldenstrom, 1944; Dimopoulos and Alexanian, 1994). This disease predomi

nantly affects people aged 60 years and older and accounts for approximately 2% of 

hematological cancers. Symptoms arise as a result of tumor infiltration, circulating or 

tissue-bound monoclonal IgM, or a combination o f features (Dimopoulos and Alex

anian, 1994). Polyneuropathy appears in about 5% of patients with WM (DeQagi et al., 

1983). An IgMic anti-myelin activity usually characterizes the peripheral neuropathy
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(Dalakas and Engel, 1981) with approximately one half of these patients secreting Ab 

against MAG (Dellagi et al., 1983; Latov et al., 1981; Nobile-Orazio et al., 1987). Of 

these patients with non-MAG-reactive Abs a high proportion have immunoreactivity 

with other glycolipid Ags such as gangliosides (Shy et al., 1986; Latov et al., 1988).

A recently reported case of WM with polyneuropathy and seropositivity for high 

levels of an IgM//. mAb reactive with the 18.5 IcDa isofonn of MBP (Kira et al., 1997) 

permitted an investigation of a possible immunogenetic role for this human mAb. Given 

our previous observations with V /jc  (Galin et al., 1996a), we investigated the possibility 

o f a shared Id between VLx and the patient’s IgM/'/.. The data reveal a shared Id be

tween V/,x and the patient’s macroglobulin manifested by reactivity with MBP, al

though to two different epitopes.

The F28C4 Id and EAE

The unique association between a particular H chain and L chain forms the Ag- 

binding site of an Ab. This pairing is also the driving force to generate a unique Id.

Thus, a precise match between two V domains in Ab to MBP may be the result o f  selec

tive pressure to express a CRId important for the regulation of EAE. F28C4, the mAb 

central to this CRId, has been described above. Raised in the PL/J mouse against MBP 

Ac 1-9, F28C4 was shown to have similar fine epitope specificity and to share a CRId 

with TCR against the same peptide (Maier et al., 1994). A role for this CRId and the re

lated Id network in EAE is suggested by the ability of mAb F30C7 anti-id to lessen 

clinical disease in the adoptive transfer model o f EAE in PL/J mice (Zhou and Whitaker, 

1993). Furthermore, this CRId does not appear to be species restricted because F30C7
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can immunoprecipitate the TCR from and, apparently, cause anergy in a Lewis rat T cell 

line against guinea pig MBP peptide 68-88 (Zhou et al., 1994). This is paralleled by the 

finding that sequence homology was found between the regions containing CDR3 of 

F28C4 Vl and Vh and the V-D-J junction o f certain TCR V(38 from encephalitogenic 

PL/J and Lewis rat T cells. Based on the striking sequence homology between F28C4 

and the TCR and the protective effects of F30C7, we speculated that the CRId resulting 

from a unique and perhaps biased pairing o f V domains in F28C4. could, in vivo, induce 

a regulatory anti-id response. Based on the structural relatedness of F28C4 and the TCR 

and the fact that F28C4 harbors a VLx L chain that confers MBP binding, we have in

vestigated whether F28C4 can be exploited as an Id vaccine for EAE.

The role of regulatory CD4~/CD25~ T cells in autoimmune diseases

The immune system has evolved a number of stopgap measures to ensure that T 

cells recognizing self Ags are deleted before they can cause autoimmune disease. During 

T cell maturation in the thymus only those cells with a TCR that recognizes self Ag as

sociated with major histocompatibility complex (MHQ with moderate affinity are al

lowed to develop. T cells with a TCR that either does not recognize or recognizes self 

Ag associated with MHC with too high affinity are deleted. Peripheral control mecha

nisms such as anergy also exist to delete those cells which escape thymic negative selec

tion. Occasionally, however, some self reactive T cells escape all o f these defense meas

ures. The immune system’s last line of defense is a subset of CD4* T cells that actively 

down-regulate the activation and proliferation o f self reactive T cells in an Ag-non- 

spedfic manner (Fowell and Mason, 1993; Powrie, 1995; Takahashi et al., 1998). These
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naturally occurring CD4"/CD25~ regulatory T cells have been implicated in autoim m une 

disease through the demonstration that e lim ination of these cells from the periphery pro

duces various autoimmune diseases while the reconstitution prevents autoim m une de

velopment (Sakaguchi et al., 1995; Asano et al.. 1996). Based on the capacity o f F28C4 

to protect animals from EAE when actively immunized, the anti-id characteristics o f 

mAh F30C7, and the fact that passive immunization with F30C7 protected PL/J mice 

from adoptive EAE induction, we have further investigated the protective capability o f 

mAh F30C7 and probed the mechanism of its action in order to shed light on the dy

namic capabilities of F28C4 as an Id vaccine for EAE.
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Abstract

Multiple sclerosis and its model experimental allergic encephalomyelitis (EAE) 

are autoimmune diseases of the central nervous system resulting in the destruction of the 

myelin sheath surrounding axons. Traditionally regarded as T cell mediated diseases, it 

now appears that antibody (Ab) may play an integral role in both disease induction and 

regulation. A myelin basic protein-specific monoclonal antibody, termed F28C4, has 

been shown to share remarkable functional and structural relatedness and consequently a 

cross-reactive idiotype (CRId) with T cell receptors (TCRs) from certain encephalito- 

genic T cells. In this study we have tested whether the CRId in F28C4 could serve as a 

surrogate to encephalitogenic T cells or their TCR as a vaccine target in EAE. Immuniz

ing multiple strains of inbred mice with F28C4 prior to disease induction prevented dis

ease in 80-100% of animals from each of the different strains. These results demonstrate 

that the CRId is an effective interstrain vaccine target regardless o f encephalitogenic 

epitope or major histocompatibility complex haplotype. Immunization with F28C4 also 

protects Lewis rats from disease induction, demonstrating its efficacy in another species. 

Perhaps more importantly, F28C4 can prevent the onset of EAE in a wild outbred popu

lation of rats, thereby suggesting that it can serve as a vaccine even when multiple en

cephalitogenic epitopes are involved. In addition to its prophylactic effect, F28C4 also 

demonstrates therapeutic potential in its ability both to prevent disease relapses in a re- 

lapsing-remitting model of EAE in SJL mice as well as to prevent the adoptive transfer 

of disease in Lewis rats. Collectively, these studies suggest a novel CRId target with 

therapeutic potential in multiple sclerosis.
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Introduction

Multiple sclerosis (MS) is an inflammatory demyelinating disease o f the central 

nervous system (CNS). The disease is the product o f a coordinated immunologic attack 

by CD4~ T cells, macrophages, complement, and antibody (Ab)-producing B cells lead

ing to the breakdown of the myelin sheath surrounding CNS axons, resulting in impaired 

saltatory conduction of nerve impulses (Steinman, 1996). MS afflicts over 350,000 peo

ple in the United States alone with women being affected twice as often as men (Du

quette et al., 1992). The course of the disease is highly variable with the most common 

form being a relapsing-remitting course in which periods of disease exacerbation are 

interrupted by episodes of remission. The animal model o f MS, experimental allergic 

encephalomyelitis (EAE). is similar to MS in that it is an autoimmune disease o f  the 

CNS mediated by CD4* T cells and is considered to be the prime animal model for 

study of the disease (McFarland and McFarlin, 1995). It can be induced experimentally 

by actively immunizing animals with CNS myelin components such as myelin basic 

protein (MBP), MBP peptides, or whole spinal cord homogenate (SCH) or adoptively by 

T cells specific for such components. Like MS, the course o f disease may vary depend

ing on the animal model used as well as the inducing encephalitogen.

Although T cells clearly play a role in the pathogenesis of EAE, it is becoming 

more apparent that B cells may be important in modulation of the disease. In both EAE 

and MS, B cells infiltrate the CNS, transform into plasma cells, and can locally synthe

size immunoglobulin (Ig), some of which is anti-MBP (Ewan and Lachmann, 1979;

Catz and Warren, 1986). Indeed, the increased intrathecal production o f Ig within the 

CNS has long been one of the hallmarks and undisputed aspects o f MS (Kabat et al., 

1948). Active immunization with CNS antigen (Ag) induces Ab production, although no
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direct correlation has been observed between disease severity and Ab titers (Paterson et 

al., 1981). B cell deficient mice immunized with myelin oligodendrocyte glycoprotein 

(MOG) peptide 35-55 developed disease similar to control mice. However, these same B 

cell deficient animals when immunized with a recombinant human myelin oligodendro

cyte glycoprotein (rMOG) were resistant to EAE induction. Histological examination of 

the spinal cord in the rMOG-immunized B cell deficient mice revealed both a general 

lack of inflammation and demyelination (Lyons et al., 1999), suggesting that B cells and 

Ab are important to EAE pathogenesis when a more complex form of an Ag such as a 

protein is used for induction o f disease.

CNS myelin is comprised o f several proteins including MBP, proteolipid protein, 

and MOG. MBP, a molecule of 170 amino acid residues, comprises 30% of CNS mye

lin. Within MBP reside several different encephalitogenic epitopes (Day and Potter, 

1986). As mentioned above the particular encephalitogen as well as encephalitogenic 

epitope differ among animal models. For PUJ mice, the dominant encephalitogenic epi

tope on MBP is peptide acetyl (Ac) 1-9 (Zamvil et al., 1986). A monoclonal antibody 

(mAb), termed F28C4, raised in the PUJ mouse against MBP peptide Ac 1-9 shares a 

cross-reactive idiotype (CRId) with the PUJ Vp8.2~ T cell receptor (TCR) recognizing 

the same MBP peptide (Zhou and Whitaker, 1993). This CRId has been defined using 

the anti-idiotvpic (Id) mAb, F30C7, which can block both peptide recognition by F28C4 

and peptide stimulation of MBP Ac 1-9-specific T cells (Zhou and Whitaker, 1992,

1993). These and other findings suggest that the CRId resides at or near the combining 

site of F28C4 and the TCR and is not a public Id. A role for this CRId and the related Id 

network in EAE is suggested by the ability of mAb F30C7 anti-id to lessen clinical EAE 

in the adoptive transfer model of EAE in PUJ mice, possibly by T cell anergy (Zhou and
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Whitaker, 1993; Zhou et al., 1994). The fine epitope specificity o f F28C4 and the resi

dues o f MBP Ac 1-9 critical for TCR recognition are the same (Maier et al., 1994). Fur

thermore, sequence homology (75% overall) was found between regions of complemen

tarity-determining region (CDR) 3 of F28C4 heavy (H) and light (L) chain variable (V) 

regions and the V-D-J junction of the TCR VP8. This homology is not shared by other 

Ig CDR3 regions and arises, in part, because F28C4 uses an unusual V/i L chain (Dil- 

drop et al.. 1987; Sanchez et al.. 1987).

V /jt is a Va. gene segment that was discovered in polyclonally activated B cells 

(Dildrop et al.. 1987; Sanchez et al., 1987). Vajc rearranges with J/w2-C/»2, and its amino 

acid sequence is only 30-33% homologous to any known Va. or Vk genes. Homologous 

sequences have been found in various mammalian species including man, thus suggest

ing that V/jc apparently existed before the speciation of mammals (Sanchez et al.,

1990). Considering the rarity of V/jc usage, less than 0.5% of all Ig in normal murine 

sera, the expression of V/oc in response to an encephalitogenic immunogen may not 

have been coincidental but may reflect the underlying repertoire involved in the patho

genesis of EAE. In subsequent investigations of the ability of mAb F28C4 as well as 

Vax itself to bind MBP, a panel of Abs including all known V/jc-bearing mAbs (Dil

drop et al., 1987; Sanchez et al., 1987,1990; Zhou and Whitaker, 1992; Chen et al.,

1994), all of unknown specificity, and polyclonal V/jc-bearing Ig from normal murine 

sera were examined (Gaiin et al., 1996a). VTjc and V/jc-containing Abs were all found 

to bind MBP (Galin et al., 1996a). This suggested that V/_x and V/jc-contarning Abs 

have an inherent affinity for MBP. Based on the structural relatedness o f F28C4 and the
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TCR and the fact that F28C4 harbors a V ax  L chain that confers MBP binding, we have 

investigated whether F28C4 can be exploited as an Id vaccine for EAE.

Materials and methods

Id vaccination protocol

Animals were immunized subcutaneously with 50 ug of F28C4, control Ab 

including F23C6 (Zhou and Whitaker, 1990) and UPC-10 (Sigma Chemical Co.; St. 

Louis, MO), V a x  coupled to keyhole limpet hemocyanin (KLH; Sigma Chemical Co.), 

KLH alone, or an equal volume o f phosphate-buffered saline (PBS). Two weeks later 

animals received a booster injection of the appropriate immunogen. Four weeks after the 

booster injection. EAE was induced by challenging the animals with whole MBP, MBP 

peptides. SCH. or MBP-reactive T cells.

Preparation o f mAb F28C4

The preparation and characterization of mAb F28C4 have been previously de

scribed (Zhou and Whitaker, 1992). Briefly, Id-bearing mAb to human MBP Ac 1-9 

(Fusion 28C4. or F28C4) was developed by hybridoma techniques. Synthetic human 

MBP peptide Ac 1-9 was conjugated to KLH (Sigma Chemical Co.) with 2% glutaral- 

dehyde and used to immunize three PL/J mice. Each mouse received a total of 0.5 mg of 

the human MBP peptide in six injections over a period of 3 weeks. Spleen and lymph 

node cells were then removed and fused with SP 2/0 myeloma cells. Hybridoma cells 

were screened by enzyme-linked immunosorbent assay (ELISA) for their ability to pro

duce mAb to MBP as well as to human MBP peptide Ac 1-9. Limiting dilution was par- 

formed twice. The specific clone, F28C4, was further characterized by ELISA, purified
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by affinity chromatography on MBP-Sepharose, and isotyped and was shown to be an 

IgG2a/7u.

Ags

Whole bovine MBP was purchased from Sigma Chemical Co. Purified whole rat 

MBP was a kind gift from Dr. J.M. Soos (University of Florida). The human MBP pep

tides were synthesized in our laboratory on a Biosearch Peptide Synthesizer (Model 

9500; Cambridge, MA) and purified by reverse-phase high-performance liquid chroma

tography or synthesized by Peninsula Laboratories (San Carlos, CA). SCH was obtained 

by a modification of the protocol of Brown and McFarlin (1981). Lewis rats were eutha

nized, the spinal cords were removed by insufflation, and the white matter was purified 

by density gradient centrifugation.

ELAE induction

Four weeks following the booster immunization, animals were challenged for 

disease induction using MBP, MBP peptides, or SCH for active disease induction fol

lowing previously published protocols (Brown and McFarlin, 1981; Soos et al., 1995; 

Zhou and Whitaker, 1996; Gaur et al., 1997) or using MBP 68-88-specific T cells for 

induction of adoptive EAE. The generation of the adoptive transfer model of EAE in 

Lewis rats has been described previously (Cao et al., 2000). Briefly, to adoptively trans

fer EAE, the cells from a guinea pig (GP) MBP peptide 68-88-specific T cell line, 

LR88L1 (Zhou et al., 1994) were stimulated with GP MBP peptide 68-88 (20 pg/ml) for 

3 days in the presence o f irradiated syngeneic thymocytes as antigen-presenting cells. 

Activated T cells were isolated by Ficoll density gradient centrifugation and washed
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with Hank’s solution. Each recipient rat received 4-5xl06 of newly activated T cells 

suspended in PBS intraperitoneally (i.p.). Disease signs typically peaked at 5-6 days 

post-injection. The animals were monitored daily for development and progression of 

disease. Neurologic deficit was graded according to the following scale: 0, no signs; 1, 

decreased tail tonicity; 2. weakness o f hind limbs; 3, paraparesis; 4. paraplegia, mori

bund; 5, death.

Production o f recombinant Vax

The polymerase chain reaction (PCR) amplification, cloning, and expression of 

V a x  have been described previously (Gaiin et al., 1996a). Briefly, oligonucleotide prim

ers used for cloning V /x were synthesized on a DuPont Coder 300 DNA Synthesizer 

(Wilmington. DE) and were purified on Nensorb Prep columns (NEN; Boston, MA). 

Sequences of primers used for specific amplification of V /x  from F28C4 hybridoma by 

PCR each contained a restriction site (Xhol and Bpul 1021 for the sense and antisense 

primers, respectively) at the 5’ ends to facilitate directional cloning of the PCR products. 

F28C4 V>x was amplified using a V/x-specific sense primer corresponding to nucleo

tides 229-242 which has the sequence 5’-d(CCG CTC GAG CAA CTT GTG CTC ACT 

CAG TCA TC) (GenBank Accession No. M34597). The antisense primer is specific for 

>21, is complementary to the J-C junction of F28C4 (Maier et al., 1994), and has the se

quence 5’-d(GGA CTT GGG CTG AGC TAG GAC AGT GAC). Detailed methods 

used for reverse transcriptase-PCR amplification of the Ig V regions have been previ

ously published (LeBoeuf et al., 1989). The resulting double-stranded deoxyribonucleic 

acid sequence was then restriction digested, directionally cloned into the expression vec-
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tor, pET-15b (Novagen; Madison, WI), and expressed according to the manufacturer’s 

protocol. Purification of the recombinant protein was facilitated by the addition o f a 

polyhistidine tag to the 5’ end o f the cloning site. The authenticity of the recombinant 

protein was verified using Western gel analysis with rabbit anti-V/Jc Ab (Galin et al., 

1996a).

Papain cleavage o f F2SC4 into corresponding Fab and Fc fragments

F28C4, an IgG2a isotype mAb. was convened by proteolytic cleavage with pa

pain into its corresponding Ig fragments (Andrew and Titus, 1991). For cleavage of an 

IgG2a it was first necessary to preactivate the papain with cysteine. Activated papain is 

incubated over time with F28C4. the reaction stopped with iodoacetamide, and the mix

ture diaivzed against Protein A buffer. The mixture is then run over a Protein A column 

to separate the F^ and Fc, and the Fab is then run over a MBP 1-9-specific column. The 

respective Fab and Fc eluates are collected and used to immunize animals as described 

for intact F28C4.

Results

F28C4-mediatedprotection is not major histocompatibility complex (MHC) restricted 

As previously mentioned, F28C4, raised in the PL/J mouse against MBP Ac 1-9, 

was shown to have similar fine epitope specificity and to share a CRId with encephali

togenic TCR from PUJ Vp8~ T cells against the same peptide. Sequence homology was 

found between CDR3 of F28C4 VH and VL and the V-D-J junction of certain TCR V[38 

from encephalitogenic PL/J and Lewis rat T cells. Due to this sequence similarity (Maier 

et al., 1994) and the protection that adoptive transfer o f the anti-id F30C7 confers (Zhou
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and Whitaker, 1993), we have tested the efficacy of F28C4 as a CRId vaccine to block 

the development of EAE.

Since F28C4 was raised in the PL/J (H-2U) mouse this was the first animal model 

we tested. Table 1 shows that pretreating animals by active immunization with F28C4 

results in protection when disease is actively induced with rat MBP. One o f five (20%) 

mice immunized with F28C4 prior to active disease induction exhibited clinical signs of 

disease when compared with 86% (13/15) of the controls. The average severity o f dis

ease in the F28C4-treated group was 1.0. or nearly half that seen for the controls. The 

one animal in the F28C4-treated group that did exhibit signs of clinical disease dis

played only mild symptoms.

We immunized animals with mAb F23C6. also raised against MBP Acl-9. as a 

specificity control because F23C6 has an overlapping but distinct fine specificity rela

tive to F28C4 (Maier et al., 1994). Four of five (80%) animals immunized with F23C6 

exhibited clinical signs of disease. Unlike the anti-id for F28C4, the mAb anti-id,

F25F7, for F23C6 does not recognize the TCR, suggesting the unique nature of the 

F28C4 Id confers protection rather than the gross MBP Ac 1-9 reactivity of the mAb. To 

control for the effect, if any, of the H chain contribution to protection, animals were also 

immunized with H chain isotvpe-matched control mAb UPC-10 (y2a, ie) that had no ef

fect on disease incidence (100%) or severity (2.0).

The next model we tested was the NZW (H-2Z) mouse because TCR on CD4" T 

cells recognize antigen presented in the context of MHC Class II molecules which differ 

between animal strains. Although NZW mice differ from PL/J mice in the haplotype 

they bear, the encephalitogenic epitope o f MBP is, like the PL/J mouse, MBP Ac 1-9 

(Zamvil et al., 1994). We again examined whether pretreatment with F28C4 could pro-
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tect NZW mice from active EAE induction. Table 2 shows that active immunization 

with F28C4 protects 100% of NZW mice from actively induced disease when compared 

with the control groups, where 80% (8/10) of animals showed clinical signs of disease. 

Thus, since the NZW mouse strain recognizes the same encephalitogenic epitope as the 

PUJ mouse (MBP 1-9) but is of a different MHC haplotype, F28C4 not only serves as 

an effective intraspecies CRId vaccine but also is not MHC restricted.

Table I
Prevention of actively induced EAE in PUJ mice bv mAb F28C4
Treatment No. animals sick (%) Average severity

F28C4 1/5 (20) 1.0
F23C6 4/5 (80) 1.8

UPC-IO 5 5(100) 2.0
PBS 4/5 (80) 2.3

Table 2
Prevention of actively induced EAE in NZW mice by F28C4
Treatment No. animals sick (%) Average severity

F28C4 0/5 (0) 0
F23C6 4/5 (80) 2.2

UPC-10 4/5 (80) 1.5

F28C4-mediated protection is not restricted by encephalitogenic epitope

Although the PU J and NZW mouse strains bear different MHC Class II mole

cules, the encephalitogenic epitope on MBP, MBP Ac 1-9, that induces disease is the 

same. We next utilized the SJL mouse model of EAE in order to test the effectiveness of 

F2SC4 further. Not only is the haplotype of SJL (H-2S) mice different from either NZW 

or PUJ mice, but the encephalitogenic epitope on MBP used to actively induce disease 

in SJL mice is MBP peptide 87-99. Table 3 shows that active immunization with F28C4
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mAb completely prevents active induction of disease with MBP peptide 87-99, provid

ing further evidence for the effectiveness of F28C4 as a potent intraspecies Id vaccine, 

regardless of MHC haplotype or encephalitogenic epitope specificity.

Table 3
Prevention of acute EAE in SJL mice bv F28C4
Treatment No. animals sick (%) Average severity

F28C4 0/5 (0) 0
PBS 4/5 (80) 3.75

Prevention o f relapsing-remitting disease in SJL mice

The aforementioned data were obtained in three models of acute EAE. In SJL 

mice immunizing animals with SCH can induce a relapsing-remitting experimental al

lergic encephalomyelitis (rEAE) that more closely resembles the human disease. We 

therefore next tested the efficacy o f F28C4 as an Id vaccine in preventing rEAE in SJL 

mice. As shown in Fig. 1. F28C4 not only prevents the initial onset of the disease but 

also protects animals from developing subsequent relapses. Five of five animals in the 

control group developed clinical signs of EAE. while only one animal in the F28C4- 

immunized group developed disease. All of the animals in the control group experienced 

a clinical score of at least 2.0 during the acute phase of disease, although not all on the 

same day, however, the severity displayed by the one animal in the treatment group was 

markedly suppressed. The acute phase of disease lasted for approximately 10 days, at 

which time all animals recovered from disease. Within 1 week all control animals re

lapsed, wrhile only one animal in the F28C4-treatment group demonstrated any clinical 

signs o f EAE. Interestingly, when monitored to 200 days (data not shown), all animals
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in the control group developed multiple relapses; however, the one F28C4-immunized 

animal had only two relapses.
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Fig. I . F28C4 protects SJL mice against EAE actively induced with SCH. Female SJL 
mice were immunized with 50 ug of F28C4 or control mAbs or an equal volume of PBS 
followed by a booster injection of 50 ug of F28C4 2 weeks later. Four weeks after the 
booster animals were challenged with whole SCH. Animals were monitored daily for 
signs of clinical disease.

F28C4-mediaiedprotection is not species restricted

Closer examination revealed sequence homology also exists between F28C4 V 

regions and encephalitogenic VjS8 from the ran Considering this and since the anti-id 

mAb F30C7 for F28C4 can immunoprecipitate the TCR from and, apparently, cause an

ergy in a Lewis rat T cell line against GP MBP 68-88, we predicted that F28C4 may 

prevent EAE in the Lewis rat. When immunized with F28C4 Lewis rats are protected 

from active disease induction with MBP peptide 68-88 (Table 4), leading to the conclu

sion that F28C4 is not only an effective intraspecies vaccine but is also active across
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species. This also provides additional evidence that F28C4 protects animals from dis

ease induction independently of encephalitogenic epitope.

Table 4
Prevention of actively induced EAE in the Lewis rat by F28C4
Treatment No. animals sick (%) Average severity

F28C4 0/5 (0) 0
PBS 5/5(100) 23

Prevention o f the adoptive transfer model o f EAE

While convincing evidence exists suggesting that F28C4 is an effective prophy

lactic vaccine for EAE. the more important question remains of how effective F28C4 

would be for treating disease that is already established. In the adoptive transfer model 

o f EAE. activated encephalitogenic T cells are injected i.p. into subject animals to in

duce disease. In order to address the question of the efficacy of F28C4 as a therapeutic 

measure, we induced EAE in Lewis rats by passively transferring MBP 68-88 encephali

togenic T cells (Table 5). While 100% (15/15) of the control animals showed clinical 

signs of EAE. none (0/5) of the animals immunized with F28C4 exhibited clinical signs 

of the disease. These results reinforce our previous data indicating that F28C4 is an ef

fective interspecies vaccine by preventing disease in the rat and also that protection can 

occur after the generation of disease-causing cells. Thus, the F28C4 vaccine may be 

therapeutic as well as prophylactic.

Preventing induction o f disease in an outbred rat model

We have now shown that F28C4 functions as an Id vaccine regardless ofintra- 

or interspecies differences, although all of these studies have been based on well charac
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terized inbred animal models of disease. To test the vaccine in a more rigorous fashion, 

we employed F28C4 as a vaccine in a wild outbred rat model where EAE can be ac

tively induced either with whole SCH or MBP (Kavelaars et al., 1999). Table 6 shows 

that 100% (5/5) of animals immunized with F28C4 prior to disease induction with MBP 

were protected from EAE, whereas 75% of control animals exhibited some signs of 

clinical disease. Such results are significant because not only are multiple encephalito

genic epitopes involved but the outbred model of disease may more closely resemble 

that in the human since humans are, of course, an outbred population. Thus, these results 

may provide the first evidence of the potential of these studies to impact human disease.

Table 5
Prevention of Lewis rat adoptive EAE by F28C4
Treatment N'o. animals sick (%) Average severity

F28C4 0/5 (0) 0
F23C6 5/5 (100) 1.7

UPC-10 5/5 (100) 1.8
PBS 5/5 (100) 1.7

Table 6
F28C4-mediated protection in the outbred model of EAE
Treatment No. animals sick (%) Average severity

F28C4 0/5 (0) 0
F23C6 4/5 (80) 0.8

UPC-10 4/5 (80) 1.0
PBS 3/5 (60) 0.5

Intact F28C4 provides optimal protection

Since F28C4 harbors the unusual L chain, V/oc, and given that Vax on its own 

can bind MBP, we next determined whether it was the L chain alone that was responsi
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ble for the protection conferred by F28C4 vaccination rather than the intact mAb. We 

made a recombinant form of this unique V region to be used as a vaccine by cloning the 

F28C4 V a x  region into an expression system (Galin et al., 1996a). In order to use V a x  

as a vaccine it first had to be coupled to KLH due to the small size o f V a x .  In these ex

periments F28C4 was used as a positive control, whereas KLH and PBS served as nega

tive controls. These experiments were conducted both in the PL/J mouse and the Lewis 

rat. where disease was induced either actively with MBP or passively by the adoptive 

transfer of an MBP peptide 68-88 T cell line, respectively. In both sets of experiments 

V a x  alone did not prevent induction o f disease but did have an effect in ameliorating the 

severity of the disease (Tables 7 and 8). Only reducing the severity of disease rather than 

preventing induction entirely would suggest that V a x  is an important player in protec

tion but is not the sole contributor to the effectiveness of F28C4. Thus, it may be that the 

unique combination of H and L chain V regions in the F28C4 combining site forms the 

protective Id that prevents EAE. In fact, we found that when F28C4 was proteolytically 

fragmented, protection against EAE resided with the Fab but not the Fc (data not shown).

Table 7
V a x  alone reduces the severity of EAE actively induced in the PL/J mouse
Treatment No. animals sick (%) Average severity

F28C4 1/5 (20) 1.0
V ax/KLH 4/5 (80) 1.4

KLH 5/5 (100) 2.0
PBS 4/5 (80) 2.3
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Table 8
V a x  alone reduces the severity of adoptively transferred EAE in the Lewis rat
Treatment No. animals sick (%) Average severity

F28C4 0/5 (0) 0
V/jc/KLH 4/4(100) 1.0
KLH 5/5(100) 2.0
PBS 5/5(100) 2.3

Discussion

Ideally, treatment o f autoimmune diseases should be aimed at reducing the auto

immune response while leaving the rest of the immune system intact. In the treatment of 

MS. this ideal has not been met. Recent studies showing overlap of disease-associated 

epitopes that are recognized by T and B cells together with our own data showing func

tional and structural relatedness of the Ag receptors on certain of the aforementioned 

cells suggested a novel and relatively specific approach (Maier et al., 1994; Wucher- 

pfennig et al.. 1997). The central idea is that if there is considerable overlap in the struc

ture and fine specificity and consequently CRId o f Ab and TCR for a disease-associated 

epitope, as exists between mAb F28C4 and TCR from certain encephalitogenic T cells, 

then such a CRId could potentially serve as a surrogate vaccine to an encephalitogenic T 

cell or its TCR. Such Ab vaccines would therefore lead to not only an anti-id Ab re

sponse but also a cross-reactive anti-clonotypic Ab response against disease-associated 

T cells. We have provided evidence that supports the feasibility of this approach in the 

autoimmune disease, MS, and its model, EAE.

Tables 1-3 show convincing evidence for the efficacy of F28C4 as an intraspe

cies vaccine for EAE regardless of MHC haplotype or encephalitogenic epitope. We 

tested three different strains o f laboratory mice-PIVJ, NZW, and SJL—each with differ

ent MHC haplotypes and with SJL mice differing from the other two strains in that the
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encephalitogenic epitope on MBP is also different. In addition to preventing induction of 

acute EAE, F2SC4 is also effective in inhibiting the onset of rEAE in SJL mice (Fig. I). 

This experiment also provides substantial evidence for the efficacy of F28C4 to prevent 

disease induction regardless of encephalitogenic epitope because SCH contains all 

known encephalitogens.

Tables 4 and 5 demonstrate the ability of F28C4 to be an effective interspecies 

vaccine in addition to its value as an intraspecies vaccine. We also demonstrated (Table 

5) the therapeutic potential of F28C4 in EAE because it prevents adoptive transfer of 

disease in the Lewis rat. That is, induction of disease can be inhibited even after the 

generation of disease-causing cells. Further evidence for the therapeutic potential o f 

F28C4 is provided in Table 6 and Fig. I. As opposed to all of the inbred laboratory ani

mals studied previously in which the MHC haplotype of each individual animal is 

known, the wild outbred rats are similar to humans in that the MHC haplotypes o f  the 

animals are all different. Interestingly, F28C4 is effective in preventing disease induc

tion in this model. Relapsing-remitting MS is the most common form of the disease in 

humans, and the demonstration that F28C4 can prevent the induction o f rEAE in SJL 

mice provides additional evidence for the efficacy of F28C4 as a potential therapy in 

MS.

The exact mechanism by which F28C4 protects animals from EAE induction is 

unknown, although we have garnered some information on the subject. One of the 

unique features of F28C4 is its possession of a VLx L chain (Galin et al., 1996a). One of 

the inherent features o f V ajc and V/jc-bearing Abs is their inherent affinity for MBP 

(Galin et al., 1996a). Our laboratory has also shown that V /jc L chains preferentially as

sociate with y2a H chains (Galin et al., 1996b). Presumably, something about the asso

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



30

ciation of the V ax L chain with the y2a H chain imparts F28C4 with its unique ability to 

prevent EAE. The contribution of the various parts of the F28C4 Ab molecule to protec

tion from disease induction was investigated in these studies. Recombinant Vax (Galin 

et al., 1996a) was effective in reducing the severity o f disease when actively induced in 

PL/J mice (Table 7) and in the adoptive transfer model of Lewis rats (Table 8) without 

any effect on incidence of disease. We also demonstrated amelioration o f disease sever

ity with the Fib fragment of F28C4 but not the Fc portion (data not shown). Collectively, 

these data suggest the intact Ab is necessary for F2SC4 to be an effective vaccine and 

therapy for EAE and MS.

Our data indicate that F2SC4 does not act simply through a pan-Vp8.2 pathway 

as is suggested by its ability to protect PL/J mice and Lewis rats from disease. Specifi

cally, F2SC4 can protect SJL mice from disease induction, although this mouse strain 

lacks Vp8.2. Thus. F28C4 appears to operate through an anti-id mechanism. Preliminary 

evidence from our laboratory indicates that cultured lymph node cells from MBP 68-88- 

sensitized Lewis rats incubated with the anti-id mAb to F28C4, F30C7, inhibits T ceil 

proliferation as w ell as increases the production of CD4” CD25~ regulatory T cells in 

vitro (O’Garra et al., 1997). In addition to the ability of passively immunizing animals 

with F30C7 to prevent adoptive transfer of EAE in PE'J mice, we have preliminary data 

showing that passively immunizing Lewis rats with F30C7 can also protect Lewis rats 

from actively induced disease. Collectively, these results suggest that active immuniza

tion with F28C4 induces the generation of an anti-id Ab response in vivo which gener

ates CNS-targeted CD4‘7CD25~ regulatory T cells that nonspecifically down-regulate 

activated T cells and results in the prevention of disease symptoms.
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Abstract

Multiple sclerosis and its animal model, experimental allergic encephalomyelitis 

(EAE), are autoimmune diseases o f the central nervous system resulting in the destruc

tion of the myelin sheath and impaired nerve impulse conduction. Traditionally regarded 

as T cell mediated diseases, it now appears that antibody may play an integral role in 

both disease induction and regulation. A myelin basic protein-specific monoclonal anti

body (mAb), termed F28C4, has been shown to share remarkable functional and struc

tural relatedness and consequently a cross-reactive idiotype (CRId) with T cell receptors 

(TCRs) from certain encephalitogenic T cells. This CRId is capable of serving as a sur

rogate to encephalitogenic T cells or their TCR as a vaccine target in EAE. This CRId 

was defined by an anti-idiotypic mAb called F30C7 which has been shown to prevent 

adoptive EAE induction in PL'J mice. In these studies, we have demonstrated that 

F30C7 is also capable of reducing active disease induction and severity in Lewis rats by 

inhibiting proliferation of encephalitogenic T cells. In addition, at high concentrations, 

F30C7 was shown to inhibit both Thl and Th2 cytokines completely. On the other hand, 

at high concentrations, F30C7 induces the generation of a regulatory T cell shown to be 

CD4~ CD25~. Therefore, it appears that F30C7 manifests its protective capabilities indi

rectly by inducing the generation of CD47'CD25‘r regulatory T cells that down-regulate 

encephalitogenic T cell production in an antigen (Ag)-non-specific manner. To our 

knowledge, this represents the first demonstration of the ability to induce the generation 

of these cells in vitro.
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Introduction

The immune system has evolved a number o f measures to ensure that T cells rec

ognizing self antigens (Ags) are deleted before they can cause autoimmune disease. Dur

ing T cell maturation in the thymus, only those cells with T cell receptors (TCRs) that 

recognize self Ags associated with major histocompatibility complex (MHC) with 

moderate affinity are allowed to develop. T cells with TCRs that either do not recognize 

or recognize self Ag associated with MHC with too high affinity are deleted. Peripheral 

control mechanisms such as anergy also exist to delete those cells which escape thymic 

negative selection. Occasionally, however, some self reactive T cells escape all o f these 

defense measures. The immune system's last line of defense is a subset o f CD4" T cells 

that actively down-regulate the activation and proliferation of self reactive T ceils in an 

Ag-non-specific manner (Fow'ell and Mason. 1993; Powrie. 1995; Takahashi et al., 

1998). These naturally occurring CD4"7CD25~ regulatory T cells have been implicated 

in autoimmune disease through the demonstration that elimination of these cells from 

the periphery produces various autoimmune diseases, while their reconstitution prevents 

autoimmune development (Sakaguchi et al., 1995; Asano et al., 1996).

Multiple sclerosis (MS) is an inflammatory demyelinating disease o f the central 

nervous system (CNS) mediated primarily by CD4~ T cells generating a coordinated 

immunologic attack against protein and lipid components of the myelin sheath such as 

myelin basic protein (MBP) (Steinman, 1996). Experimental allergic encephalomyelitis 

(EAE) is similar to MS in that it is an autoimmune disease o f the CNS mediated by 

CD4~ T cells and is considered to be the prime animal model of the disease (McFarland 

and McFarlin, 1995). Although T cells clearly play a role in the pathogenesis o f  EAE, it 

is becoming more apparent that B cells and antibody (Ab) may be important in modula
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tion of the disease. One particular monoclonal antibody (mAb), termed F28C4, raised in 

the PL J mouse against MBP peptide acetyl (Ac) 1-9 shares a cross-reactive idiotype 

(CRId) with the PL J V(38_2~ TCR recognizing the same MBP peptide (Zhou and 

Whitaker, 1993). This CRId has been defined using the anti-idiotypic (Id) mAb, F30C7, 

which can block both peptide recognition by F28C4 and peptide stimulation of MBP Ac 

1-9-specific T cells (Zhou and Whitaker, 1992, 1993). These and other findings suggest 

that the CRId resides at or near the combining site of F28C4 and the TCR and is not a 

public Id. A role for this CRId and the related Id network in EAE is suggested by the 

ability of mAb F30C7 anti-Id to lessen clinical EAE in the adoptive transfer model of 

EAE in PL J mice, possibly by T cell anergy (Zhou and Whitaker, 1993; Zhou et al.,

1994). The fine epitope specificity of F28C4 and the residues of MBP Ac 1-9 critical for 

TCR recognition are the same (Maier et al., 1994). Furthermore, sequence homology 

(75% overall) was found between regions of complementarity-determining region 

(CDR) 3 of F2SC4 heavy (H) and light (L) chain variable (V) regions and the V-D-J 

junction of the TCR V(38. This homology is not shared by other immunoglobulin (Ig) 

CDR3s and arises, in part, because F28C4 uses an unusual Va. L chain called Vajc (Dil- 

drop et al., 1987; Sanchez et al., 1987) which confers MBP-binding capabilities on Abs 

that bear this L chain (Galin et al., 1996).

In previous studies we have investigated the potential of F28C4 as an Id vaccine 

in EAE. When PL'J mice were actively immunized with F28C4, we were able to prevent 

disease induction with 80% efficiency. NZW and SJL mice, which vary from PL/J in 

that they carry different MHC alleles and require different epitopes of MBP to induce 

disease, were also protected by F28C4 from disease induction with 100% effectiveness. 

In fact, SJL mice were protected from active induction of a relapsing-remittmg disease
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course when whole spinal cord homogenate, which contains all known encephalitogens 

within myelin, was used to induce disease. The potency o f F28C4 as an Id vaccine in 

EAE was further demonstrated by its ability to protect a different species, Lewis rats; 

F28C4 was also effective in an outbred rat model of EAE (Kavelaars et al., 1999) in 

which all animals within the population, like humans, are genetically distinct. In these 

studies we have delved into the explanation of how F28C4, a PL'J mouse mAb against a 

specific epitope on MBP, can be exploited as a vaccine independently of MHC haplo- 

type, encephalitogenic epitope, or species.

Materials and methods

Anti-Id mAb F30C7

The preparation and characterization of the anti-id mAb to F28C4. F30C7. has 

been described previously (Zhou and Whitaker, 1992). Briefly, the mAb anti-id (Fusion 

30 or F30) was developed by fusing SP2/0 myeloma cells with the spleen cells and 

draining lymph nodes of three PL'J mice immunized with the complementary peptide to 

MBP 1-9 (Blalock et al., 1989), denoted PBM 9-1. After 2 weeks in culture, hybridoma 

supernatants were doubly screened by enzyme-linked immunosorbent assay (ELISA) to 

Id-bearing mAb F28C4. Cells secreting anti-id were further screened for lack o f reactiv

ity against keyhole limpet hemocyanin. bovine serum albumin (BSA), and pooled mur

ine myeloma IgG2a and IgG3. Specific clone F30C7B4 (F30C7) secreting mAb anti-id 

was obtained by twice limiting dilution.
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Immunization o f Lewis rats with mAb F30C7 and active EAE induction

Prior to treatment with F30C7, EAE was actively induced by the subcutaneous 

injection o f 100 ug guinea pig (GP) MBP peptide 68-88 and 200 ug Mycobacterium tu

berculosis strain H37Ra (Difco Laboratory; Detroit, MI). Female Lewis rats were im

munized intraperitoneally (i.p.) on the day of disease induction and again 5 days later 

with 4.5 mg F30C7,2.25 mg F30C7, or an equal volume of phosphate-buffered saline 

(PBS). The animals were monitored daily for development and progression of disease. 

Neurologic deficit was graded according to the following scale: 0, no signs; 1, decreased 

tail tonicity; 2. weakness of hind limbs; 3, paraparesis; 4. paraplegia, moribund; 5. death.

Proliferation assay’

To determine the effect of mAb F30C7 anti-id on the proliferation of MBP 68- 

88-sensitized lymph node cells (LNCs), 3xl05 cells'well were cultured in a 96-well plate 

with 50 ug/ml MBP 68-88 peptide and 500 ug/ml F30C7.200 ug'mi F30C7. or control 

Ab. After 54 h in culture. 1 uCi of ['H]-thymidine was added to each well. Cells were 

harvested 18 h later, and incorporation of [~'H]-thymidine was measured by scintillation 

counting techniques.

Fluorescence-activated cell-sorting (FACS) analysis

LNCs (5.5xl06) from MBP 68-88-sensitized female Lewis rats were cultured 

with 50 ug/ ml MBP 68-88 and varying concentrations of mAb F30C7 anti-id or murine 

IgG (Sigma Chemical Co.; St. Louis, MO) as a control Ab. Cells were collected and 

stained with fluorescein-labeled anti-rat CD25 (PharMingen; San Diego, CA) and phy- 

coerythrin-labeled anti-rat CD4 (PharMingen) Ab at several time points including 0 h,
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12 h, 24 h. 36 h. 48 h, 72 h, and 5.5 days. Stained cells were washed with 1% BSA in 

PBS and resuspended in 1% paraformaldehyde fixative. Cells were counted on a FACS 

counter at the University of Alabama at Birmingham’s Flow Cytometry Core Facility.

Cytokine ELISA

Cell supernatants from the rat LNCs cultured for the FACS analysis were col

lected and analyzed for production of various rat cytokines including interleukin (IL)-2. 

EL-4, EL-10, and interferon (IFN)-y (Biosource. Intl.; Camarillo, CA). ELISA procedures 

were performed per manufacturer’s protocols and color development was quantitated as 

absorbance at 450 run on a Tecan WinSeLecT Microplate Reader (Research Triangle 

Park, NC).

Results

F30C7 protects Lewis rats from active EAE induction

F30C7 has been shown to immunoprecipitate TCR from encephalitogenic T cells 

and inhibit proliferation of LNCs used to transfer EAE leading to protection of PL/J 

mice from disease induction (Zhou and Whitaker, 1993). We have accumulated consid

erable data showing that F28C4 is an effective vaccine in several permutations o f  the 

rodent models o f EAE. Given that active immunization with F28C4 protects not only 

PL/J mice but also Lewis rats, we wanted to test the idea that the anti-id F30C7 could 

protea both species when passively immunized. We first induced disease by actively 

immunizing Lewis rats with MBP 68-88 and then treating either with two different 

doses o f F30C7 anti-id mAb or with PBS both on the day of active disease induction 

and a booster on day 5 post-induction. Fig. 1 shows that animals in the PBS group first
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showed clinical signs of disease on day 8 and were fully recovered by day 18, while 

F30C7-treated animals developed a milder form o f disease which lasted for a shorter 

duration. Table I shows that 100% of both the PBS and low dose F30C7 showed clinical 

signs of disease, while the high dose group of F30C7 had a slightly lower incidence o f 

disease (3/5). Also, the average disease duration of the 4.5 mg dose of F30C7 was 

shorter by nearly 2 days when compared with the control group. Likewise, the average 

severity of disease in the high dose F30C7 group was one half (0.8) that in the control 

group (1.6).

PBS
4.5 mg F30C7 
115 mg F30C7 #

• —•

•  «
■ ■ •

■ •  *■ ■ 

m * •
0 0 > ■ ■ * * A- '» » ■

6 *  8 9 10 11 12 13 14 15 16 17 18 19 20

Days Post-challenge

Fig. 1. F30C7 anti-id mAb treatment modulates EAE induction in Lewis rats. Female 
Lewis rats were immunized i.p. with F30C7 mAb or an equal volume o f PBS on the day 
of disease induction and again 5 days later. Disease was actively induced with GP MBP 
peptide 68-88. Animal*; were monitored daily for clinical signs of disease.

F30C7 inhibits T cell proliferation

F30C7 has previously been shown to inhibit the proliferation of PL/J mice LNCs 

(Zhou and Whitaker, 1993). In these studies, there was reduced incidence, severity, and
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duration of disease, indicating that F30C7 is inhibiting some aspect o f the disease proc

ess. To test whether F30C7 inhibits LNC proliferation in the Lewis rat, we sensitized 

Lewis rats to MBP 68-88. harvested the lymph nodes, and cultured the LNCs with 

F30C7 and MBP 68-88. A [JH]-thymidine incorporation assay showed that F30C7 com

pletely inhibited the proliferation of MBP 68-88-sensitized LNCs when compared with 

culture with the control mouse IgG Ab (Fig. 2).

Table 1
Passive immunization with F30C7 protects Lewis rats from actively induced EAE
Treatment No. animals sick (%) Average duration Average severity

PBS 5/5 (100) 5.8 1.6
2.25 ma F30C7 5/5(100) 4.6 1.6
4.5 mg F30C7 3/5 (60) 4.0 0.8

2)000 -  

i 8000 -

Fig. 2. F30C7 inhibits LNC proliferation. Female Lewis rais were immunized with 50 
pg MBP 68-88. LNCs were collected 9 days after sensitization to MBP 68-88 and cul
tured on 96-well flat-bottom plates with anti-id mAb F30C7 or control mouse IgG. After 
54 h in culture, [JH]-thymidine was added to culture wells; 18 h later plates were read on 
a scintillation counter.
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Cytokine profile o f LNCs cultured with F30C7

Considerable efforts have been devoted to the study of the role of Thl and Th2 

cytokines in MS. EAE. and other autoimmune diseases. EL-2 and EFN-y are typically 

considered to be cytokines produced by Thl cells and deemed to be immunostimulatory, 

whereas Th2 cells are generally regarded as immunoprotective and secrete cytokines 

such as EL-4 and EL-10. Considering that F30C7 when passively administered to Lewis 

rats protects them from active EAE induction, presumably through inhibiting the prolif

eration of encephalitogenic T cells, we investigated whether F30C7 is influencing the 

production of various Thl and Th2 cytokines. In Fig. 3 we show that a high dose of 

F30C7 completely abolishes any production of EL-10 at all time points studied, while the 

low dose F30C7 and control Ab had similar production profiles with the generation of 

EL-10 increasing over time, peaking at 72 h, and beginning to decrease after 5 days. Fig. 

4 shows that F30C7 completely inhibits production of EFN-y, while generation o f  EFN-y 

increased in the other two groups over the first 36 h and then held steady through 5 days. 

Cell supernatants were also analyzed for the production of EL-2 and EL-4, but no meas

urable levels of these cytokines were observed (data not shown).

In vitro production o f CD4~/CD25~ regulatory T cells

The notion that Thl cells are pathogenic while Th2 cells are regulatory with re

gard to EAE may be too simplistic. As evidenced by the observations in Figs. 3 and 4, 

there is no parallel in the induction of IL-10 and IL-4 and suppression of EL-2 and EFN- 

y. Therefore, there must be another explanation for why F30C7 inhibits T cell prolifera

tion and reduces disease incidence and severity. Regulatory T cells appear to be related 

to yet distinct from the traditional Th2 cells, hi order to test whether regulatory T  cells
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Fig. 3. High dose F30C7 inhibits IL-10 production by Lewis rat LNCs. LNCs (5.5xl06) 
from MBP 68-88-sensinzed Lewis rats were cultured with 50 ug/ml MBP 68-88 and 
varying concentrations of mAb F30C7 anti-id or mouse IgG. Cell supernatants were col
lected and analyzed for production of IL-10 (Biosource. Intl.; Camarillo, CA). ELISA 
protocols were provided in each kit, and color development was quantitated as absorb
ance at 450 run.
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Fig. 4. High dose F30C7 inhibits IFN-y production by Lewis rat LNCs. LNCs (5.5X106) 
from MBP 68-88-sensitized Lewis rats were cultured with 50 pginl MBP 68-88 and 
varying concentrations of mAb F30C7 anti-id or control Ab. Cell supernatants were col
lected and analyzed for production of IFN-y (Biosource, Intl.; Camarillo, CA). ELISA 
protocols w oe provided in each kit, and color development was quantitated as absorb
ance at 450 run.
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play a role in suppression of T cell proliferation and protection from clinical signs o f 

disease, FACS studies were performed to test whether MBP 68-88-sensitized LNCs 

from Lewis rats cultured with either F30C7 or control Ab generated the production of 

CD4"7CD25' regulatory T cells. Fig. 5 shows that cells cultured with 500 pg/'ml F30C7 

anti-id mAb produced higher percentages o f this regulatory T cell population after 36 h 

in culture when compared with levels produced by LNCs cultured with either 200 ug/ml 

F30C7 or control Ab. Fig. 6 show's the generation of this regulatory T cell response over 

time.

Discussion

Based on the structural and functional relatedness of F28C4 and TCR from cer

tain encephalitogenic T cells for a specific Ag (Maier et al., 1994) and the fact that 

F28C4 harbors a V/.x L chain that confers binding to MBP (Galin et al.. 1996), we have 

previously tested w hether mAb F28C4 could serve as a vaccine in the rodent models of 

EAE. Subsequently, we have accumulated evidence verifying the efficacy of this vac

cine to prevent disease induction with 80-100% efficiency, thus accumulating data 

pointing to the therapeutic potential of F28C4. This led to the hypothesis that vaccina

tion with mAb F28C4 induces the generation of an in vivo anti-id Ab response which 

interferes with disease pathogenesis, leading to prevention of disease.

In Fig. 1 we have extended studies begun by Zhou and Whitaker (1993) in which 

they reduced adoptive disease incidence and significantly lowered average disease se

verity in PL/J mice. Through the passive immunization of Lewis rats with 4.5 mg of the 

anti- Id mAb F30C7, we were successful in reducing incidence and severity of actively 

induced EAE. Due to the lack of response with 2225 mg F30C7 and the marginal re-
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Fig. 5. F30C7 anti-id mAb induces the generation of CD4'"/CD25~ regulatory T cell af
ter 36 h in culture. MBP 68-88-sensitized Lewis rat LNCs were cultured with 50 (ig/ml 
MBP 68-88 and (A) 500 pg/ml F30C7. (B) 200 ug/ml F30C7. or (C) control mouse IgG. 
Cells were collected and stained with fluorescein-labeled anti-rat CD25 and phyco- 
erythrin-Iabeled anti-rat CD4 Ab after 36 h. Stained cells were washed with 1% BSA in 
PBS. resuspended in 1% paraformaldehyde fixative, and counted on a FACS counter at 
the University o f Alabama at Birmingham^  Flow Cytometry Core Facility.
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Fig. 6. F30C7 induction of CD4'7CD25~ regulatory T cells over time. MBP 68-88- 
sensitized Lewis rat LNCs were cultured with 50 pg/ml MBP 68-88 and 500 ug/ml 
F30C7,200 uam l F30C7, or control mouse IgG. Cells were collected and stained with 
enzvme-labeled anti-rat CD4 and CD25 Ab at several time points including Oh, 12 h. 24 
h. 36 h. 48 h, 72 h. and 5.5 days. Stained cells were washed with 1% BSA in PBS, re
suspended in 1% paraformaldehyde fixative, and counted on a FACS counter at the 
University o f Alabama at Birmingham’s Flow Cytometry Core Facility.
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sponse with 4.5 mg F30C7, we speculate that at higher doses we will be able to optimize 

this protocol and further reduce EAE incidence and severity, hi addition, it appears that 

anti-id F30C7 decreases the proliferation of autoreactive T cells in order to manifest its 

effects on ameliorating disease (Fig. 2).

EAE has traditionally been considered to be a disease initiated by Thl cells se

creting proinflammatory cytokines. Indeed, T cells lines and clones used to adoptively 

transfer EAE produce proinflammatory cytokines such as EL-2 and IFN-y (Zamvil and 

Steinman. 1990; Liblau et al., 1995). This is in contrast to the recovery phase o f disease, 

in which the Th2 cytokines such as EL-4 and IL-10 have been shown to predominate 

(Kennedy et al.. 1992; Khourv et al., 1992). Cross talk exists between Thl and Th2 cells 

in which cytokines secreted by one cell type actively inhibit the production of cytokines 

by the other cell type. More recent studies have contradicted current dogma somewhat 

with respect to the previous strict definition regarding Thl cytokines as proinflammatory 

and Th2 cytokines as anti-inflammatory (reviewed in O’Garra et al.. 1997). New CD4'

T cell subsets are now emerging with the introduction of Th3 and Trl subsets which 

predominantly secrete transforming growth factor-(5 and IL-10. respectively, and resem

ble Th2 cells in that they have been shown to be effective in treating autoimmune or T 

cell mediated inflammatory disease in animal models (Chen et al., 1994; Groux et al., 

1997).

In Figs. 3 and 4 the production of IL-10 and EFN-y was studied, respectively, in 

Lewis rat LNCs cultured with F30C7 or control Ab. The predominant observation in 

these figures is that 500 ug/ml F30C7 anti-id completely inhibits the production of both 

cytokines when compared with either 200 pg/ml F30C7 or control Ab. Interestingly, the 

cytokine production profile in both of these experiments looked similar in the 200 jig/ml
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F30C7 and control Ab groups. That is, EL-10 production in these two groups increased 

over time, peaking at 72 h, and then began to decline; however, IFN-y production in

creased quickly over the first 24 h and then held steady throughout the duration of the 

experiment. If we compare the ratios of IFN-y production to IL-10 production, we ob

serve an interesting phenomenon. That is, the ratio o f IFN-y:IL-lO in the control Ab cul

tured LNCs is twice that o f the 200 ug/ml F30C7 group at the earliest time point; over 

time these ratios slowly equilibrate with the overall ratio of IFN-y:IL-10 decreasing as 

well. In addition, we looked at production of IL-2 and IL-4 and did not observe produc

tion of either of these cytokines. Together, these data suggest that F30C7, particularly at 

higher concentrations, which appears to also be necessary for maximal protection of 

animals in vivo from disease symptoms, does not strictly adhere to the traditional 

observations of Thl and Th2 cytokines and EAE pathogenesis.

Considering these results, the best explanation lies in data shown in Figs. 5 and 

6. CD4~ CD25” regulatory T cells actively down-regulate the activation and prolifera

tion of self reactive T cells that cause autoimmune disease. By culturing rat LNCs sensi

tized to MBP 68-88 with 500 ug/ml F30C7 anti-id, we have induced the in vitro genera

tion of CD47 CD25* regulatory T cells. These findings, taken with the fact that 500 

pg ml F30C7 inhibits proliferation of activated T cells (Fig. 2), led us to speculate that 

at higher concentrations F30C7 will target into the CNS of immunized animals, where it 

generates production o f a regulatory T cell in an Ag-non-specific manner. Therefore, it 

is tempting to speculate that, in this model, F30C7 at lower concentrations can modulate 

subclinical EAE through the rario of Thl :Th2 cytokine production but at higher concen

trations generates production of regulatory T cells to modulate active disease. Collec-

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



50

tively, these results suggest that when we actively vaccinate animals with the Id-bearing 

F28C4 mAb, we can induce the generation of an F30C7-like anti-id response that initi

ates the production of a CNS-targeted CD4~/CD25~ regulatory T cell that down- 

regulates encephalitogenic T cells in an Ag-non-specific manner, thereby protecting 

animals from EAE induction. This is the first study to demonstrate the ability to induce 

the generation o f a regulatory CD4~/CD25~ T cell in vitro to affect autoimmune patho

genesis. Implications for other autoimmune diseases are further demonstrated by similar 

results obtained in the animal model of myasthenia gravis, experimental autoimmune 

myasthenia gravis.

Acknowledgements

These studies were supported in part by grants from the Muscular Dystrophy As

sociation. the Multiple Sclerosis Society (RG2667B8/1T), and the National Institutes of 

Health (Al 37670, NS 29719. and HL 68806).

References

Asano, M., Toda, M., Sakaguchi, N., Sakaguchi. S., 1996. Autoimmune disease as a 
consequence of developmental abnormality of a T cell subpopulation. J. Exp. 
Med. 184. 387-396.

Blalock, J.E., Whitaker, J.N., Benveniste, E.N.. Bost, BC.L., 1989. Anti-idiotypic anti
bodies and molecular mimicry. In: Longone, JJ . (Ed.), Methods o f Enzymology. 
Vol. 178. Academic Press, San Diego, pp. 63-74.

Chen, Y., Kuchroo, V.K., Inobe, J., Hafler, D A , Weiner, H.L., 1994. Regulatory T cell 
clones induced by oral tolerance: Suppression of autoimmune encephalomyelitis. 
Science 265,1237-1240.

Dildrop, R-, Gause, A., Muller, W., Rajewsky, K., 1987. A new V gene expressed in 
lambda-2 light chains of the mouse. Eur. J. Immunol. 17, 731-734.

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



51

Fowefi, D., Mason, D., 1993. Evidence that the T cell repertoire of normal rats contains 
cells with the potential to cause diabetes. Characterization of the CD4~ T cell 
subset that inhibits this autoimmune potential. J. Exp. Med. 177,627-636.

Galin, F.S., Maier. C.C., Zhou, S.R., Whitaker, J.N., Blalock. J.E.. 1996. Murine V/jc 
and Vax-containing antibodies bind human myelin basic protein. J. Clin. Invest. 
97. 486-492.

Groux, H., O’Garra. A., Bigler, M., Rouleau, M., Antonenko, S.. deVries, J.E., Ron- 
carolo. M.G., 1997. A CD4~ T-cell subset inhibits antigen-specific T-cell re
sponses and. prevents colitis. Nature 389, 737-742.

Kavelaars. A.. Heijnen. C J ., Tennekes, R., Bruggink. J.E., Koolhaas, JM .. 1999. Indi
vidual behavioral characteristics of wild-type rats predict susceptibility to ex
perimental autoimmune encephalomyelitis. Brain Behav. Immun. 13(4), 279- 
286.

Kennedy, M.K.. Torrance, D.S., Picha, K.S., Mohler, K.M., 1992. Analysis of cytokine 
mRNA expression in the central nervous system of mice with experimental 
autoimmune encephalomyelitis reveals that IL-10 mRNA expression correlates 
with recovery. J. Immunol. 149, 2496-2505.

Khourv. S J .. Hancock. W.W., Weiner. H.L.. 1992. Oral tolerance to myelin basic pro
tein and natural recovery from experimental autoimmune encephalomyelitis are 
associated with downregulation o f inflammatory cytokines and differential 
upregulation of transforming growth factor beta, interleukin 4, and prostaglandin 
E expression in the brain. J. Exp. Med. 176, 1355-1364.

Liblau. R.S.. Singer. S.M., McDevitt, H.O.. 1995. Thl and Th2 CD4* T cells in the
pathogenesis of organ-specific autoimmune diseases. Immunol. Todav 16(1). 34- 
38.

Maier. C.C., Galin, F.S.. Jarpe, M.A.. Jackson. P., Krishna, R.N., Gautam, A M .. Zhou, 
S.R., Whitaker. J.N., Blalock. J.E.. 1994. A VAX-bearing monoclonal antibody 
with similar specificity and sequence to encephalitogenic T cells. J. Immunol. 
153. 1132-1140.

McFarland, H.F., McFarlin, D.E., 1995. Immunologically mediated demyelinatrng dis
eases of the central nervous system. In: Frank, MM., Austen, K.F., Claman, 
H.N., Unanue, E.R. (Eds.), Samters Immunologic Diseases. Little, Brown, and 
Co., Boston, New York, Toronto, and London, pp. 1081-1101.

O’Garra, A., Steinman, L., Gijbels, K., 1997. CD4~ T-cell subsets in autoimmunity. 
Curr. Op in. Immunol. 9, 872-883.

Powrie, F., 1995. T cells in inflammatory bowel disease: Protective, pathologic roles. 
Immunity 3,171-174.

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



52

Sakaguchi, S., Sakaguchi, N., Asano, M., Itoh, M., Toda, M., 1995. Immunologic toler
ance maintained by activated T cells expressing EL-2 receptor a-chains (CD25): 
Breakdown of a single mechanism of self-tolerance causes various autoimmune 
diseases. J. Immunol. 155, 1151-1164.

Sanchez, P.. Marche, P.N., LeGuem, C., Cazenave, P.A., 1987. Structure of a third mur
ine immunoglobulin /. light chain variable region that is in laboratory mice. Proc. 
Natl. Acad. Sci. USA 8,9185-9188.

Steinman, L., 1996. Multiple sclerosis: A coordinated attack against myelin in the cen
tral nervous system. Cell 85,299-302.

Takahashi. T.. Kuniyasu. Y„ Toda, M.. Sakaguchi, N„ Itoh, M., Iwata, M., Shimizu, J., 
Sakaguchi, S., 1998. Immunologic self-tolerance maintained by CD25 CD4* 
naturally anergic and suppressive T cells. Int. Immunol. 10, 1969-1980.

Zamvil. S.S.. Steinman. L.. 1990. The T lymphocyte in experimental allergic encepha
lomyelitis. Annu. Rev. Immunol. 8, 579-621.

Zhou. S.R., Whitaker. I.N.. 1992. Interstrain cross-reactive idiotypes on monoclonal an
tibodies to an encephalitogenic myelin basic protein peptide. Clin. Immunol. 
Immunopathol. 63(1), 74-83.

Zhou. S.R.. Whitaker, J.N.. 1993. Specific modulation o f T cells and murine experimen
tal allergic encephalomyelitis by monoclonal anti-idiotypic antibodies. J. Immu
nol. 150, 1629-1642.

Zhou, S.R.. Whitaker. J.N., Han, Q.. Maier, C.C., Blalock, J.E., 1994. A cross-reactive 
idiotope on T cells from PL'J mice and Lewis rats recognizing different myelin 
basic protein encephalitoeenic epitopes but restricted by Vp8.2. J. hnunol. 153, 
2340-2351.

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



AN IGM ANTI-MBP AB IN A CASE OF WALDENSTROM’S 
MACROGLOBULINEMLA WITH POLYNEUROPATHY EXPRESSING AN 

EDIOTYPE REACTIVE WITH AN MBP EPITOPE IMMUNODOMINANT IN MS
AND EAE

by

BRETT D. NOERAGER, TAKASHIINUZUKA, JUN-ICHI KIRA, J. EDWIN 
BLALOCK. JOHN N. WHITAKER, AND F. SHAWN GALIN

Journal o f Neuroimmunology 113(1), 163-169, 2001

Copyright
2001
by

Elsevier Science 

Used by permission 

Format adapted for dissertation

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



54

Abstract

In a previously described case of Waldenstrom’s Macroglobulinemia, compli

cated by polyneuropathy, the IgM/a. monoclonal antibody (mAb) was highly reactive 

with myelin basic protein (MBP). Given our demonstration that VLx, a recently de

scribed murine /. variable region gene product, can itself bind MBP as well as confer 

MBP reactivity- to an antibody (Ab), the possibility of a shared idiotypy between murine 

V/_x and this human IgM/. anti-MBP was investigated. We characterized the epitope 

specificity of the macroglobulinemia patient’s MBP-reactive IgM/>, using indirect en

zyme-linked immunosorbent assay (ELISA) procedures with MBP, a citrullinated iso

mer o f MBP termed CS. or peptide fragments o f MBP as the coating antigens and 

monospecific Ab to V7_x as the secondary Ab. The patient’s MBP-reactive IgM//. was 

recognized by Ab specific for V /jc  and, like murine mAb containing V / jc  bound human 

MBP but not MBP-C8 nor other common autoantigens such as deoxyribonucleic acid, 

thyrogiobulin. or actin. The anti-MBP reactivity was selective for MBP peptide 90-170 

and preferentially recognized MBP peptide 84-96. Thus, the patient’s macroglobulin and 

perhaps certain other human Ab with a ‘V/_x idiotype’ bind to MBP peptide residues 84- 

96. an immunodominant peptide in multiple sclerosis patients. Such binding may be in

volved in the pathogenesis of neural damage in patients with neuroimmunologic disor

ders related to plasma cell dvscrasias or autoimmunity.

Introduction

A monoclonal Ab (mAb) termed F28C4, raised in the PL/J mouse against myelin 

basic protein (MBP) peptide acetyl (Ac) 1-9, shares a cross-reactive idiotope (CRId)
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with PL'J Vp8~ T cell receptors (TCR) against the same peptide (Zhou and Whitaker, 

1993). This CRId has been defined using an anti-idiotypic (Id) mAb (F30C7) which can 

block both peptide recognition by F28C4 (Zhou and Whitaker, 1992) and peptide stimu

lation o f MBP Ac 1-9-specific T cells (Zhou and Whitaker, 1993), implying that the Id 

resides at or near the combining site of F28C4 and the TCR. Moreover, the CRId is 

probably very relevant to the animal model of multiple sclerosis (MS), experimental al

lergic encephalomyelitis (EAE). since F30C7 lessens clinical disease in the adoptive 

transfer model of EAE in PLJ mice (Zhou and Whitaker, 1993). The fine epitope speci

ficity of F2SC4 and the residues of MBP Ac 1-9 critical for TCR recognition are the 

same (Maier et al., 1994). Furthermore, sequence homology (75% overall) was found 

between regions o f complementarity-determining region (CDR) 3 of F28C4 heavy (H) 

and light (L) chain variable (V) regions and the V-D-J junction of the TCR Vp8. This 

homology is not shared by other immunoglobulin (Ig) CDR3s and arises, in part, be

cause F28C4 uses an unusual V/. L chain (Dildrop et al.. 1987; Sanchez et al., 1987).

VLx is a V/. gene segment that was discovered in polyclonally activated B cells 

(Dildrop et al., 1987; Sanchez et al., 1987). V / jc  rearranges with J>w2-CL2, and its amino 

acid sequence is only 30-33% homologous to any known V/. or V k  genes. Homologous 

sequences found in various mammalian species, including man, suggest that V}_x appar

ently existed before the speciation of mammals (Sanchez et al., 1990). Considering the 

rarity o f V /jc  usage, less than 0.5% of all Ig in normal murine sera, the expression of 

V / jc in response to an encephalitogenic immunogen may not have been coincidental but 

reflect the underlying repertoire involved in the pathogenesis o f EAE. hi subsequent in

vestigations of the ability o f mAb F28C4 as well as V /jc  itself to bind MBP, a panel of
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antibodies (Abs) including all known VLx-bearing mAbs (Dildrop et al., 1987; Sanchez 

et al., 1987,1990; Zhou and Whitaker, 1992; Chen et al., 1994), all of unknown speci

ficity. and polyclonal V/jc-bearing Ig from normal murine sera were examined (Galin et 

al., 1996). V7_}c and V/ix-containing Abs were all found to bind MBP (Galin et al.,

1996). This suggested that V /jc and Vkx-containing Abs have an inherent affinity for 

MBP.

Waldenstrom’s Macroglobulinemia (WM) is a plasma cell dyscrasia character

ized by the infiltration of plasma cells and lymphocytes into bone marrow and high lev

els o f monoclonal macroglobulin (IgM) (Dimopoulos and Alexanian, 1994; Walden

strom. 1944). This disease predominantly affects people aged 60 years and older and 

accounts for approximately 2% of hematologic cancers. Symptoms arise as a result of 

tumor infiltration, circulating or tissue-bound monoclonal IgM. or a combination of fea

tures (Dimopoulos and Alexanian, 1994). Polyneuropathy appears in about 5% o f  pa

tients with WM (Dellagi et al., 1983). An IgM-kappa ( k ) anti-myelin activity usually 

characterizes the peripheral neuropathy (Dalakas and Engel, 1981) with approximately 

one half of these patients secreting Ab against myelin-associated glycoprotein (MAG) 

(Latov et al.. 1981; Dellagi et al., 1983; Nobile-Orazio et al., 1987). Of these patients 

with non-MAG-reactive Abs a high proportion have immunoreactivity with other gly- 

colipid antigens (Ags) such as gangliosides (Shy et al., 1986; Latov et al., 1988).

A recently reported case of WM with polyneuropathy and seropositivity for high 

levels of an IgM/'/. mAb reactive with the 18.5 kDa isofonn o f MBP (Kira et al., 1997) 

permitted an investigation of a possible immunogenetic role for this human mAb. Given 

our previous observations with VXx (Galin et al., 1996), we investigated the possibility
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of a shared Id between V / jc  and the patient’s IgM//.. The data reveal a shared Id be

tween V / jc and the patient’s macroglobulin manifested by reactivity with MBP, though 

to two different epitopes.

Materials and methods

Antigens

Human MBP and its citrullinated isomer, termed C8, were prepared by previ

ously described techniques (Whitaker et al., 1992). Briefly, human MBP (1-170) was 

isolated from human brain by delipidatioru acid extraction at pH 3, and carboxymethyl- 

cellulose chromatography at pH 10.6. MBP-C8 was purified from the fraction o f  delipi- 

dated brain extract that had not been retained on carboxymethylcellulose at pH 9.6 or 

10.6. The human MBP peptides were synthesized in our laboratory on a Biosearch Pep

tide Synthesizer (Model 9500; Cambridge. MA) and purified by reverse-phase high- 

performance liquid chromatography or synthesized by Peninsula Laboratories (San Car

los, CA).

Digestion o f basic protein with brain cathepsin D

Digestion of MBP with brain Cathepsin D resulting in large peptide fragments 

has been previously described (Whitaker and Sever, 1979). For analytical polyacryla

mide disc gel electrophoretic studies, 300-400 ug of MBP or MBP peptide were dis

solved in 1 ml of 0.05 M ammonium acetate, pH 3 .5, with or without varying amounts 

of enzyme and incubated at 37°C in a shaking water bath. When incubation mixtures 

contained pep statin, this proteolytic inhibitor was mixed with 0.05 M ammonium  ace-
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tate, pH 3.5, and added in a volume of 50 ul. Incubation mixtures were frozen, lyophi- 

lized, and dissolved in 100 ul of sample buffer for disc gel studies.

For preparation o f MBP peptides to be isolated by chromatographic procedures, 

MBP was dissolved at a concentration of 5 mg/ml in 0.05 M ammonium acetate, pH 3.5, 

and incubated with enzyme at 37°C. Following the incubation period, samples were fro

zen and lyophilized prior to CM-cellulose chromatography.

Preparation o f mAb F28C4

The preparation and characterization of mAb F2SC4 has been previously de

scribed (Zhou and Whitaker. 1992). Briefly, Id-bearing mAb to human MBP Ac 1-9 

(Fusion 28C4. or F28C4) was developed by hvbridoma techniques. Synthesized human 

MBP peptide Ac 1-9 was conjugated to keyhole limpet hemocvanin (KLH) (Sigma 

Chemical Co.; St. Louis, MO) with 2% glutaraldehvde and used to immunize three PL J 

mice. Each mouse received a total of 0.5 mg of the human MBP peptide in six injections 

over a period of three weeks. Spleen and lymph node cells were then removed and fused 

with SP 20  myeloma cells. Hvbridoma cells were screened by enzyme-linked immu

nosorbent assay (ELISA) for their ability to produce mAb to MBP as well as to human 

MBP peptide Ac 1-9. Limiting dilution was performed twice. The specific clone,

F28C4, was further characterized by ELISA, purified by affinity chromatography on 

MBP-Sepharose, and isotyped and shown to be an IgG2a//,.

Polyclonal monospecific Ab to V/jc

A New Zealand white rabbit (Myrtle Laboratories; Thompson Station, TN) was 

injected subcutaneously at four sites every two weeks ova- a 6 week period with purified
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F28C4 (50 ug'injection), first in Freund’s complete adjuvant and twice in incomplete 

adjuvant as described previously (Galin et al., 1996). Serum was obtained before the 

first injection and 2 weeks after each booster to monitor anti-F28C4 titers using ELISA 

procedures. F28C4 is of the y2a isotype and, as with all V/jc-bearing Abs, is a tJ2 iso- 

tvpe. In order to make the antiserum specific, it was exhaustively absorbed on a poly

clonal IgG2a Sepharose 4B affinity column to deplete H chain reactivity. Next, the 

JL2CL2 reactivity was removed using a MOPC 315 (IgA. L2) Sepharose 4B affinity 

column. The monospecificity of the resulting anti-V/jc Ab was shown by Western 

analysis (Galin et al.. 1996).

ELISA

Microtiter wells (96-well ELISA plates; Coming Glass Works; Coming, NY) 

were coated with human MBP 1-170 (10.0 ugm l in phosphate-buffered saline (PBS)). 

MBP-C8 (10.0 ug/ml in PBS), MBP-related peptides (either 10.0 ug/ml or 100 p.a'ml in 

PBS), or other self Ags (concentrations equimolar to MBP) at 4°C for 16 h and plates 

were blocked with 2% casein in PBS. Washings were performed with PBS containing 

0.05% Tween 20. Abs were diluted in PBS containing 1% bovine serum albumin (BSA) 

and allowed to bind for 2 h at room temperature. Ab binding was detected with rabbit 

anti-V/LX Ab followed by an alkaline phosphatase conjugated anti-rabbit IgG Ab (South

ern Biotechnology; Birmingham, AL). Reactions were developed using p-nitrophenyl 

phosphate (Sigma Chemical Co.) and color development was quantitated as absorbance 

at 405 nm on a Tecan WinSeLecT Microplate Reader (Research Triangle Park, N Q . 

Background optical density was the mean of wells where coating antigen was omitted.
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Controls were also performed on Ag-coated wells with all ELISA components except 

for the primary Ab. These were always negative.

Macroglobulinemia patient and normal control sera

Serum from a patient with WM as well as from a normal control individual who 

was age. sex, and ethnically matched were previously described (Kira et al., 1997). Se

rum was diluted in PBS containing 1% BSA for ELISA procedures.

Quantification o f the patient's IgMJ/.

In order to estimate the amount of VLx Id-containing IgM in the patient’s serum. 

ELISA assays were done to compare the patient’s serum to an F2SC4 standard curve. A 

two-fold dilution scheme from 1000 to 7.S ng ml and from 1:400 to 1:512100 for F2SC4 

and the patient’s serum, respectively, were incorporated. ELISA procedures were then 

followed as outlined above using monospecific rabbit anti-VLx Ab. The average of du

plicate wells was plotted and lines of regression fitted to each plot. The slopes o f  the 

dose responses for the patient's serum and F28C4 were parallel.

By extrapolation it was determined that the concentration of IgM/L macroglobu

lin with a VLx Id in the patient’s serum is 12.5 mg/ml. Since the total IgM concentration 

in the macroglobulinemia patient’s serum is 17.8 mg/ml (Kira et aL. 1997) the IgM//. 

macroglobulin with a V/jc Id accounts for at least 70% of the patient’s total serum IgM.
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Results

Reactivity• o f antibody against Vax with the patient's serum

To investigate whether the patient’s MBP-reactive IgM/A contained an Id related 

to V a x ,  the patient’s serum was added to microtiter wells coated with human MBP (1 -  

170), and the anti-V/jc Ab was used to detect binding. Fig. 1 shows strong reactivity 

against the macroglobulinemia p a i'm 's  serum while the control patient’s serum was not 

reactive. This would suggest that the IgM/>, contained in the patient’s serum shares an Id 

in common with V a x .

An MBP-reactive IgM//. Macroglobulin 
is Recognized by Antibody to Vajc

0.8 -

0.6  -

°  0.4 - O p3oemsanjn> 
Contra mtuti

0.2  -

0.0 --==
10-* 10-3

Serum Dilutions
10-*

Fig. I. The MBP-reactive IgM//. macroglobulin is recognized by antibody to V?_x. 
Whole human MBP (1-170) was coated onto microtiter wells at a concentration o f 10 
ug'tnl at 4°C for 16 h. The patient’s serum or serum from a normal control were diluted 
in PBS containing 1% BSA and allowed to bind at RT for 2 h. Reactivity of the sera was 
then monitored by Ab to V a x . Binding of the Ab to V a x  was then detected by an alka
line phosphatase labeled goat anti-rabbit Ab and measured at 405 run on an ELISA 
reader.
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In addition. Fig. 1 shows that the IgM7/. interaction with MBP is relatively high 

affinity. The 0.6 OD405 value at 1:1000 dilution of the patient’s serum represents an ap

proximate concentration of IxlO'8 M for the patient’s IgM//. that has a Vajc Id. This 

compares favorably to the affinity of naturally occurring murine V /.x-containing  IgG 

and is higher than most murine V/jc-containing IgM (Galin et al., 1996).

Polyreacthity o f the patient s macroglobulin

IgM paraproteins are often polvreactive due to the multivalency of the IgM. To 

determine whether the patient’s macroglobulin was polyreactive we looked for reactivity 

of the macroglobulin against other common autoantigens. In Fig. 2 we show the IgM//. 

macroglobulin bound human MBP (1-170) but did not bind other common autoantigens 

including actin. single-stranded deoxyribonucleic acid (ssDNA), or thyroglobulin. This 

result suggests the patient’s V/_x Id-containing IgM, tike murine V/jc-containing IgM 

(Galin et al.. 1996), is not polvreactive but rather has a measure of specificity for MBP.

Coating ELISA plates with MBP (1-170) vs. MBP-C8

Human MBP exists in five major isoforms that result from differential splicing 

of the MBP gene. Post-translational modification of MBP results in a microheterogene- 

ous population of five differentially charged isomers. Among the modified isomers, one 

termed C8 has undergone deimidation of at least six arginyl residues (positions 25,31, 

122, 130,159, and 170) generating citrulline at these positions (Wood and Moscarello, 

1989). Because of the altered residues, reactivity with C8 was tested in an attempt to re

strict where in MBP the IgM//. macroglobulin is binding. In Fig. 3 the patient’s macro-
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Potyreactivity of the Macroglobulinemia Patient’s 
IgMA. with Potential Self Antigens

tnyro (3 5ug)

tiiyro (36uaj

ssONA (1 Qua)

ssONA (lOug)

aeon (2ug)

MBP (1 Qua)

00 0.2 0 4 0 6

O.D. 405
0.8 10

Fig. 2. Polyreactivity of the macroglobulinemia patient’s IgM//. with potential self Ags. 
ELISA microtiter wells were coated with equimolar concentrations (540 nM) o f  MBP 
(1-170), actin. ssDNA, and thyroglobulin. Both thyroglobulin and ssDNA were also 
coated at 10-fold lower concentrations. Plates were incubated at 4°C for 16 h. The pa
tient’s serum was diluted 1:300 in PBS containing 1% BSA and allowed to bind for 2 h 
at RT. Reactivity of the Ab to V/ix was then detected by an alkaline phosphatase labeled 
goat anti-rabbit la Ab and measured at 405 nm on an ELISA reader.
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globulin clearly reacts with MBP (1-170) but not to MBP-C8 whereas reactivity of the 

control patient to both MBP (1-170) and MBP-C8 was negative. Thus, citrullination 

may disrupt or mask specific epitopes on MBP, resulting in the lack of binding. 

Considering that the C-terminal region of MBP is predominantly modified suggests that 

it might be the site of interaction.

Lack of Reactivity of the IgM//. 
Macroglobuiin to the C8 Isomer of MBP

MSP MBP-C8 MBP MBP-C8 
(1-170) (V170)

Patient Cortrol

Fig. 3. Lack of reactivity of the IgM/a. macroglobuiin to the C8 isomer o f MBP. Either 
human MBP or MBP-C8 was coated on ELISA plates at a concentration of 10 ug/ml. 
The patient and control serum were diluted 1:100 in PBS containing 1% BSA and al
lowed to bind for 2 h at RT. Reactivity of the sera was then monitored by Ab to V/jc. 
Binding of the Ab to VLx was then detected by an alkaline phosphatase labeled goat 
anti-rabbit Ig Ab and measured at 405 nm on an ELISA reader.

Using peptides and MBP fragments to determine the epitope on MBP being bound

In order to further localize possible epitopes within human MBP for the patient’s 

MBP-reactive macroglobuiin, we assayed binding to synthetic peptide fragments of hu

man MBP. Because all of the known murine V/jc-containing Abs have been shown to
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preferentially react with MBP residues 25-34 except for mAb F28C4, which was raised 

in the PL J mouse specifically to MBP peptide Ac 1-9 (Zhou and Whitaker, 1993), we 

expected to see reactivity o f the patient’s IgM'?. to residues 25-34 of MBP. Reactivity of 

the macroglobulinemia patient’s IgM/?» to MBP peptide residues 25-34 was absent (Fig. 

4). While unexpected this would seem to confirm that arginines altered in the C- rather 

than N-terminus are disrupting the epitope. Consistent with this idea, there was strong 

binding to the carboxvl-terminal half of the molecule. When microtiter plates were 

coated with MBP peptide residues 90-170. strong reactivity of the IgM/?. macroglobuiin 

was observed (Fig. 4). There was no reactivity with MBP peptides 1-42 and 43-88. No 

reactivity was observed against MBP peptide 87-99 or residues 116-170 (Fig. 4) prompt

ing us to synthesize a set of peptides encompassing MBP residues 90-118 and test these 

for reactivity in order to define the epitope on MBP against which the patient’s 

macroglobuiin was reactive.

In Fig. 5 we show the patient’s IgM/?. macroglobuiin reacts very well with MBP 

peptide 90-118. but as amino acid residues are removed from the amino-terminal region 

of the peptide, the reactivity declines. The patient’s macroglobuiin reacts to a slightly 

greater extent to MBP peptide 84-96 than it does to MBP 90-118 (Fig. 5), which we 

might expect since N-terminal residues in the region encompassed by MBP peptide 90- 

118 seem to have a greater contribution to binding by the IgM/?. macroglobuiin than do 

carboxv-terminal residues.

Discussion

Neuropathy is a relatively uncommon feature o f WM yet results in widespread 

neural damage for which a mechanism remains to be defined (Abramsky, 1980). For
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The Epitope Specificity of the Patient's IgM/X 
with MBP Resides in Residues 90-116

oo

(0a.

MBP 87-99 
MBP 116-170 

MBP 90-170 
MBP 43-88 
MBP 1-42 

MBP 25-34 
. MBP 1-170 

MBP 87-99 
MBP 116-170 
MBP 90-170 
MBP 43-88 
MBP 1-42 

MBP 25-34 
MBP 1-170

0.0 0.1 0.2 0.3 0.4
O.D. 405

0.5 0.6

Fig. 4. The epitope specificity of the Patient's IgM//. with MBP resides in residues 90- 
116. W hole human MBP (1-170) or MBP peptides 90-170.116-170. 87-99. 25-34. 1-42. 
and 43-88 were coated on ELISA microtiter wells at a concentration of 10 pg/ml in PBS 
containing 1% BSA at 4°C for 16 h. Serum from the macroglobulinemia patient and the 
normal control were diluted 1:100 and allowed to bind for 2 h at RT. Reactivity o f the 
sera was then monitored by Ab to V/„x. Binding of the Ab to V/jc was then detected by 
an alkaline phosphatase labeled goat anti-rabbit Ig Ab and measured at 405 nm on an 
ELISA reader.
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The Epitope on MBP Bound by the lgM/7. Macroglobuiin 
is the same as that for MS Patients

oa

aa.

MBP 25-34 -  

MBP 84-36 -  

MBP 108-118 -  

MBP 98-118 -  

MBP 95-118 -  

MBP 90-118 -  

MBP 25-34 |  

MBP 84-96 

MBP 108-118 

MBP 98-118 

MBP 95-118 

MBP 90-118

0 0 0.2 0.4

O.D.405
0 5 0.8

Fig. 5. The epitope on MBP bound by the IgM//. macroglobuiin is the same as that for 
MS patients. MBP peptides 25-34, 84-96,90-118, 95-118,98-118, and 108-118 were 
coated on ELISA plates at a concentration of 100 ug/ml. Serum from the macroglobu
linemia patient and the normal control were diluted 1:300 in PBS containing 1% BSA 
and allowed to bind for 2 h at RT. Anti-V/JC Ab was used to monitor reactivity. Binding 
of the Ab to V/.x was then detected by an alkaline phosphatase labeled goat anti-rabbit 
Ig Ab and measured at 405 nm on an ELISA reader.
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those patients with a neuropathy it is usually a peripheral neuropathy due to IgM Abs 

with a k light chain (Dalakas and Engel, 1981) reacting with carbohydrate moieties of 

MAG (Latov et al., 1981; Dellagi et al., 1983; Nobile-Orazio et al., 1987) or gan- 

gliosides (Shy et al., 1986; Latov et al., 1988). Very little information exists in regard to 

direct central nervous system involvement in WM. The patient referred to in the present 

study (Kira et ai., 1997) was diagnosed with a cranial polyneuropathy with extensive 

radiculoneuropathv. This is the only reported case of an IgM paraproteinemia reactive 

with MBP.

The impetus for this study was to further characterize this MBP-reactive IgM/'/.. 

When this macroglobuiin was reacted with Ab to V a x . a rarely used murine /. variable 

region gene product, strong binding was observed by ELISA. This indicates a V/jc-Iike 

Id resides on the patient’s MBP-reactive macroglobuiin. This further suggests that cer

tain human Abs could contain a V7jc Id and, as with the murine V/jc-containing Abs, the 

presence of a V/_x Id seems to correlate with MBP specificity.

Since the presence of a V ax  Id in murine VLx-bearing Abs correlates with MBP 

binding preferentially to MBP peptide 25-34 (Galin et al., 1996), we hypothesized that 

the presence of a V a x  Id on an Ab indicates MBP reactivity, specifically to residues 25- 

34 of the molecule. When the patient’s macroglobuiin failed to react with MBP-C8, we 

concluded deimidation of the arginine residues forming citrulline, probably at residues 

25 and/or 31, disrupts the epitope on MBP bound by the IgM//. macroglobuiin. But upon 

reacting the patient’s IgM//. macroglobuiin with several N-terminal peptide fragments of 

MBP including MBP peptide 25-34 no binding was observed.
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Citrullination of the MBP molecule completely blocks binding o f the IgMfk 

macroglobuiin to the C8 isomer of MBP. Arginine residues located in both the N- and 

C-terminal regions o f MBP are sites of citrullination. We first tested the N-tenninal pep

tide 25-34 for reactivity because it contained two citrullination sites at positions 25 and 

31. Considering the N-terminal peptide was not bound we concluded the epitope being 

recognized by the patient's macroglobuiin must reside in the C-terminal region o f the 

molecule as this region of the molecule has more modification sites. Indeed, we found 

MBP fragment 90-170. which encompasses the four remaining citrullination sites of 

MBP. was bound by the patient’s IgM7. macroglobuiin while reactivity to MBP 116- 

170 was not observed, we concluded the epitope is most likely between residues 90-116 

ofMBP.

We made a set o f four peptides encompassing residues 90-118 in order to deter

mine the exact epitope on MBP being bound by the patient’s IgM'/. macroglobuiin. We 

learned that the extent of reactivity is greatest when the intact 90-118 peptide is tested, 

and when N-terminal amino acid residues are removed reactivity declines. Finally, we 

tested MBP peptide 84-96 and found binding by the IgM//. macroglobuiin. We exam

ined reactivity to this peptide because it is an immunodominant epitope bound by 

autoandbodies from MS patients (Wucherpfennig et al., 1997). It thus appears that in the 

present patient and perhaps the small number o f other WM patients neural damage may 

be mediated via Abs with a V/Jt-Iike Id binding to peptide residues 84-96.

Collectively, these results show that, as with murine V/jt-bearing Abs, the pres

ence of a V a x  Id seems to correlate with MBP specificity and perhaps more importantly, 

such an Id can be found on human Abs. We speculate that such MBP reactivity may be
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involved in the pathogenesis of neural damage in patients with primary macroglobu

linemia. It is tempting to speculate that there may be a link between the pathogenesis of 

neuroimmunologic disease and IgM/V/oc Abs especially given the idiotope-epitope 

binding characteristics. Studies are currently underway to further investigate this com

monality.
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Abstract

A novel human a  variable region (V/.), termed VaVTIL has been shown to pos

sess certain similarities including sequence homology with an unusual murine V a  gene 

product, V/.x. We have previously shown that V a x  both binds human myelin basic pro

tein (MBP) and can confer MBP reactivity to an antibody (Ab). As a consequence of the 

sequence similarity with V a x . we tested whether V/.VIII and V/iVTH-containing IgG 

could bind MBP and were antigenically related to V a x . Using enzyme-linked immu

nosorbent assay procedures, we found that a polyclonal monospecific Ab to V a x  was 

cross-reactive with an intact IgGA’/.VIH Ab and, to a lesser extent, with two V a  VTII 

Bence Jones Proteins (BJPs). Conversely, we observed cross-reactivity between an anti- 

V/.Vin monoclonal antibody (mAb) and a V/jt-bearing mAb, termed F28C4. Like V a x . 

which can confer MBP reactivity to an Ab, the monoclonal IgG/V/.VIII from a plas

macytoma patient as well as naturally occurring IgG/VAVtn had a high degree of reac

tivity against MBP. However, unlike V a x  the reactivity of the BJPs to MBP was mini

mal. The reactivity of the IgG/V/iVHI to MBP seems specific since binding to a panel of 

other potential autoantigens was negative. Collectively, these results suggest that 

V a VTII is the human homolog of murine V a x . Considering its reactivity with MBP it is 

tempting to speculate that VaVTII expression may be associated with multiple sclerosis 

and/or other neurological diseases.

Introduction

Kabat et al. (1991) originally classified human lambda ( a ) light (L) chains into 

six a  variable (V) region subgroups or gene families on the basis o f distinctive amino
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acid and nucleic acid sequence homologies. Five o f these six chemically defined sub- 

groups-V/J, V/JL, V/.HI, V/iV, and V/tVI-have also been confirmed serologically 

(Solomon and Weiss. 1987). V/.Vm. first recognized by Robbins et al. (1990) in a 

monoclonal IgM/. (termed HAF10) rheumatoid factor-producing cell line, is an addi

tional and apparently minor subgroup which has been defined both chemically and sero

logically. Immunizing mice with Bence Jones proteins (BJPs) representing each o f the 

aforementioned human V a. gene families including V/.Vm has resulted in a panel o f V a . 

subgroup-specific monoclonal antibodies (mAbs) (Abe et al., 1994). This panel o f mAbs 

has been used to determine both the absolute concentration and percentage of distribu

tion of each V a. subgroup among /.-type immunoglobulins (Igs) in normal serum as well 

as in certain disease states such as multiple myeloma, AL amyloidosis, and Walden

strom's macro-globulinemia (WM) or in response to immunizations (Abe et al., 1994; 

Ozaki et al.. 1994).

Two BJPs designated Hag and Biv were obtained from multiple myeloma pa

tients (Solomon et al., 1994). Both Hag and Biv were not recognized by any of the poly

clonal or monoclonal anti-V/J, H, HI. IV. or VI subgroup-specific antibodies (Abs) and 

were shown to possess an unusually long complementarity-determining region (CDR) 2 

that contained 11 residues rather than the 7 typically found for /J, aJI, LHI, /iIV, and 

/.VIL chains. BJP Hag was used to immunize mice to obtain a monoclonal anti-V/.VIU 

subgroup-specific mAb (termed 31-8C7) which recognized Hag, Biv, and HAF10 but 

not L chains from the other V/. subgroups. The amino acid sequences o f Hag and Biv 

were closely related to that deduced from the complementary deoxyribonucleic acid 

specifying the prototype V/.Vm  protein HAF10 (82% homology between proteins Hag
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and Biv, 77% homology between Hag and HAF10, and 79% homology between Biv and 

HAF10), whereas these V/iVffl proteins exhibited only 38-45% amino acid homology 

with the other V a. subgroups. The extent of homology between the VaVTII germline 

gene and other known human gene families ranged from 56-66% and 36-58% at the nu

cleotide and protein levels, respectively (Ch’ang et al., 1995). Interestingly, the V/.Vm  

germline gene was more closely related to a pair of rabbit V/. germline genes—R.VX2 and 

RV/.3—and to the mouse V a  gene-V/jc-than to the other human V a  gene families. All 

of these similarities and sequence homologies make it appear likely that the V7.VHI 

gene evolved independently of the other human V/. genes (Hayzer. 1990).

Originally discovered in 1987 in polvclonallv activated mouse B cells, V ax is a 

newly described V /. gene segment (Dildrop et al.. 1987; Sanchez et al., 1987). V ax 

comes about as a result o f rearrangement with J/.2-C/.2. and its amino acid sequence is 

only 30-33% homologous to other known V/. or V-kappa (k) genes. Homologous se

quences have been found in various mammalian species including man as noted above, 

thus suggesting that V ax apparently existed before the speciation of mammals (Sanchez 

et al.. 1990). V ax and VaVTII show more homology to each other than to other murine 

Va and Vk genes or human Va subgroups, respectively. Both gene products are rarely 

expressed in normal sera: V ax is in less than 0.5% of all Ig in normal mouse sera, and 

approximately 3% of normal human Ig contains V aVUI.

F28C4, a mAb raised in the PL/J mouse against myelin basic protein (MBP) pep

tide acetyl (Ac) 1-9, was found to harbor this unusual a  L chain (Zhou and Whitaker, 

1993; Maier et al., 1994). Prior to the demonstration that F28C4 could bind MBP, no Ab 

with this particular L chain V region had any known specificity, hi subsequent investi
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gations V /jc alone (Galin et al., 1996) and other V/ix-containing Abs of previously un

known specificity (Dildrop et al., 1987; Sanchez et al., 1987,1990; Chen et al., 1994) as 

well as polyclonal V ajc Ig from normal murine sera were all found to bind MBP but not 

other common autoantigens (Galin et al., 1996). These results demonstrate that V /jc and 

VLx-containing Abs have an inherent affinity for MBP. As a consequence of V?_x’s an

tigenic specificity, we have investigated whether V/.VHI is also reactive with MBP and 

immuno logically related to V ajc.

Materials and methods

Human MBP

Human MBP, the Cl isoform, was prepared by previously described techniques 

(Whitaker et al., 1992). Briefly, human MBP Cl (1-170) was isolated from human brain 

by delipidation. acid extraction at pH 3, and carboxymethylcellulose chromatography at 

pH 10.6. The human MBP peptides were synthesized in our laboratory on a Biosearch 

Peptide Synthesizer (Model 9500; Cambridge, MA) and purified by reverse-phase high- 

performance liquid chromatography or synthesized by Peninsula Laboratories (San Car

los. CA).

Preparation o f mAb F28C4

The preparation and characterization of mAb F28C4 have been previously de

scribed (Zhou and Whitaker, 1992). Briefly, synthetic human MBP peptide Ac 1-9 was 

conjugated to keyhole limpet hemocyanin (Sigma Chemical Co.; St. Louis, MO) with 

2% glutaraldehyde and used to immunize PL/J mice. Each mouse received a total of 0.5
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mg of the human MBP peptide in six injections over a period o f 3 weeks. Spleen and 

lymph node cells were then removed and fused with SP 2/0 myeloma cells. Hybridoma 

cells were screened by enzyme-linked immunosorbent assay (ELISA) for their ability to 

produce mAb to MBP as well as to human MBP peptide Ac 1-9. Limiting dilution was 

performed twice. The specific clone, F28C4, was further characterized by ELISA, puri

fied by affinity chromatography on MBP-Sepharose, and isotyped and was shown to be 

an IgG2a//..

Polyclonal monospecific Ab to VAx

A New Zealand white rabbit (Myrtle Laboratories; Thompson Station, TN) was 

injected subcutaneouslv at four sites every 2 weeks over a 6-week period with purified 

F28C4 (50 ug'injection), first in Freund’s complete adjuvant and twice in incomplete 

adjuvant as described previously (Galin et al., 1996). Serum was obtained before the 

first injection and 2 weeks after each booster to monitor anti-F28C4 titers using ELISA 

procedures. F28C4 is o f the v2a isotype and, as with all V / jc -bearing Abs, is a /.2 iso- 

tvpe. In order to make the antiserum specific, it was exhaustively absorbed on a poly

clonal IgG2a Sepharose 4B affinity column to deplete heavy (H) chain reactivity. Next, 

the J/l2C/-2 reactivity was removed using a MOPC 315 (IgA, a2) Sepharose 4B affinity  

column. Monospecific Ab to V a x  was collected after binding to and elution from a 

F28C4 affinity column. The monospecificity of the resulting anti-VTix Ab was shown by 

Western analysis (Galin et al., 1996).
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Microtiter wells (96-well ELISA plates) (Coming Glass Works; Coming, NY) 

were coated with human VaVTII proteins, mAb F28C4, human MBP Cl (1-170) (10.0 

ug/ml in phosphate-buffered saline (PBS)), various other self antigens (Ags) (concentra

tions equimolar to MBP), or human IgG (Sigma Chemical Co.) at 4°C for 16 h and 

plates were blocked with 2% casein in PBS. Washings were performed with PBS con

taining 0.05% Tween 20. Abs were diluted in PBS containing 1% bovine serum albumin 

(BSA) and allowed to bind for 2 h at room temperature. Ab binding was detected with 

either rabbit anti-V ax  Ab followed by an alkaline phosphatase conjugated anti-rabbit 

IgG Ab (Southern Biotechnology; Birmingham. AL) or mouse anti-V/.VTEI Ab followed 

by an alkaline phosphatase labeled goat anti-mouse IgG Ab (Southern Biotechnology). 

Reactions were developed using/7-nitrophenvl phosphate (Sigma Chemical Co.), and 

color development was quantitated as absorbance at 405 nm on a Tecan WinSeLecT 

Microplate Reader (Research Triangle Park. NC). Background optical density was the 

mean of wells where coating Ag was omitted. Controls were also performed with Ag- 

coated wells and all ELISA components except the primary Ab. These were always 

negative.

Anti- V/. VIII mAb

An anti-V/.VlH mAb, mAb 31-8C7, was obtained by injection o f the a. BJP Hag. 

This mAb. when tested against a reference group o f >100 serologically and chemically 

classified monoclonal IgA proteins, was found to react with only two, which, by se

quence, were classified as Ig/.VHI (Levy et al., 1988; Robbins et al., 1990). Hybridoma
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cells were injected intraperitoneally into pristane-primed mice and the mAbs isolated 

from the ascites fluid by 45% ammonium sulfate precipitation followed by ion-exchange 

chromatography using a Q-Sepharose Fast Flow column (FPLC system) (Pharmacia; 

Piscataway. NJ). The purity of the mAbs was determined by agarose gel electrophoresis. 

mAb 3I-8C7 was stored at -20°C in PBS, pH 7.4, containing 50% glycerol.

Human Va VTII proteins

BJPs. termed Hag and Biv. were obtained from patients with multiple myeloma. 

By amino acid sequencing and reaction with mAb 31-8C7. the BJPs were shown to be 

V/.VTII. An intact IgG/'V/.vm Ab was obtained from a plasmacytoma patient (Wee 

IgG/V/.Vm).

Results

Immunologic cross-reactivity between murine Vax and human Va VTII

We have previously shown that a human IgM/L possessed a V/.x-like idiotype 

(Id) (Noerager et al.. 2001). This observation along with the demonstration of sequence 

homology between V/.x and V/.VUI suggested the possibility of immunologic cross

reactivity between these two X. L chain V regions. To address this possibility we first 

investigated potential cross-reactivity between our anti-VXx Ab and the human V/lVTII 

BJP from two multiple myeloma patients as well as the IgG/V/LVTU from a plasma

cytoma patient. In Fig. 1 ELISA plates were coated with IgG/VXVTII Ab or the two 

BJPs and tested for reactivity to both ann-VXx and anfi-VLVTEI Abs. The binding o f  the 

anti-V /jc Ab to IgG/'V/.VUl was of a magnitude similar to that o f the anti-V/.Vm Ab. In
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ano-v*.vm Ab 
um-VTLx Ab

anh-VX.Vni Ab 
uiD-VXx Ab

—• — ano-VXVin .Ab 
—-— mq-Vaji Ab

Fig. 1. Cross-reactivity between anti-V/jc Ab and human V/lVHL (A) IgG/V/tVin Ab, 
(B) Hag BJP. or (C) Biv BJP was coated onto microtiter wells at concentrations ranging 
from KT6 M to 10'9 M at 4°C for 16 h. Abs to either V/jc (1:100) or V/.VTH (0.1 (xg/ml) 
were then allowed to react with the human V/.VUI antigens for 2 h at room temperature. 
Binding o f the and-VJix and anti-V/.VUI Abs was then detected by alkaline phosphatase 
labeled goat anti-rabbit IgG or goat anti-mouse IgG, respectively. Absorbance was 
measured at 405 nm on an ELISA reader.
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fact, the reactivity as monitored by Ab to V/jc was actually slightly higher than that of 

the Ab to V/iVm. Figs. IB and C show that the V/.VTII BJPs, Hag and Biv, respec

tively, exhibit strong reactivity with anti-/.Vm Ab as well as lesser but nonetheless sub

stantial binding by Ab to V /jc. Fig. 2 shows the converse. That is, the V/jc-containing 

mAb, F28C4, was bound by anti-V/.VTII Ab. These results demonstrate a strong immu

nologic relatedness of murine V/jc and human V/.VTII.

i 50

anti-VAX At) anD-VIVlll Ad

Fig. 2. Cross-reactivity between anti-V/.VTEI Ab and F28C4 (IgG2a/V/jc). F28C4 was 
coated at 4°C overnight onto 96-well ELISA plates at concentrations ranging from I O'6 
M to 1 O'9 M. Plates were then washed and Abs to either V /jc (1:100) or V7iVTH (0.1 
ugr'tnl) were allowed to react with mAb F28C4 for 2 h at room temperature. Binding of 
anti-V /jc and anti-V/.VIII Abs was then detected by alkaline phosphatase conjugated 
goat anti-rabbit IgG or goat anti-mouse IgGl (anti-mouse IgGl was used in this case to 
negate any cross-reactivity of the secondary Ab with F28C4,y2a), respectively. Absorb
ance was then measured at 405 nm on an ELISA reader.
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IgG/V?.Vm binds human MBP

In a previous study we have shown that a panel of Abs including all known V ax- 

b earing mAbs (all but one of previously unknown specificity) as well as polyclonal V ax 

containing Ig from normal murine sera bound human MBP (Galin et al., 1996). In this 

same study it was also demonstrated that recombinant murine V ax alone had a high de

gree of reactivity against MBP. These findings together with the present observations of 

strong immunologic relatedness suggested that like V ax, human V?,Vm//IgG might 

have inherent affinity for MBP. In fact, we found that the plasmacytoma-derived 

IgG/V/.VTn was highly reactive with human MBP (Fig. 3) when monitored with Ab to 

V ax or V/.VTH. Unlike recombinant murine V ax, the human V aVTII BJPs exhibited lit

tle inherent affinity for human MBP when monitored with Ab to either V ax or V aVTII 

(data not shown). This suggests that the H chain of the human IgG/VAVHI is essential 

for binding MBP.

Lack o f polyreacnvin' o f IgG/V/.VUI

The aforementioned panel of VTix-containing mAbs has been shown to have a 

measure of specificity for human MBP (Galin et al., 1996). Likewise, a human IgM//. 

WM with a V ax Id was also found to react specifically with MBP (Noerager et al., 

2001). As a consequence, we examined whether the reactivity of this human 

IgG/V/.Vm was specific for MBP. As shown in Fig. 3 we found that the IgG/VAVHI 

was not polvreactive with other potential autoantigens such as actin, single-stranded de

oxyribonucleic acid (ssDNA), and thyroglobulin but rather has specificity for MBP.
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1 SO

sbo-Va-VUI Ab sscA'ax Ab

Fig. 3. Polyreactivity of the IgG/V/iVTH Ab to MBP and other common autoantigens. 
ELISA microtiter wells were coated with equimolar concentrations (540 nM) o f human 
MBP. actin. ssDNA, and thyroglobulin. Both thyroglobulin and ssDNA were also 
coated at 10-fold lower concentrations. Plates were incubated at 4°C for 16 h. The 
IgG/V/.Vm Ab was then diluted in PBS containing 1% BSA to a concentration o f 10"° 
M and allowed to bind for 2 h at room temperature. Reactivity of the IgG/VLVTII Ab to 
MBP and the other potential self Ags was monitored by Ab to either V7_x (1:100) and 
V /.vm  (0.1 ug/ml) and then detected by an alkaline phosphatase conjugated goat anti
mouse or goat anti-rabbit Ab, respectively. Absorbance was measured at 405 nm on an 
ELISA reader.
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Naturally occurring V/.VUI-containing IgG binds MBP

In order to determine whether, like V/_x (Galin et aL, 1996), naturally occurring 

V/,VTI3-contaixiing Ab could bind human MBP, we tested pooled human IgG for such 

reactivity. By comparison with the appropriate standard curves, we found that while 

similar to previous reports that V/.VTU-containing IgG constitutes 3.6% of total human 

IgG, 25% of naturally occurring Va.VHI positive IgG molecules have affinity for MBP. 

Thus, the IgG/V/.vm fraction is enriched almost seven-fold for Ab with affinity for 

MBP (Table 1). These results strongly suggest that the presence of a VaA'TU L chain 

increases the probability that an IgG will bind MBP. This possibility is borne out by the 

finding that 10 ug'mg or 1% of total IgG binds human MBP (Table 1). Considering that 

9 ug- mg of total IgG reactive with MBP is IgG/V/.VIII demonstrates that about 9 of 10 

IgG with inherent affinity for MBP have V/iVm L chains.

Table I
Naturallv occurring V/.VTH-containing IeG binds MBP

Immunoglobulin ug/ing Total IgG % Total
Total IgG/V/.VTH 36 +/- 3.0 3.6

MBP-bound IgG/V/.VTH 9 -/-  1.6 25
MBP-bound IgG 10-/-1.66 1.0

Discussion

An important feature shared by virtually all murine V/jc-bearing Abs is that they 

exhibit an intrinsic affinity for human MBP and are not polyreactive with other common 

autoantigens such as actin, thyroglobulin, or ssDNA (Galin et aL, 1996). Furthermore, 

one V/jc-containing Ab, F28C4, exhibits 75% sequence homology in CDR3 o f its L and
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H chain V regions with the VDJ junction of the T cell receptor (TCR) V{38.2 from cer

tain encephalitogenic T cells (Maier et al., 1994). This results in F28C4 and these TCRs 

having a fine specificity and mode o f binding similar to those of the epitope MBP 1-9 as 

well as sharing a cross-reactive idiotope (CRId) (Zhou et al., 1994). Perhaps most im

portantly, mAb to the CRId can lessen the severity of experimental allergic encephalo

myelitis (Zhou and Whitaker, 1993), the animal model of multiple sclerosis (MS).

As a result of these observations it seemed important to determine whether there 

were human homologs of V/.x-containing Ab. Considering that V/.VTII and Vax share 

more sequence homology with each other than with other human or murine V/. or Vk 

regions (Ch'ang et al.. 1995), V/.VTtl-containing Ab seemed a prime candidate. This 

seems to be the case since we found immunologic cross-reactivity between these two V 

regions using Ab to V/„x as well as V/.VTII. The finding that, like V/jc, V/.VTTI- 

containing IgGs have inherent affinity for human MBP provides particularly strong evi

dence that V7.VTII is the human equivalent to murine Vajc.

These findings are particularly intriguing when we consider the recent finding 

that an IgM7. macroglobulin from a WM patient had a V/jc Id. bound human MBP at an 

immunodominant epitope for MS, and apparently caused a polyneuropathy (Noerager et 

al.. 2001). Indeed, the predominance of the expression of particular L chain subgroups 

has been noted in certain disease states or in response to immunization, which contrasts 

with their distribution in normal individuals (Abe et al., 1994; Ozaki et al., 1994). For 

example, the expression of the V /JI subgroup accounts for -3%  o f the Ig/i protein 

population in normal serum but is expressed by -40% of/i-type IgG, IgA, and BJPs 

obtained from patients with multiple myeloma and AL amyloidosis and -60% o f  IgM 

proteins from patients with WM (Solomon and Weiss, 1987). Furthermore, there is
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from patients with WM (Solomon and Weiss, 1987). Furthermore, there is evidence that 

the pairing of particular L and H chains in systemic lupus erythematosus and autoim

mune thyroid disease is not a stochastic process (Radic et al., 1991; Portolano et al., 

1993).

These findings together with the present observations make it tempting to specu

late that there might be skewing from the normal distribution of V/lVHI in patients with 

MS or other neurological diseases. In preliminary studies we have found that the cere

brospinal fluid from 4/6 MS patients and 1/4 controls contained Abs which bound hu

man MBP and were recognized by anti-V/jc Ab. Considering the recent recognition of a 

probable role of humoral immunity in MS (Rudick, 1987; Whitaker and Benveniste, 

1996; Wekerle, 1999). these results would seem to warrant further study with Ab to 

V/,Vm.
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SUMMARY

Developing treatments for autoimmune diseases such as MS can be a difficult 

prospect due to the fact that the causal agent or agents is oftentimes unknown. There

fore. intervening with much specificity in the immunopathogenic process can be chal

lenging. Ideally, treatment of autoimmune diseases should be aimed at reducing the 

autoimmune response while leaving the rest of the immune system intact. In the treat

ment of MS. this ideal has not yet been met. Recent studies showing overlap of disease- 

associated epitopes that are recognized by T and B cells together with our own data 

showing functional and structural relatedness of the Ag receptors on certain of the afore

mentioned cells suggested a novel and relatively specific approach to modulating 

disease (Maier et al.. 1994; Wucherpfennig et al., 1997). The central idea is that if  there 

is considerable overlap in the structure and fine specificity and, consequently, CRId of 

Ab and TCR for a disease-associated epitope, as exists between mAb F28C4 and TCR 

from certain encephalitogenic T cells, then such a CRId could potentially serve as a sur

rogate vaccine to an encephalitogenic T cell or its TCR. Such Ab vaccines would there

fore lead to not only an anti-id Ab response but also a cross-reactive anti-clonotypic Ab 

response against disease-associated T cells. We have provided data supporting the valid

ity of this approach in EAE, the animal model of MS.

When vaccinated with the CRId on mAb F28C4 as an Ag, animals mount an 

anti-id response that protects them from disease induction with 80-100% efficiency re

gardless of species, MHC haplotype, or encephalitogenic epitope. Although epidemi-
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ologic studies of MS have determined certain populations are more susceptible to the 

disease than others, determining with any certainty who will get the disease is impossi

ble at this time due to the combination o f genetic as well as unknown environmental fac

tors that contribute to disease pathogenesis. Therefore, developing methods of treating 

active disease is perhaps more beneficial at this time. In addition to substantial data on 

the value of F28C4 as a vaccine in EAE, we have gathered evidence on its therapeutic 

potential for MS.

We have shown that animals immunized with F2SC4 prior to disease induction 

using activated encephalitogenic T cells are protected from disease induction with >80% 

efficiency, thus indicating that protection conferred by F28C4 occurs even after the acti

vation o f T cells. In addition the ability of F28C4 to protect SJL mice from rEAE (re- 

lapsing-remitting disease being the most common form of MS in humans) induced with 

whole spinal cord homogenate holds great promise for its value in treating many patients 

afflicted with MS. Further evidence of F28C4’s therapeutic potential lies in its ability to 

reduce incidence and ameliorate severity in an outbred rat population (Kavelaars et al., 

1999) in which every individual, like humans, is genetically distinct. One way in the fu

ture of directly testing the therapeutic ability of F28C4 is to induce rEAE in SJL mice 

and then immunize animals with F28C4 after the initiation of the primary phase of dis

ease in order to prevent disease relapses.

One of the hallmarks of EAE is the observation that the usage of TCR genes can 

be biased or restricted, particularly V|38 gene products, in the recognition of MBP or 

encephalitogenic MBP peptides (Acha-Orbea et al., 1988; Bums et al., 1989). A s men

tioned previously, F28C4, raised in the PL/J mouse against MBP peptide Ac 1-9, shares 

a CRId with the PL/J Vp8.2~ TCR recognizing the same MBP peptide (Zhou and
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Whitaker, 1993). Our data indicate that F28C4 does not act simply through a pan-V(38.2 

pathway as is suggested by its ability to protect PL/J mice and Lewis rats from disease. 

Specifically, F28C4 can protect SJL mice from disease induction, although this mouse 

strain lacks V(38.2. Thus, F28C4 appears to operate through an anti-id mechanism as is 

suggested by the ability of mAb F30C7 anti-id to lessen clinical EAE in the adoptive 

transfer model of EAE in PL'J mice, possibly by T cell anergy (Zhou and Whitaker, 

1993; Zhou et al., 1994).

W'e have advanced these findings by passively immunizing Lewis rats with the 

anti-CRId mAb F30C7 and then actively inducing disease with MBP peptide 68-88 and 

demonstrating this mAb’s ability to reduce disease incidence and severity through inhib

iting proliferation of encephalitogenic T cells. Furthermore, rather than modulating the 

production of Thl proinflammatory cytokines or Th2 anti-inflammatory cytokines, 

F30C7 confers its effects through a novel mechanism that to our knowledge has not 

been demonstrated elsewhere. When MBP 68-88-sensitized LNC are cultured in F30C7. 

the anti-CRId mAb apparently induces the in vitro generation of CD4~/CD25* regula

tory T cells (O’Garra et al.. 1997) that down-regulate production o f encephalitogenic T 

ceils in an Ag-independent manner. Collectively, these results suggest that active immu

nization with F28C4 induces the generation of an anti-CRId Ab response in vivo which 

generates CNS-targeted CD4*/CD25* regulatory T cells that non-specifically down- 

regulate activated T cells and results in the prevention of disease symptoms.

Additional experiments are aimed at optimizing ways in which F30C7 anti-CRId 

mAb can improve clinical disease scores. The first way in which we propose to address 

this is to immunize animals passively with a higher dose of F30C7 to see whether this 

immunization can further lower disease incidence and severity. Additionally, we intend
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to investigate whether culturing encephalitogenic T cell lines in combination with 

CD47CD25- regulatory T cells generated by co-culture of sensitized lymph node cells 

(LNCs) with F30C7 can protect animals from EAE induction. Finally, we are interested 

in whether culturing F30C7-treated LNCs in differing ratios with naive cells can result 

in inhibition of proliferation and subsequently inhibit disease.

A predominant reason F28C4 is an effective vaccine in EAE is that this Ab bears 

the unusual V/jc L chain (Maier et al.. 1994). An important feature shared by virtually 

all murine VLx-bearing Abs. including F2SC4. is that they exhibit an intrinsic affinity 

for human MBP and are not polyreactive with other common autoantigens such as actin. 

thvroglobulin. or single-stranded deoxyribonucleic acid (Galin et al., 1996a). As a result 

of these observations it seemed important to determine whether there were human ho

mologs of VLx-containing Ab. The first demonstration that there might be a human ho

molog of murine V/jc occurred when Kira et al. (1997) treated a patient with WM 

complicated by polyneuropathy whose serum contained an MBP-reactive IgM/L macro

globulin. After obtaining a sample of this patient’s serum, we w'ere able to demonstrate 

that the sample possessed certain intriguing similarities with murine VLx. Specifically, 

the serum possessed a VLx Id that recognized an epitope on MBP immunodominant in 

MS patients and was not polyreactive against other common autoantigens (Noerager et 

al.. 2001). Considering this result, we have further investigated the possibility that a hu

man homolog of VLx exists.

Considering that V/.VHI (Robbins et al., 1990), a relatively new member of the 

human L L chain V region subgroups originally classified by Kabat et aL (1991), and 

VLx share more sequence homology with each other than with other human or murine
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V7i or V k regions (Ch’ang et al., 1995), V/.VH1 containing Ab seemed a prime candi

date to be the human homolog of murine V /jc. As a consequence o f V ax 's antigenic 

specificity, we have investigated whether V/.VTH is also reactive with MBP and immu- 

nologically related to V/jc, which seems to be the case since we found immunologic 

cross-reactivity between these two V regions using Ab to V/jc as well as Va.VIIL The 

finding that, like V/oc, V/.VIH-containing IgGs have inherent affinity for human MBP 

provides particularly strong evidence that V/.VEI is the human equivalent to murine 

V/_x. Considering that the plasmacytoma patient from whom this IgG/V/.VTII Ab was 

obtained also exhibited neurologic symptoms of disease, we are in the process o f deter

mining whether other human V/.VIII-containing Abs exhibit immunologic cross

reactivity with V /jc.

These findings make it tempting to speculate that there might be skewing from 

the normal distribution of V/.VHI in patients with MS or other neurological diseases. In 

preliminary studies we have found that the CSF from 4/6 MS patients and 1/4 controls 

contained Abs which bound human MBP and were recognized by anti-V/.x Ab. Consid

ering the recent recognition of a probable role of humoral immunity in MS (Rudick, 

1987; Whitaker and Benveniste, 1996; Wekerle. 1999), these results would seem to war

rant further study with Ab to V/.Vffl.

In these studies we have demonstrated that a mAb, F28C4, possessing a CRId 

with TCR from certain encephalitogenic T cells can prevent with nearly 100% effec

tiveness both the active and adoptive inductions of EAE regardless of species, MHC 

haplotvpe, or encephalitogenic epitope. Furthermore, we have demonstrated that the in

tact Ab is necessary for optimal protection from disease. In addition to its value as a
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vaccine, F28C4 also possesses therapeutic potential. Further implications for the thera

peutic potential of F28C4 lies in the demonstration that the L chain borne by F28C4, 

V /jc, has a human homolog, V/wVUI. It appears that F28C4 is manifesting its effects 

through the induction of an F30C7-like anti-id response that inhibits proliferation of en

cephalitogenic T cells through the induction of a CD4~/CD25~ regulatory T cell re

sponse. Collectively, these results suggest that a novel and specific way o f modulating 

autoimmune disease is with mAb possessing CRId inducing the generation of 

CD4'/ CD25~ regulatory T cells to down-regulate the autoimmune process while leaving 

the rest of the immune system intact.
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ne roucwnc aosiissaon was ŝvtswec arse! acsrovec ov tne universEv af A.acar-ia 3:
Bcmi-gnEir tnsotuscna. Animal Care ana Use Ccmnisee 'lACJOi an wav 'I . ZQC'..

Ttle si .-.coiicsccn: TheraDeunc .'accine Far Mvasthama Gravis
=uns Scans: Muscular Dystrssnv Assoc.

~ms rfurjTuuar. nas an .Anims: Welfare Assurance or file wttn me Dries sf _3cc:aaar. Anima. 
welfare :C_AW, . Assurance Numoer AZZEE-C"; anc is rscrsterse as a Ressarsr. =aciirty wsr me 
unites States Eecsrrmeni at Agncunure. Tie arena care anc use program is acsreshec cy Sie 
-sscmaocr tor Assessment ans Acsresraos" of Lasaratsrv Animai Care :Aa.al.aC trasmaccnsi:.

in rtm itw n a : -m rm ei C arr s n e  U se C om nuSee ~~H: _.^v*r;KTv ^
C corner —» i sr ocrrjr.cnar

*"*“  ”rr  Av«r\j€ Scut?* ma»«nc A scresc
2".:S S3* ~SJSZ « =?ri aC-m * -2 c  ,l-  2 tC

^ i c u r t t u a c . a c u  'C 3 C  3 R D  a v £  3
a-.— - .vrr* '■“Tt..\..Gr-_—. -n_ .JET’’ *

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



APPENDIX B

INSTITUTIONAL REVIEW BOARD 
APPROVAL FORM

R e p ro d u c e d  with p erm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .



Protection of Human Suajeers 
Assurance iderTtmcation/Cerdficanon/Deciarstion 

________________ 'Common =«deraf Rute>_________________
^sucv* nesoercr. activities -nvsivinc m n r .  suowsro mav nor se  | msssvoons witn an assurance or rcm oitance tnat cowan tn e  /ssaorer 
scncuctac or ausocrta c  ov m e Oasarrmamc anc *cenctes aooetm cits ce  sanouctac on fUe wrtn trw Deoarrmam. ie e ricv  or tne 
tne Zzrrxnar. 5uie .55FR2BCCZ. -une *2. ’ 5 2 ' urease :n* acnvrtiea;O eoartm art or weattn anc n u n ts r  Services anoutc aucm r
are axemcr rrorr. cr aaorovac :r. esoorcance wstn tne common *uie.: cemftaarron or inB review anc aocrsvai w ttr * « y  sssu cessr. or 
See sac&cr. TC'tOt tne common rute rer axamonona. instnuxions toroocasi unteas anonw ac aeviaac cv me Zeoanmvnr or *oencv. 
suorrtrmnc asoncsoons or orososats tor tupocrt must suom ^t insrrtunona writer oc n e t nave su d t a r  assurance must auom r an 
cenrfcstier or anoroonate tnstmnxcnai Review Boa re nflSt review and I assurance anc cem ftc an c r  or !P.E rivm w  anc ascrovaj wttrvn 2Z oevc 
eoomvet to tne Zieoartmenc or Acencv t . icocraance wrtr tr* to r a written m cusst rrom tne Zecarsm ent o r -q e rc v

Renues: Tyoe 2. “ /P* cf Mecnaresir . 2. Nam* a  =eoarai D eoanm ert or Aoancw anc. if mown.
1 3  O R IGINAL □  G R A N T  3  C O N T R A C T  ~  = = L -O W 5 H ;=  , s o a “ 5 r? r :B “  '« « & = B a r  nc.

i  “IB* a? AssiiceDcn or acbvjtv ‘ L  N am ecf Prmeac* jnvess5 8 t c r &rc5 r s n  3«rasar, rattew zr
—Cr**set Sutras and Mumcm Scrercoic : Ztner 4L3CK. J 53W1»r*t
tv. -Laurence Status or trtts ~rxt± a  , R ecocrc s  one or n e  rooawtns;

*9» _ _This assurance, or ffte wttr -racanmem of negcr anc nursan oervcaae. covers tn» acovttv
Assurance loentfccaocr no. it- :RB camtftsaaon nc _ _

“ *1* Aaaumnce. on rite wan .eggrrcv/aeot) revere m e aenvttv
Assurance tcatmftcacs r  nc. ’R£ toemtfjosaan nc -it msa6saa»i

- 2  Nc assurance roc c ee r fhec tcrtntc crow d "'h« restitution csctares tne: ft wWI orovca an Accurancs a rc  Z-enlfisaaan cr >.R£ -avm #  a n c  aocrovaj 
osor lesuesi.

Baemsiior StRos- numa r  auow cs am rnvavec. a r  ttiw acovsv cu»t5ea tor eaemonon onoer S e g ^ n  • g* : s agraqraon_____
* Zamfcrmra of iR£ Review =leoocnc ® one crcte  roitowmg Is  vcu nave an **su?ans» on ffle>

2  “ ha: acovttv' n a se v e r ,-ev»ewec anc acsmvec 3v tneIRB m acsorsance wic: tn* eommonruie one anv otner cavem in; *egutaoons cr r;>r;p«rg» or 

rata. ‘ » v ^ ov** ^uii ’RB Review or 2  caaecags Review

“ rm. ecovrty csnatno muiiioie oroteoa. some ct wmcr. neve net c ee r  rsvmwec. “he  in s  nas gnruec ooarcve. on eanccar. mat an 

Z. Zom nana

= ia a s a  n c ie :  J A 5  IrtB  ^ ro x c c c ; N u m u e r ts  ^ 2 0 0 2 2 4 0 1 0  

3ft : a c z . s u d is c :  tD ^ n n u a t  s s n t m u r a  r s '/^ w .

s “ ne gffto a i eioreng oeitw oanraes ots: Tie trsormtton orcvtoec aoove is *Z. r« m a  anc ^screes of matnuuor
c s r a c  anc c tx . as recutmu. hcune reviews wsl o* oenortnas sns   _

universttv or Aiscsirts av coirmtncnsrT' 
t ^ to n e  Nc. -wrtr anm  scoe. -Z-. .'ic. iwttr am* coce. “ C* 2Ctf! StTBBf SctHT

5SS-27SS .205. H3-'.3C' EnTrmcrar:. ^ 2529^
iZ  Nam* t  Offtaat

Mariivn Dess. ‘/..A.
t -  -? te

Vies C .'hsr, IR 5

*5 Signatura ?£. Dale

7 >*:7-22?^rr'
^t.Tr-r r-^ r w  ^ S iip fffijM r. —-»Rwt c“?C/Rev aaonsBrac  av r iH g N fr

—jCiic -eoonmg curoer. s r i r ®  o c a a s s n  cr inrcrrtamor a  e cm etec  c  avarace taas tnar a r  nour oer rgsoonas. n r  agency mew tcc  t m oucr  crsconsor 
anc a  nem sr % nc; raourgs & -essonc  a .  s  oatewsor  -or cesrmaBor jn tese t  ossiavs a  eurmnav -fmxa ZJwE comrdt numoer. Zanc c sm m en s  recananc 
Cosouraer esam eie ar snv ctner asoecrorcm  — of mrormaoon. ffugy^fannr  w  rweigang m»e ourcer. tc: NIH. P r p e d  d a a ran c a
Zffct. 5?T* RocKiscoe Znve. WSCTT3Z. setnesca. Uc. Z0SST-^3C. RTTN: RRa 3S2S-OatC. Zc nor n a u rr  Tie comoeMec m m  rc  dec edczreso.

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



GRADUATE SCHOOL 
UNIVERSITY OF ALABAMA AT BIRMINGHAM 

DISSERTATION APPROVAL FORM 
DOCTOR OF PHILOSOPHY

Name of Candidate Brett D. Noerager_______________________

Graduate Program Physiology and Biophysics________________

Title of Dissertation Cross-Reactive Idiotvpes: Vaccine Targets for 

__________________ Autoimmune Diseases____________________

I certify that I have read this document and examined the student regarding its 
content. In my opinion, this dissertation conforms to acceptable standards of 
scholarly presentation and is adequate in scope and quality, and the attainments of 
this student are such that he may be recommended for the degree of Doctor of 
Philosophy.

Dissertation Committee:

Name

J. Edwin Blalock

Frederick S. Galin

Richard B. Marchase

Douglas A. Weigent

Thane Wibbels

Chair

Signature

A. S  <2>

Director of Graduate Prograi 

Dean, UAB Graduate School 

Date.

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .


	Cross -reactive idiotypes: Vaccine targets for autoimmune diseases.
	Recommended Citation

	tmp.1716579362.pdf.BuHrc

