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Abstract
Multiple sclerosis (MS) is a chronic demyelinating disorder of unknown etiology, possibly caused
by a virus or virus-triggered immunopathology. The virus might reactivate after years of latency
and lyse oligodendrocytes, as in progressive multifocal leukoencephalopathy, or initiate
immunopathological demyelination, as in animals infected with Theiler’s murine
encephalomyelitis virus or coronaviruses. The argument for a viral cause of MS is supported by
epidemiological analyses and studies of MS in identical twins, indicating that disease is acquired.
However, the most important evidence is the presence of bands of oligoclonal IgG (OCBs) in MS
brain and CSF that persist throughout the lifetime of the patient. OCBs are found almost
exclusively in infectious CNS disorders, and antigenic targets of OCBs represent the agent that
causes disease. Here, the authors review past attempts to identify an infectious agent in MS brain
cells and discuss the promise of using recombinant antibodies generated from clonally expanded
plasma cells in brain and CSF to identify disease-relevant antigens. They show how this strategy
has been used successfully to analyze antigen specificity in subacute sclerosing panencephalitis, a
chronic encephalitis caused by measles virus, and in neuromyelitis optica, a chronic autoimmune
demyelinating disease produced by antibodies directed against the aquaporin-4 water channel.
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Multiple sclerosis (MS) is a highly disabling, chronic neurologic disease. Approximately
300,000 to 400,000 Americans are affected, resulting in more than 3000 deaths per year with
an estimated annual morbidity cost of more than $2.5 billion. Most patients are young
adults. Disease begins between ages 15 and 45 years and has a relapsing-remitting course,
although a substantial proportion of patients develop chronic progressive disease. The
pathologic hallmark of MS is the plaque, an area of white matter demyelination, often
inflammatory. Active plaques consist of mononuclear cell infiltrates concentrated in
perivascular spaces composed of T cells, B lymphocytes, plasma cells, and macrophages.
Demyelination is widely considered to be the product of an immune-mediated pathology in
which Th1 and Th17 CD4+ T cells promote a CNS inflammatory response. Myelin
destruction may also occur in the absence of lymphocytic infiltration, suggesting a role for
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endogenous glia, such as microglia or astrocytes, as a source of injury mediators (Barnett
and Prineas 2004). IgG is present primarily at the periphery of plaques (Fig. 1). Although its
role is unknown, the IgG could be antibody against an infectious agent. Based on the
deposition of activated complement in MS plaques, antibody could be immunopathologic.

In this article, we discuss the evidence for a viral cause of MS and describe features of
persistent virus infection in the brain, summarizing virus-induced demyelination in humans
and animals. We also review previous attempts to identify an infectious agent in MS brain
cells, as well as a promising strategy toward this goal based on the use of recombinant
antibodies (rAbs) prepared from clonally expanded plasma cells in brain and CSF of patients
with chronic CNS disease. Indeed, successful use of such rAbs derived from patients with
subacute sclerosing panencephalitis (SSPE), a chronic encephalitis caused by measles virus
(MV), and from patients with neuromyelitis optica (NMO), a chronic autoimmune
demyelinating disease produced by antibodies directed against the aquaporin-4 water
channel, provides proof of principle that these reagents can serve in identifying antigen
specificity in diseases that reveal molecular and immunologic features similar to those of
MS. Finally, we discuss new strategies and technologies that use peptides and
bioinformatics to identify antigens in MS.

Case for a Viral Cause of Multiple Sclerosis
The cause of MS is unknown but is likely triggered by a virus based on evidence from
studies in a variety of fields. Epidemiologic analysis of MS cases in the Faroe Islands from
1920 to 1977 indicated a point-source epi-demic, probably introduced by the British troops
or their baggage (Kurtzke and Hyllested 1979). Studies of identical twins discordant for MS
have shown that only 30% of the other twins develop disease, suggesting that more than a
putative susceptible genome determines disease (Spielman and Nathanson 1982). Similarly,
in a mouse model of demyelination produced by Theiler’s murine encephalomyelitis virus
(TMEV), there are genetic components that are critical for disease susceptibility. For
example, TMEV infection produces demyelination in SJL/J mice but not in C57/Bl mice.
Recently, analysis of the mRNA transcriptome and epigenome sequences of CD4+

lymphocytes from three sets of MS-discordant, monozygotic twins revealed no reproducible
differences that explained disease discordance (Baranzini and others 2010). Furthermore,
there are no genetic disorders in which the brain and CSF contain oligoclonal IgG (OCBs).
Therefore, the high risk of MS in siblings and twins most likely reflects virus infection
superimposed on a susceptible genetic background.

Indirect evidence that a virus may cause MS comes from the association of acute virus
infection with encephalomyelitis. Multifocal demyelinating disease compli-cates vaccinia
(smallpox) vaccination. Demyelinating disease also occurs in 1 of 1000 patients after
primary MV infection. Acute disseminated encephalomyelitis after smallpox vaccination or
measles is uncommon because smallpox vaccination has been discontinued, and most
children are immunized against MV. Today, the trigger for most cases of acute disseminated
encephalomyelitis is unknown, and the mechanism of disease, although postulated to be
immune mediated, remains unproven.

An important clue to understanding the cause of MS is provided by the lifelong presence in
these patients of OCBs and the elevated IgG proportions of CSF protein (15%-30% or more
compared to ≤13% in normal human CSF). Ig is predominately IgG1k and, unlike the
heterogeneous distribution of polyclonal Ig observed in normal CSF, resolves as discrete
IgG bands when separated by isoelectric focusing gel electrophoresis (Link and Laurenzi
1979). OCBs in CSF are detected in 88% to 100% of MS patients and remain a sensitive
laboratory test that supports the clinical diagnosis. In other chronic CNS infectious
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disorders, such as neurosyphilis, tubercu-lous meningitis, fungal meningitis, and SSPE, the
OCBs are antibodies directed against the agent that causes disease. The classic article by
Vandvik and others (1976) demonstrating that nearly all the oligoclonal IgG in SSPE CSF
and brain is directed against MV was followed by the demonstration that OCBs in the CSF
of patients with cryptococcal meningitis are antibodies directed against cryptococcal antigen
(Porter and others 1977) and that the oligoclonal IgG antibody in the CSF of patients with
neurosyphilis is directed against Treponema palladium (Vartdal and others 1982). Table 1
lists multiple CNS diseases of humans and two examples of demyelination produced by
experimental infection of mice with picorna-viruses and coronaviruses, respectively, in
which the oligoclonal IgG in CSF is directed against the agent that causes disease. Because
oligoclonal IgG is seen almost exclusively in CNS disorders of infectious origin and because
the antigenic targets of the OCBs are directed against the agent that causes disease, it is
likely that MS is also triggered by an agent against which the antibody response in the brain
and CSF is directed. Furthermore, the antibody in MS might be immunopathologic, although
there is no evidence that this is the case in any other chronic CNS disease in which OCBs
are present. In fact, there is substantial evidence that the humoral response reflected in the
oligoclonal IgG is not directed against myelin basic protein (MBP), proteolipid protein
(PLP), or myelin-oligodendrocyte protein (MOG), autoantigens capable of inducing
experimental allergic encephalomyelitis (EAE). This does not exclude the possibility,
however, of a cell-mediated immunopathology after virus infection.

Persistent Virus Infection
Persistent virus infections may cause chronic neurologic disease and demyelination. In
SSPE, a chronic inflammatory disease of both gray and white matter with elevated titers of
MV antibody in serum and CSF, paramyxovirus nucleocapsids can be identified in affected
brains, and infectious virus can be isolated from brain explants. Similarly, progressive
multifocal leukoencephalopathy (PML), a fatal human demyelinating disease caused by a
human papovavirus (JC) infection of brain oligodendrocytes, can be isolated from infected
brain by cocultiva-tion of explanted brain cells with normal human fetal brain. Not
surprisingly, attempts to produce an infectious model of demyelination by experimental
infection of rodents with JC virus failed. Instead, viral infection led to tumors because of the
oncogenic potential of papovavi-ruses. To date, PML is the only human demyelinating
disease for which a viral cause is known.

Demyelination in Animals
Experimental infection of mice with TMEV produces an acute polioencephalitis. Animals
that recover are often persistently infected and develop demyelination. Immunosuppression
after resolution of acute poliovirus encephalitis abrogates late demyelination in persistently
infected mice, indicating that disease is immune mediated. The immune response is directed
against the virus. The ability of TMEV to persist in macrophages provides a potential
mechanism for demyelination in which virus liberated from apoptotic macrophages infects
oligodendrocytes, producing a lytic infection and demyelination (Fig. 2). Multiple strains of
coronaviruses also produce immune-mediated demyelination.

Multiple Sclerosis Is Probably Caused by a Single Agent
Because of the pleiotropic presentations of MS, some researchers believe that more than one
infectious agent causes or triggers disease. This conclusion, however, may unduly
complicate investigations aimed at identifying a causative agent. T. pallidum, the cause of
neurosyphilis, is a good example of a single agent capable of producing multiple CNS
pathologies. Multiple manifes-tations of neurosyphilis include diffuse parenchymatous
disease (general paresis), inflammation in cerebral arter-ies (meningovascular syphilis),
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isolated disease of the optic nerve (syphilitic optic atrophy), lesions restricted to the
posterior roots and columns (tabes dorsalis), or a solitary mass lesion (a syphilitic gumma).
Interestingly, the spectrum is quite similar to MS.

Attempts to Identify an Infectious Agent in Multiple Sclerosis Brain Cells
On the basis of the successful isolation of MV from SSPE brain and JC virus from PML
brain in tissue culture, brain cells from MS patients have been propagated in tissue culture
using the same techniques employed to rescue herpes simplex virus from human trigeminal
(Warren and others 1977), nodose, and vagus (Warren and others 1978) ganglia. Although
sufficient quantities of brain cells were obtained from patients with MS, the neurons did not
survive subcultivation in tissue culture (Wroblewska and others 1975). In alternative
approaches, brain cells were both cocultivated and fused with MS brain cells in an attempt
to obtain a cytopathic effect (CPE) produced by an infectious agent. After cell fusion using
lysolecithin or polyethylene glycol, cells were observed for a CPE and examined by
immunofluorescence for binding to antibodies directed against various DNA and RNA
viruses. Explanted and fused MS brain cells were also inoculated into embryonated hen
eggs, rodent species, and chimpanzees in additional attempts to produce neurologic disease.
An MS-specific agent was not found. Interestingly, inoculation of MS brain into mice
resulted in activation of an endogenous mouse virus (the WW strain of TMEV) that
produced demyelination (Wroblewska and others 1977). Furthermore, a chimpanzee
inoculated with MS brain cells developed demyelinating disease (Rorke and others 1979),
and a simian cytomegalovirus was isolated from the brain of this animal (Wroblewska and
others 1979).

Another approach used to isolate virus from MS brain involved the search for a pseudotype
or “transvestite” virus. A pseudotype virus contains the genome of one virus and the protein
coat of a second virus and may be produced by cells in tissue culture containing an
enveloped virus after superinfection with vesicular stomatitis virus (VSV). The presence of a
pseudotype virus is readily detected based on a small fraction of virus that is resis-tant to
antibody against VSV but neutralized by antibody directed against the second virus (Gilden
and others 1981). MS brain cells in tissue culture were infected with VSV, harvested when
CPE appeared, and assayed for a VSV nonneutralizing fraction; however, no enveloped
virus latent in MS brain cells was discovered.

Antigen Specificity in SSPE
In both MS and SSPE, antibody is produced intrathecally in brain and CSF. Most antibodies
in SSPE brain are IgG (Vandvik and others 1976). Resident antibody-producing cells can be
identified with the phenotype-specific markers indicative of B lymphocytes (CD20) or
plasmablasts/plasma cells (CD38 or CD138) (Fig. 3; Burgoon and others 2005). These cells
are the likely source of the restricted OCB pattern seen in CSF, but not in serum, of affected
individuals. Individual B lymphocytes and plasma cells can be isolated from the parenchyma
of postmortem SSPE brains by laser-capture microdissection or from SSPE CSF by
fluorescence-activated cell sorting (FACS) analysis. After reverse transcription of the RNA
in detergent lysates from single plasma cells, the variable region of IgG sequences can be
PCR amplified to identify the sequence of the functional antibody that is expressed. By
collecting and analyzing large numbers of cells, a representative repertoire of the intrathecal
IgG expressed in each SSPE patient is obtained (Burgoon and others 2005; Owens, Ritchie,
and others 2007). Normally, no two antibody sequences are identical between patients.
However, in SSPE brain and CSF, many plasma cells are composed of clonally expanded
populations that express the same or closely related IgGs. IgGs expressed in SSPE brain and
CSF are somatically mutated from their corresponding germline sequence, most of which
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are distinct from the immune response seen in the serum of the same patients. All these
features of antigen-driven selection are also observed in the B lymphocyte and plasma cell
repertoires isolated from MS CSF (Owens and others 2003; Ritchie and others 2004).

To study antigen specificity, IgG sequences obtained from plasma cells in SSPE brain have
been expressed as functional IgG (Burgoon and others 2005; Burgoon and others 2006).
From the plasma cell repertoire of a single SSPE brain, the heavy-chain variable regions of
eight clonally expanded plasma cell populations were cloned into mammalian expression
vectors that already contained the appropriate constant regions and leader sequences needed
to synthesize an intact IgG1 heavy chain. The corresponding light chains (κ or λ) identified
from the same SSPE plasma cells were also cloned into mammalian expression vectors.
After cotransfection of the heavy and light chains into mammalian HEK293 cells, intact
human IgG was synthesized and secreted into the culture medium from which a monoclonal
rAb was purified. Analysis of eight rAbs from clonally expanded plasma cell populations
revealed that five reacted specifically with the nucleocapsid protein of MV, the cause of
disease. These rAbs also identified MV antigen in enzyme-linked immunosorbent assay
(ELISA) as well as by protein immunoblotting, immunoprecipitation, and immunostaining
of MV-infected cells. By expressing the FLAG epitope (Hopp and others 1988) at the
carboxyl terminus of the rAbs, we also showed that despite the presence of native human
IgG, these anti-MV rAbs detected their corresponding antigens in SSPE brain (Burgoon and
others 2005). The dominant reactivity of the rAbs to MV nucleocapsid protein reflected the
same prevalence seen during natural MV infection and in SSPE (Norrby and Gollmar 1972;
Lin and others 1982). Interestingly, half of the rAbs prepared from nonclonal IgG sequences
(defined as expressed only once in SSPE brain) reacted with MV (Burgoon and others
2006). Moreover, rAbs that did not react with MV antigens in current assays did not react
with other antigens, confirming earlier findings in SSPE that most of the intrathecal
antibody response is disease relevant (Vandvik and others 1976).

The successful identification of disease-relevant MV antigens with recombinant IgG from
SSPE brain has also been achieved by analysis of CD138+ plasma cells from SSPE CSF.
Analysis of IgG-producing plasma cells and antibodies in CSF parallels findings in SSPE
brain where MV persists. CD138+ plasma cells were FACS sorted from CSF during disease
and deposited into 96-well plates, and the IgG transcripts from individual plasma cells were
amplified and sequenced. Multiple assays revealed that rAbs produced from each of four
expanded CD138+ clones reacted with either the MV fusion or nucleocapsid protein
(Owens, Ritchie, and others 2007), further confirming earlier reports that the humoral
response in SSPE CSF is disease relevant (Griffin 2001).

To enhance strategies to identify an MS antigen, rAbs prepared from clonally expanded
populations in SSPE brain have been used to biopan phage-displayed random peptide
libraries to map their corresponding MV protein epitopes and demonstrate that the peptide
sequences selected by panning can be used to identify target antigens for the rAbs in
database searches (Owens and others 2006). Four rAbs that reacted strongly with MV
antigens were biopanned with a commercial phage-displayed library of random 12-mer
peptides. Phage that bound to rAbs were eluted, amplified, and reapplied to SSPE rAb in
successive rounds of panning. After three rounds of panning, bound phage were examined.
One or more specific peptide sequences that were enriched in each panning experiment
bound specifically to their panning rAb in subsequent ELISA assays. Alignment of the
peptide sequences enriched by SSPE rAbs revealed core amino acid motifs in the peptides.
Search of the viral and mammalian National Center for Biotechnology Information (NCBI)
database using consensus peptide sequences obtained with two rAbs revealed several
homologies, and restriction of the search to viral protein sequences in the nonredundant
database identified precise epitopes on the MV nucleocapsid protein. These specificities
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confirmed an earlier study in which SSPE IgG and rAbs were biopanned with phage-
displayed cDNA expression libraries constructed from SSPE brain (Burgoon and others
2001). Application of the biopanning strategy to IgGs and rAbs identified in MS patients
(Rand and others 1998; Yu, Gilden, and others 2006) is discussed later in this review.

Varicella Zoster Virus in Multiple Sclerosis
Varicella zoster virus (VZV) is a ubiquitous, exclusively human, highly neurotropic
herpesvirus. Childhood infection is virtually universal. Primary infection produces varicella
(chickenpox), after which VZV becomes latent in ganglionic neurons along the entire
neuraxis. Thus, VZV is a reasonable candidate MS virus. The detection of VZV DNA in
CSF and peripheral blood mononuclear cells (MNCs) of MS patients (Ordonez and others
2004; Mancuso and others 2007; Sotelo and others 2007) suggested a link between VZV
infection and MS and was reinforced by the presence of herpesvirions and VZV DNA in
CSF and peripheral blood MNCs within one week after exacerbations of patients with
relapsing-remitting MS (Sotelo and others 2008). Our analysis of CSF from four MS
patients obtained within eight days of exacerbation, from one patient obtained during
remission, from three patients with a clinically isolated syndrome (CIS) at high risk for
developing MS, and from six patients with other infectious neurologic diseases (OINDs;
Burgoon and others 2009) revealed no herpesvirus particles in CSF of any patients using the
same electron microscopic and quantitative PCR techniques described by Sotello and others
(2008); herpesvirions were readily identified in similarly prepared supernatants from VZV-
infected cells in tissue culture. Furthermore, our PCR did not detect VZV genomes in CSF
from any MS, CIS, or five of the six OIND patients or in DNA extracted from acute plaques
of two MS patients. In contrast, using primers from three distinct regions of the VZV
genome, we did amplify VZV DNA in CSF of a patient with VZV radiculomyelitis and in
supernatants of VZV-infected cells in tissue culture. Furthermore, our analysis of the
antibody response of MS patients for reactivity to VZV showed that CSF IgG from 43 of 53
MS patients and three of eight OINDs were VZV positive by ELISA, and antibodies in
several of these CSFs successfully immunoblotted VZV (Sargsyan and others 2010). These
findings of measureable VZV activity are not surprising because MS CSF contains
antibodies against multiple ubiquitous viruses such as VZV, Epstein-Barr virus (EBV), and
rubella (Forghani and others 1980). Importantly, none of 43 rAbs prepared from clonally
expanded plasma cells in MS CSF recognized VZV in multiple immunoassays, indicating
that intrathecally synthesized oligoclonal IgG in MS CSF is not directed against VZV-
specific proteins.

Epstein-Barr Virus in Multiple Sclerosis
Like VZV, more than 90% of adults are seropositive for the capsid antigen of the common
herpesvirus EBV. Epidemiological studies have revealed an increased risk for MS in EBV-
seropositive individuals (Ascherio and Munch 2000; Ascherio and others 2001). Serum and
CSF of MS patients show enhanced immunoreactivity to the EBV-specific proteins BRRF2
and EBNA-1, and in ~13% of MS patients, a small fraction of the CSF oligoclonal IgG is
removed by incubation with purified BRRF2 and EBNA-1 proteins (Cepok, Zhou, and
others 2005). More recently, latent and lytic EBV transcripts were detected in MS but not in
a non-MS inflammatory control brain. Aloisi and colleagues reported that up to 90% of B
lymphocytes in active and chronic active MS perivascular white matter lesions and up to
80% of brain-infiltrating plasma cells in MS patients were infected with EBV (Serafini and
others 2007). These results con-trasted earlier findings by Sanders and others (1996) in
postmortem brain samples from 37 MS patients and 49 controls, where PCR detected EBV
DNA in 27% of MS patients compared to 38% of controls; other herpesviruses were
detected more frequently, including herpes simplex virus (47% of MS patients vs. 28% of
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controls), HHV-6 (57% of MS patients vs. 43% of controls), and VZV (43% of MS patients
vs. 32% of controls). Finding no statistical significance, Sanders and others (1996)
concluded that there was no etiologic association between MS and any of the herpesviruses
tested.

Recently, Serafini and others (2010) detected EBV latency transcripts (latent membrane
protein 2A and EBV nuclear antigen 1) in laser-microdissected brain samples from all of
nine cases with secondary progressive MS, as well as B cell-activating factor (BAFF) in
acute MS lesions and in ectopic B cell follicles; BAFF, which plays a role in B cell
maturation and survival, was detected in the cytoplasm of immune cells infiltrating the
meninges of all of six MS brain samples. The expression of BAFF in a variable proportion
of EBV-infected B cells found in meningeal infiltrates and ectopic B cell follicles of MS
brains was suggested to play a role in dysregulation of EBV-infected B cells. Together with
the presence of infiltrating CD8+ cytotoxic T cells, these newer findings pro-moted the
association of EBV with MS and led to the hypothesis that the immune response in active
MS lesions may be secondary to active EBV infection.

To study EBV in MS brain and the role of the MS humoral response to EBV in disease, we
analyzed B lymphocytes and plasma cells in MS brain and CSF for EBV-specific RNA and
performed immunologic assays for EBV antigens (Sargsyan and others 2010). Real-time
quantitative PCR detected EBER-1, the most abundant EBV transcript in latently infected
cells, in positive control EBV-infected cells and in all of five EBV-infected Hodgkin and B
cell lymphomas but not in B lymphocytes or plasma cells from CSF of 20 MS patients or 5
non-MS inflammatory CNS disease controls. Our analysis of 15 plaques from 14 MS
patients, 4 of which contained perivascular cuffs of B lymphocytes and 5 from the same
patients whose plaques were reported to have abundant EBV (Serafini and others 2007),
revealed none of four EBV transcripts (EBER-1, EBNA-2, LMP-1, and BFRF-1). On the
basis of a previous study (Sanders and others 1996) reporting detection of EBV DNA in
approximately 10% of MS plaques, we also examined five of these same lesions by reverse
transcription and real-time PCR. Lymphoma controls were positive for EBV transcripts.
Although we confirmed the presence of the most abundant latency transcript EBER-1 in
three MS brain lesions, previously reported as positive for EBV DNA, we did not detect
EBV-specific EBNA-2, LMP-1, or BFRF-1 transcripts in any of the MS plaques (Sargsyan
and others 2010). A coincident study by Willis and others (2009) that employed in situ
hybridization, immunohistochemistry, and real-time PCR also failed to detect EBV in a
cohort of 12 MS specimens containing plaques with heterogeneous B cell infiltrates. The
Willis study also used real-time PCR to examine a separate col-lection of 12 MS specimens
that included B cell infiltration in the meninges and parenchymal B cell aggregates and only
detected EBV at low levels in 2 of the 12 MS meningeal specimens. The rare detection of
EBV in MS plaques agrees with most published studies of EBV in MS brain, including the
reported higher percentage of EBV-positive samples among nonneurologic disease brains
(46%) and Parkinson disease brains (42%) as compared with MS (27%) and Alzheimer
(25%) brains (Sanders and others 1996).

Another study to compare the presence of EBV in MS lesions to that in normal-appearing
white matter and control brain tissue (Opsahl and Kennedy 2007) detected low levels of
latent and lytic EBV transcripts in all three groups of tissue by in situ hybridization but no
EBV lytic or latent proteins by immunohistochemical staining in any tissue group. No
qualitative or statistically significant quantitative differences between MS lesions and either
normal-appearing white matter or control brain tissue were detected.

Finally, Peferoen and others (2010) examined 632 brain specimens from 94 MS patients,
including 11 patients younger than 50 years old, thus including early-onset disease, along
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with 12 of the same tissue blocks from 12 patients identified as EBV positive (Serafini and
others 2010). In situ hybridization revealed nuclear EBV RNA in only one tissue sample
from a single MS patient. Although no B cell follicles were identified in the MS specimens,
B cell-rich areas were detected and examined by in situ hybridization and
immunohistochemical staining for EBV viral lytic (ZLF1, BMRF1, BFRF3, and BLLF1)
and latent (LMP1) proteins. Although positive controls of EBV-associated tumors, including
CNS lymphoma, were positive by hybridization to EBV-encoded RNA, all MS samples
were negative for nuclear EBV RNA except for one tissue specimen from a single MS
patient. All MS specimens were also negative for EBV by immunohistochemistry, except
for a single specimen that was negative for EBV RNA but stained for multiple EBV lytic
protein markers. Real-time and reverse-transcription PCR to detect EBV genomes or RNA
in five tissue blocks with B cell-rich areas from three MS patients again showed EBV DNA
and RNA in the control EBV-associated tumors and the EBV-transformed cell line JY but
not in any of the MS samples.

Our analysis of paired CSF and serum samples of MS patients revealed IgG indices >0.7 in
85% (17/20) of the MS CSFs and 60% of non-MS CNS inflammatory disease control CSFs,
indicating intrathecal synthesis of total IgG (Sargsyan and others 2010). However,
intrathecal synthesis of anti-EBV IgG antibody (>1.5) did not differ significantly between
MS patients (3/20) and non-MS CNS inflammatory disease controls (2/5). We also tested
whether rAbs generated from clonally expanded MS CSF plasma cells bound to EBV
antigens to indicate disease relevance (Sargsyan and others 2010). Although EBV-infected
B95-8 cells were readily stained with control anti-EBV-gp125 antibody and with MS CSF,
none of 32 rAbs prepared from clonally expanded plasma cell populations in the CSF of four
patients with relapsing or progressive MS bound to EBV-infected cells. These immunologic
findings do not support a specific intrathecal anti-EBV antibody response in MS.

Neuromyelitis Optica
NMO is a demyelinating disorder with a predilection for the optic nerves and spinal cord.
Because NMO and MS share overlapping clinical, laboratory, radiologic, and
histopathologic features, a nosologic distinction between NMO and MS has been the subject
of much debate. Lennon and others (2004) identified a specific immunoglobulin (NMO-
IgG) directed against the water channel aquaporin-4 (AQP4) in the serum of NMO patients.
Subsequent studies confirmed the specificity (91%-100%) of the NMO-IgG biomarker
across diverse patient populations (Jarius and others 2007; Matsuoka and others 2007;
Takahashi and others 2007; Waters and others 2008). NMO-IgG has been detected in the
serum of patients with a spectrum of demyelinating disorders related to NMO, such as
longitudinally extensive transverse myelitis (Lennon and others 2004; Weinshenker and
others 2006), recurrent optic neuritis (Lennon and others 2004), and Asian optic-spinal
multiple sclerosis (Lennon and others 2004; Nakashima and others 2006); importantly, these
AQP4 serum autoantibodies are not found in individuals with classic MS.

The unique association between NMO-IgG and NMO spectrum disorders suggests that the
humoral immune response against AQP4 might directly mediate disease pathogenesis. To
test this hypothesis, we generated rAbs from clonally expanded CSF plasma cells from a
patient with NMO (Bennett and others 2009). Six of 11 rAbs reacted with AQP4. The
AQP4-specific rAbs induced complement-mediated cytoxicity and antibody-dependent
cellular cytotoxicity against AQP4-expressing cell lines. In addition, using the rat MBP EAE
model, we showed that injection of an rAb reactive with rat AQP4 produced pathologic
changes prototypic for NMO—that is, perivascular demyelination with human Ig deposition
and complement activation, polymorphonuclear and granulocytic infiltration, and axonal
transection (Fig. 4)—whereas a human AQP4-specific rAb and an MV-specific rAb did not
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produce a CNS immunopathology (Bennett and others 2009). Similar findings were
obtained after infusion of NMO serum IgG in the rat EAE model (Bradl and others 2009;
Kinoshita and others 2009) or after intracerebral injection of serum NMO-IgG and human
complement into murine brain (Saadoun and others 2010). Together, these experiments
document a direct contribution of AQP4 autoantibodies to NMO pathology.

The overlapping clinical and pathologic features of NMO and MS, as well as the likelihood
that MS is virus triggered, raise the possibility of an infectious agent that might trigger an
autoimmune response against AQP4 in NMO patients. rAb technology is currently being
used to identify the target epitopes on the AQP4 water channel protein in seropositive NMO
patients and to compare them with known viral sequences. Identification of novel targets of
the humoral immune response in seropositive and seronegative NMO patients is also being
pursued. The humoral immune response against AQP4 in NMO may result from molecular
mimicry or epitope spread after primary infection of CNS astrocytes. A full characterization
of the immune response in early and recurrent NMO may identify an infectious association.

Antibody Response in Multiple Sclerosis
The most consistent biochemical marker of disease in MS is the intrathecal synthesis of Ig
reflected as the presence of OCBs. Multiple lines of circumstantial and experimental
evidence suggest that B cells and/or their antibody products contribute to MS disease
pathology: (1) most active MS lesions from autopsy specimens are composed of a mixed
population of T and B cells and characterized by the deposition of immunoglobulins, Fcγ
receptors, and terminally activated complement in association with macrophage activity at
the plaque mar-gins (Luchinetti and others 2000; Breij and others 2008); (2) B lymphocyte
infiltration into the CNS and levels of intrathecal IgG synthesis correlate with disease
severity and parenchymal inflammation (Cepok, Rosche, and others 2005); and (3) anti-B
cell therapy (rituxan) is effica-cious in relapsing-remitting MS patients (Hauser and others
2008). The precise role of B cells in disease is presently unknown but could involve antigen
presentation to pathogenic T cells, the production of proinflam-matory cytokines, or the
synthesis of antibodies to unknown viruses or autoantigens that promote oligodendrocyte
loss or tissue destruction.

Defining a primary antigen of the intrathecal oligoclonal IgG response in MS has been
problematic, and inter-pretation of multiple studies is confounded by the large array of
antibody specificities to infectious agents and various myelin autoantigens that have been
detected in CSF and serum. In most of these studies, antibody binding to specific antigens is
only found in a fraction of MS patients sampled, is often present in control CSF, and does
not correspond to prominent OCBs. Thus, in the presumed absence of a specific antigenic
response, the broad humoral reactivity observed with MS CSF and serum has led to the view
that B cell activation in MS is an epi-phenomenon or generalized “nonsense” response
secondary to disease pathogenesis. The “nonsense” antibody response observed in MS CSF
may be the consequence of long-term chronic inflammation. In experimental studies,
secondary immunization of humans with defined antigen results in the polyclonal bystander
activation of unrelated long-lived memory B cells in proportion to their relative abundance
(Bernasconi and others 2002). Thus, some background “nonsense” B cell response in MS
might be expected, considering ongoing inflammation. The crucial question is whether or
not the prominent intrathecal OCBs in MS are an antibody to disease-relevant antigens.

B Lymphocyte Responses in the CNS
Under normal physiologic conditions, T lymphocytes (~80% of cells), monocytes, and very
few B lymphocytes (<1%) are found in CSF. In contrast, the CSF of patients with MS or
isolated optic neuritis contains significantly increased numbers (~10-fold) of class-switched
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memory B cells and CD138+ antibody-secreting cells (Cepok and others 2001; Corcione and
others 2004; Haubold and others 2004), providing a potentially restricted and disease-
specific population of cells to investigate the MS intrathecal IgG response. The primary
antibody-secreting cells in CSF are short-lived plasma blasts (CD19+, CD27high, CD38high,
CD138+, HLA-DRhigh), which are detected throughout the course of disease and whose
numbers correlate with intrathecal IgG synthesis (Cepok, Rosche, and others 2005).

Sequence analyses of Ig sequences recovered from both brain and CSF of MS patients have
repeatedly identified overrepresented and clonally related IgG variable (V) region sequences
(Owens and others 1998; Qin and others 1998; Baranzini and others 1999; Colombo and
others 2000). Molecular characterization of oligoclonal V region sequences indicates that
they are the products of a postgerminal center and T cell-dependent response; sequences are
extensively mutated, and intraclonal sequence diversification is readily evident. B cell clonal
expansion is observed early in demyelinating disease, with expanded B lymphocyte and
plasma cell clones detected in the CSF of some individuals after the first clinical attack (a
clinically isolated syndrome) and often followed by rapid conversion to clinically definite
MS (Haubold and others 2004; Qin and others 2004).

We and others have used a nonbiased RT-PCR protocol to amplify V region sequences from
single CD19+ and CD138+ cells sorted by FACS into individual wells of a 96-well PCR
plate (Ritchie and others 2004; Harp and others 2007; Owens, Winges, and others 2007). V
regions were sequenced from MS patients with relapsing-remitting MS, from patients with
primary progressive and secondary progressive disease, from MS patients after their first
clinical episode, and from other CNS inflammatory diseases, including SSPE (IC06-1),
chronic meningitis (IC05-2), NMO (ON07-5), and HIV with CNS involvement (HIV08-2)
(Table 2). Expanded plasma blast clones were prominent in each repertoire and varied from
33% to 90% of VH sequences analyzed. The number of clones observed in each repertoire
was in part dependent on the number of functional sequences analyzed. MS05-3 and
MS06-6 CSF repertoires with 100 to 200 CD138+ cell sequences contained the largest
number of clones. Alignment of V region sequences to their most homologous germline
segment revealed somatic mutations in almost all CD138+ VH sequences. The average
degree of somatic mutation for unique V(D)J rearrangements in MS and inflammatory CSF
repertoires was similar, ranging from 91.7% to 94.8% homology (a 1% difference represents
~3 point mutations) and comparable with that observed in sequences analyzed from MS and
SSPE brain tissue (Smith-Jensen and others 2000). A comparison of repertoires from plasma
blasts (CD138+CD19+) and plasma cells (CD138+CD19-) revealed significant sequence
overlap (Winges and others 2007).

A distinguishing feature of MS CSF repertoires is the biased use of gene segments in the
VH4 gene family (Owens, Winges, and others 2007), with approximately 70% of MS CSF
plasma blasts using gene segments of this gene family (Fig. 5). VH4 bias was not observed
in peripheral blood CD19+ IgM+ peripheral blood B lymphocytes sorted from matching MS
or in matching MS peripheral blood memory cell repertoires, indicating tar-geted activation
of plasma blasts in MS CSF repertories. VH4 bias was also found in a chronic meningitis
CSF repertoire (IC05-2) but not in CSF repertoires from SSPE (statistically biased for VH1
family gene segments) or in CSF repertoires from an NMO patient and two HIV patients
with neurologic involvement. Thus, the global VH4 bias observed in MS CSF plasma cells
cannot be explained by increased lifetimes or preferential recruit-ment into the CNS of
memory B cells expressing VH4 gene segments. Instead, each CNS inflammatory disease
repertoire reveals unique VH family biases, most likely molded to the inducing antigen(s).
We further examined VH repertoires from 10 subjects with a clinically isolated
demyelinating syndrome (Bennett and others 2008); repertoires from 6 of these subjects
demonstrated a biased use of VH4 family gene segments in their CSF plasma cell or B
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lymphocyte repertoires, and one patient demonstrated a VH2 bias. Clinically, subjects with
VH4 or VH2 CSF IgG repertoire bias rapidly progressed to definite MS, whereas
individuals without repertoire bias did not develop MS after a minimum of 2 years follow-
up (P = .01). Furthermore, detailed analyses identified a unique V region antibody gene
mutation pattern (signature) in MS CSF B cells that predicted conversion to MS with 91%
accuracy in a small cohort of patients with clinically isolated syndrome (Cameron and others
2009).

Reconstructing the Intrathecal Antibody Response
An advantage of single-cell PCR is the ability to produce rAbs that duplicate the in vivo
pairings of heavy- and light-chain V regions. The production of a large array of rAbs from
dominant plasma blast clones will likely encompass the major specificities of MS CSF
OCBs, based on the direct link between expanded MS CSF IgG clonal populations and
specific OCBs established using proteomics (Obermeier and others 2008). OCBs excised
from gels were trypsinized and peptide fragments separated and sequenced by mass
spectrometry, identifying highly specific peptide sequences that aligned with unique patterns
of V region somatic mutations for almost all VH and VK clonal populations amplified from
matching MS CSF.

To validate the utility of CNS-derived rAbs for antigen identification, rAbs were produced
from plasma cells recovered from the brain or CSF of patients with SSPE. As in MS and
other CNS inflammatory diseases, B lymphocyte clonal expansion was prominent in SSPE
CSF and brain, and most rAbs derived from plasma cell clones bound to either MV
nucleocapsid or fusion proteins (Burgoon and others 2005; Owens, Ritchie, and others
2007). We have produced >70 CSF-derived bivalent human IgG1 rAbs from patients with
relapsing-remitting MS, including CSF obtained after an initial clinical event, and from
primary- and relapsing-progressive MS patients (Owens and others 2009). As additional
controls, human-ized (Hu) chimeric rAbs were generated from antimyelin hybridomas
directed against myelin proteins (MBP, PLP, or MOG) in which murine V region sequences
were fused to human constant (C) regions.

Because MBP, PLP, and MOG can induce EAE, these proteins have been thought to
represent prominent autoantigens in MS. Anti-MBP and anti-MOG antibody responses have
been analyzed extensively, with discordant results regarding antibody prevalence in MS
serum and CSF (Berger and others 2003; Kuhle and others 2007). Thus, MS CSF-derived
Abs were extensively assayed for binding to these myelin proteins. Because immunostaining
is a reliable assay for identification of conformational epitopes, MOG, MBP, and PLP
overexpressed in HEK 293 cells were assayed for binding to control Hu chimeric and MS
rAbs. Whereas all of the chimeric Hu rAbs readily duplicated the antigen specificity of
parent hybridomas as demonstrated by specific staining of MOG-transfected cells with Hu
MOG 6D7 rAb (Fig. 6), none of the MS CSF-derived rAbs produced in our laboratory
reacted with cells expressing MOG, MBP, or PLP. This absence of specificity for myelin
proteins parallels results using a sensitive solution-phase immunoassay that did not detect
high-affinity anti-MBP (O’Connor and others 2003) or anti-MOG (O’Connor and others
2007) antibodies in MS CSF, although high-affinity anti-MOG Abs have been found in CSF
of patients with acute disseminated encephalomyelitis.

Peptides and Bioinformatics in Identifying MS Antigens
Epitopes and Mimotopes

B cell epitopes are the antigenic determinants recognized by antibodies ultimately produced
by stimulated B cells. A single antigenic protein usually contains multiple epitopes. Two
types of epitopes are recognized by antibodies: linear, which are formed by a continuous
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sequence of amino acids in a protein, and conformational, composed of amino acids that are
discontinuous in the primary sequence but are brought together by protein folding. Linear
epitopes can be identified by screening of combinatorial synthetic peptide libraries or
expression libraries derived from organisms or tissues, and conformational epitopes can be
identified by x-ray crystallographic studies of antigen-antibody complexes. Mimotopes are
epitope-mimicking structures (Hirabayashi and others 1996) with peptide sequences that
differ from the original antigen sequence. Because mimotopes can mimic both linear and
conformational epitopes (Felici and others 1993), they are potent tools for gathering
information about most B cell epitopes (Riemer and others 2005).

Phage-Displayed Random Peptide Libraries
Phage-displayed random peptide library technology represents a novel approach to identify
epitope/mimotope specificity in which high-affinity phage clones can be enriched by affinity
selection on a monoclonal antibody (Scott and Smith 1990). The library contains a large
number of random peptides (2.7 × 109), which allows identification of rare epitopes not
detected by conventional methods. This technology can be used to determine target
sequences for monoclonal antibodies that recognize both linear and conformational epitopes.
Combinatorial approaches allow the selection of ligands in an unbiased functional assay
without preconceptions about the nature of targets in disease (Mintz and others 2003).
Phagedisplayed random peptide libraries have successfully identified a rheumatoid factor-
specific mimotope (Zhang and Davidson 1999) and have mapped neutralizing antibodies to
the Puumala hantavirus (Heiskanen and others 1999), HIV antigens (Ferrer and others
1999), and coronavirus-specific epitopes (Zhong and others 2005).

Linear (12-mer and 7-mer) and circular phagedisplayed peptide libraries (C7C) are
commercially available. The Ph.D.-C7C circular library contains displayed peptides
structurally constrained in a 7-residue disulfide loop, allowing productive binding
conformation with higher affinity than the same sequence expressed in a linear library. We
have successfully used MS rAbs to select high-affinity phage peptides by panning phage-
displayed random peptide libraries. The basic panning protocol to identify specific peptides
of target antibody involves incubation of the peptide libraries with individual antibody
coated onto wells of Reacti-Bind protein A plates (Pierce, Rockford, IL), washing away
unbound phage and elution of specifically bound phage with low pH buffer (0.2 M glycine,
pH 2.2). Eluted phage are titered and amplified in mid-log growth Escherichia coli ER 2738
cells and taken through additional binding/amplification cycles to enrich for specific binding
peptides. After two to three rounds, individual clones are characterized, and positive phage
peptides are identified by DNA sequencing (Fig. 7). For antibodies that fail to select any
positive phage peptides after three rounds of panning, fourth and fifth pans are usually
performed using an ultrafast panning method recently developed in our lab (Yu and others
2009). This method uses phage amplified in mid-log growing E. coli (50 minutes at 37 °C)
in the presence of the selecting antibody for subsequent panning without further phage
purification, obviating the need for traditional large-scale amplification and purification.
This brief E. coli infection/amplification step yields sufficient phage for subsequent rounds
of panning within one day as compared to six days required in traditional panning.

We have also developed a streamlined protocol for determining phage peptide specificity
after affinity selection (Fig. 8). Briefly, individual phage plaques from both second and third
pans are amplified in high-throughput U96 DeepWell plates (Nunc, Rochester, NY), and
their reactivity to the panning antibody is determined by single-point ELISA using crude
phage cultures without further purification (Yu, Owens, and others 2006). The potential
positive clones are then large-scale amplified and confirmed by dose-dependent ELISA.
Only DNA from positive phage clones is purified and sequenced. Several independent
assays are routinely performed in our lab to determine phage peptide specificity and affinity,
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including dose-dependent ELISA, competitive inhibition assays, and immunoblotting (Yu,
Gilden, and others 2006). If the selecting antibody is limited and cannot be replaced like MS
CSF, a highly sensitive technique termed phage-mediated real-time immuno-PCR (IPCR) is
used (Yu and others 2007). In IPCR, antibody (CSF or sera or MS rAb) is coated onto wells
of ELISA plates, and phage peptides are added. After incubation and washing, bound phage
are lysed, and phage DNA is detected by PCR. This technique exploits the fact that phage
particles can be used both as binding antigen and as a DNA template for quantitative PCR
amplification. Thus, phage IPCR links the physical association between phenotype (the
displayed peptide) and genotype (the encod-ing DNA) within the same phage particle. We
have demonstrated that phage IPCR reproducibility detects as few as 100 phage particles
(Yu and others 2007).

Bioinformatics in Examining MS and Antigens
Bioinformatics tools to examine phage peptides have been used successfully to identify
cognate antigens for cytomegalovirus (Kohler and others 1987) and HIV (Jin and others
2000). Sompuram and others (2008) applied the newly developed technology of epitope-
mediated antigen prediction (E-MAP) to accurately identify antigen targets of multiple
myeloma. Those authors reconstruct protein epitopes by analyzing peptides that bound
strongly, compiled the data, and interrogated the nonredundant protein database for a close
match. Human cytomegalovirus was identified and confirmed by multiple immunoassays as
one target in myeloma.

Using an approach similar to that involving rAbs cloned from clonally expanded plasma
cells in CSF of patients with SSPE to identify MV epitopes from phage-displayed random
peptide libraries, we screened phage peptide libraries with rAbs generated from the CSF of
patients with MS and identified high-affinity peptides reactive to both panning MS rAb and
native CSF IgG (Yu, Gilden, and others 2006). The short length of the peptides (7 and 12
amino acids) will allow alignment to a protein database to determine corresponding protein
antigens and thus reveal numerous candidate target proteins. Tog maximize the chance of
selecting the best-fitting corresponding protein antigens, the critical amino acid residue(s)
within each peptide is determined using peptide mutagenesis. Substitutional analysis of
peptides is performed to delin-eate MS peptide binding supermotifs with key amino acid
residues using SPOT peptide array technology. The consensus peptides are determined using
the motif elucidation bioinformatics algorithm MEME (Multiple Expectation-Maximization
for Motif Elicitation), followed by a database search.

Increased intrathecal IgG synthesis, reflected by OCBs, is a common abnormality detected
in MS CSF. In combination with epidemiologic, genetic, and immuno-logic data, the
presence of persistent oligoclonal IgG in MS patients provides paraclinical evidence of a
chronic CNS infection. The critical task is to identify the specificity of such targets, which
will likely provide clues, if not the cause, of disease. The demonstration that rAbs generated
from CNS clonally expanded plasma cells in SSPE and NMO are directed against disease-
relevant agents provides proof of principle that experiments aimed at defining the target
antigens of IgG produced by clonally expanded CSF B lymphocytes and plasma cells will
identify disease-relevant targets in MS. The isolation of a potential infectious cause of MS
coupled with high-throughput techniques to identify target epitopes and mimotopes will
provides a framework for the develop-ment of novel preventative and therapeutic strategies.
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Figure 1.
Direct immunofluorescence with a 1 to 20 dilution of antibody to human IgG conjugated to
fluorescein isothiocyanate (green fluorescence) shows IgG deposition at the junction of
plaque-periplaque white matter (middle arrow), in mononuclear cells (bottom arrow), and in
normal white matter (top arrow). The antigen against which the IgG in the multiple sclerosis
brain and CSF is directed is unknown.
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Figure 2.
Proposed model of Theiler’s virus persistence in macrophages leading to demyelination.
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Figure 3.
CD20+ B cells and CD138+ plasma cells in subacute sclerosing panencephalitis (SSPE) and
multiple sclerosis (MS) brain. Frozen sections of SSPE or MS brain were stained with
antibodies to CD20 or CD138 antigen (brown) and counterstained with hematoxylin. Bar =
50μm.
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Figure 4.
Histopathologic sections of spinal cord from a myelin basic protein-induced experimental
allergic encephalomyelitis rat transfused with rat AQP4-specific CSF rAb 10 (Bennett and
others 2009). H & E = hematoxylin/eosin staining reveals perivascular vacuolization and
mononuclear and polymorphonuclear infiltrates (arrowheads). LFB = Luxol fast blue/PAS
staining demonstrates perivascular demyelination and PAS+ macrophages (asterisks). C9neo
= perivascular deposition of C9neo indicates local complement activation (arrowheads).
GFAP = glial fibrillary acidic protein reveals extensive perivascular astrocyte loss associated
with demyelination (asterisk). hIgG, human IgG deposition surrounding regions of
perivascular demyelination (arrowheads). APP = amyloid precursor protein staining shows
axonal transections (arrowheads).
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Figure 5.
VH family gene segment use in multiple sclerosis (MS) CSF plasma blasts differ
significantly from use in peripheral blood CD19+ B lymphocytes.
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Figure 6.
Recombinant antibodies derived from a mouse anti-MOG hybridoma stain MOG-transfected
HEK 293 cells. MOG = myelin-oligodendrocyte protein.
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Figure 7.
Panning phage-displayed random peptide libraries with antibody-coated wells. Three major
steps include binding of the libraries with target antibody, washing away nonspecific phage,
and eluting bound phage with a low pH buffer. Three to five rounds are performed to enrich
specific phage peptides.
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Figure 8.
Streamlined protocol to determine specificity of phage peptides. Individual phage plaque
from second and third pans amplified in U96 DeepWell plates are first screened for
positivity against panning antibody using enzyme-linked immunosorbent assay (ELISA).
Potential positive clones were confirmed by duplicate ELISA with preimmune human IgG/
irrelevant rAb as negative control, followed by phage DNA purification and sequence
analysis.
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Table 1

Specificity of Oligoclonal IgG in CNS Diseases of Humans and Chronic CNS Demyelination in Mice

Disease Oligoclonal IgG Directed against References

Subacute sclerosing panencephalitis Measles virus Vandvik and others 1976

Cryptococcal meningitis Cryptococcus Porter and others 1977

Mumps meningitis Mumps virus Vandvik and others 1978

Chronic rubella panencephalitis Rubella virus Coyle and Wolinsky 1981

Herpes simplex virus (HSV) encephalitis HSV glycoprotein B Grimaldi and others 1988

Progressive multifocal
 leukoencephalopathy

JC virus Sindic and others 1997;
 Weber and others 1997

Neurosyphilis Treponema pallidum Vartdal and others 1982

Varicella zoster virus (VZV) vasculopathy VZV Burgoon and others 2003

Theiler’s virus-induced demyelination Theiler’s virus Roos and others 1987

Coronavirus-induced demyelination JHM coronavirus Dörries and others 1987

Multiple sclerosis ?
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Table 2

Clonal Expansion and Somatic Mutation of CD138 Cells from Multiple Sclerosis CSFa

VH Repertoire

CSF
#

VH Region
%

Clonal
#

Clones

Average %
and Range of

Homology (%)b

MS02-19 23 78 8 94.2 (93–99.3)

MS02-24 76 33 10 94.8 (89.5–98.6)

MS03-7 65 38 11 94.6 (89.1–99.6)

MS04-2 76 58 10 92.4 (89.9–98.2)

MS05-3 109 68 26 92.2 (88–96.9)

MS05-1 55 73 11 93.5 (90–98)

MS05-6 36 86 3 94.2 (91.2–96.9)

MS06-1 50 74 5 93 8 (90.2–97.6)

MS06-2 47 79 8 94.5 (87.4–98)

MS06-3 30 74 4 92.5 (91.8–99.7)

MS06-6 194 62 35 ND

MS03-1c 78 77 15 94.7 (91.3–97.6)

MS04-3c 40 90 1 91.7 (88–93.3)

IC05-2 48 35 8 95.1 (89.1–98)

IC06-1 71 70 7 93.3 (86.9–99)

ON07-5 105 52 19 91.9 (81.7–99.3)

HIV08-2 33 33 4 92.3 (82–98.2)

ND = not done.

a
Clonal populations are operationally defined as cells from the same CSF expressing an identical V(D)J recombination indicated by their VH

CDR3 amino acid sequence.

b
Percentages represent the average degree and range of homologies to the closest germline segment for unique CD138+ VDJ rearrangements.

c
CSF was obtained following first clinical attack; a subsequent demyelinating event confirmed the diagnosis of multiple sclerosis.
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