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Abstract

The cerebrospinal fluid (CSF) of multiple sclerosis (MS) pa-
tients is characterized by increased concentrations of immu-
noglobulin (Ig), which on electrophoretic analysis shows re-
stricted heterogeneity (oligoclonal bands). CSF Ig is composed
of both serum and intrathecally produced components. To ex-
amine the properties of intrathecal antibody-producing B
cells, we analyzed Ig heavy-chain variable (V) region genes
of B cells recovered from the CSF of 12 MS patients and 15
patients with other neurological diseases (OND). Using a
PCR technique, we could detect rearrangements of Ig V,
genes in all samples. Sequence analysis of complementarity-
determining region 3 (CDR3) of rearranged VDJ genes re-
vealed expansion of a dominant clone or clones in 10 of the
12 MS patients. B cell clonal expansion was identified in 3
of 15 OND. The nucleotide sequences of V, genes from
clonally expanded CSF B cells in MS patients demonstrated
the preferential usage of the V,, IV family. There were nu-
merous somatic mutations, mainly in the CDRs, with a high
replacement-to-silent ratio; the mutations were distributed
in a way suggesting that these B cells had been positively se-
lected through their antigen receptor. Our results demon-
strate that in MS CSF, there is a high frequency of clonally
expanded B cells that have properties of postgerminal cen-
ter memory or antibody-forming lymphocytes. (J. Clin. Invest.
1998. 102:1045-1050.) Key words: oligoclonal bands « intra-
thecal antibody-forming B cells « immunoglobulin heavy-
chain variable gene « complementarity-determining region «
autoimmunity

Introduction

Multiple sclerosis (MS)! is an inflammatory disease of the CNS
with multifocal areas of demyelination (1, 2). Macrophages, T
cells, and B cells are all present within the inflammatory le-
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sions (3-6). Although, as in the animal model experimental au-
toimmune encephalomyelitis, autoreactive T cells are consid-
ered to initiate the disease process (7, 8), antibodies are shown
to contribute to the overall extent of tissue injury (9-11). In
addition, memory B cells can contribute to antigen presenta-
tion, leading to activation of T cells (12, 13).

Intrathecal production of Ig can be documented in ~ 90%
of MS patients, as calculated by formulae dependent on rela-
tive concentrations of serum and CSF Ig (14). The CSF Ig
shows restricted heterogeneity as determined by electrophore-
sis (oligoclonal bands). Studies using the fluid component of
MS CSF to examine the clonality and antigen specificity of Ig
face the complication that this Ig is composed of both serum
and intrathecal-derived components. Myelin protein-reactive
antibodies are reported in the CSF of MS (15-17); oligoclonal
bands, however, cannot be absorbed using myelin proteins
(18). Although the limited numbers of cells present in the CSF
of most MS patients precludes use of most conventional in
vitro analyses of B cell properties, immunospot assays confirm
the presence of myelin antibody-producing B cells in the CSF
(19).

In this study, we analyzed the clonality of B cells present in
the CSF of MS patients using a PCR-based approach that per-
mitted characterization of rearranged Ig V,, genes expressed
by these cells. Our results indicate that there is a high fre-
quency of intrathecal B cell clonal expansion in MS CSF. So-
matic hypermutations in these V; genes were distributed in a
way suggesting that these B cells had been positively selected
through their antigen receptor.

Methods

Patients. CSF cell samples were obtained from each of 12 MS pa-
tients and 15 patients with other neurological diseases (OND). The
MS patients included 11 females and 1 male with clinically or labora-
tory-supported definite MS diagnosis (20), with a mean age of 34+11
yr (Table I). The average duration of disease was 2+0.4 yr. The mean
expanded disability status score (EDSS) was 3.2+1.3. All MS patients
were categorized as having relapsing-remitting disease. Control pa-
tients were divided into inflammatory (I) and noninflammatory (NI)
ONDs (Table I). Among the former were two patients with subacute
illnesses diagnosed as acute disseminated encephalomyelitis and 1
with a remote history of Herpes Zoster encephalitis. Oligoclonal
bands of all CSF samples were analyzed for presence of oligoclonal Ig
bands by isoelectric focusing or agarose electrophoresis (Table I).
PCR amplification of CSF B cells. Total RNA was extracted from
2-8 ml CSF cells using an RNeasy kit (QIAGEN Inc., Chatsworth,
CA). First-strand cDNA was synthesized using oligo d(T) as primer
and avian myeloblastosis virus reverse transcriptase. Vy and VDJ
genes were amplified via PCR (21) in a final volume of 50 .l reaction
buffer (50 mM Tris-HCI, pH 9.0 at 25°C; 20 mM (NH,),SO; 3.0 mM
MgCl,) containing 2 U of recombinant Taq polymerase, and 50 pmol
primers (22, 23). PCR was carried out for 40 cycles under standard
conditions (denaturation, 1 min at 94°C; annealing, 2 min at 52-56°C,
extension 1 min at 72°C). Aliquots of the PCR product were analyzed

1045



by electrophoresis in a 2% agarose gel (Sigma Chemical Co., St.
Louis, MO) containing ethidium bromide. When PCR products
showed negative results, nested PCR was performed.

Sequencing 1g V,, genes. PCR products were digested with EcoRI
and BamHI before ligation into linearized M13 mp18, which was used
to transfect Escherichia coli strain DHS5« according to the method of
Hanahan (24). 8-12 white colonies were picked at random and grown
overnight in 3 ml of Luria-Bertani (LB) medium. The double-
stranded DNA template from the colonies containing V,, gene inserts
was sequenced by the method of Sanger et al. (25).

Assignment of mutations. Mutations identified by comparing each
sequence with germline sequences (University of Wisconsin Group,
Madison, WI), were defined on the basis of nucleotide changes in the
V,, segment, with any variability at the joining sites of the V,;, D, and J,

Table 1. Summary of Clinical and Laboratory Features of
Patients Included in the CSF Analysis

Clinical
CSF
(A) R-RMS Age of Disease
Samples Sex  Onset duration (yr) MRI OB Cell number
1 F 48 3 ++ - 9 x 10*
2 F 31 4 + + 8 X 10*
3 F 24 1 + + 4 % 10*
4 F 48 2 + + 3 x10*
5 F 22 6 + + 8 x 10*
6 F 28 1 1SL - 1.6 X 10°
7 F 18 1 + + 4 x 104
8 F 29 1 1SL  + 1X10°
9 F 36 1 + + 6 % 10*
10 F 21 1 + + 2 X 10*
11 M 41 4 + + 1.6 X 10°
12 F 43 1 NL - 2.5 X 10°
Clinical CSF
(B) OND
Samples Sex  Age Diagnosis OB Cell number*
I-OND
1 F 64 ADEM - 2 X 10*
2 F 24 ADEM - 5% 104
3 F 86 Remote HZEM - UN
NI-OND
1 F 68  Headache - 3 %10
2 F 66 Spinal cord - 2 X 10*
Infarct
3 M 47 Pseudotumor - 5% 104
4 F 68  Neuropathy - 6 X 10*
5 M 34 Migraine - 3 x10*
6 M 67 ALS - UN
7 M 32 ALS - 5% 10°
8 F 40  Pseudotumor - 2.5 X 10*
9 M 60 Hydrocephalus - 4 x10*
10 M 36 Neuropathy + 2 X 10*
11 M 44  Spinocerebellar - 1% 10°
degeneration
12 M 57 Neuropathy - 2 X 10*

*Cell number: the total numbers of white blood cells in the specimen (2-8
ml); *+: multiple lesions. ADEM, acute disseminated encephalomyelitis;
ALS, amyotrophic lateral sclerosis; HZEM, Herpes Zoster encephalitis;
NL, normal; OB, oligoclonal bands; SL, spinal lesion; UN, unknown.
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gene segments not being classed as mutations, since they might result ei-
ther from the insertion of N regions or from mutation. Two nucleotide
exchanges in a single codon were scored as one replacement mutation.

Results

Immunoglobulin V,, rearrangements. To detect Ig V; gene re-
arrangements of the CSF B cells, total RNA isolated from CSF
cells from 12 patients with MS and 15 OND controls sub-
grouped into inflammatory (# = 3) and noninflammatory (n =
12) (Table I), was used to synthesize complementary (c) DNA.
These cDNAs were then subjected to enzymatic gene amplifi-
cation by the PCR technique. The results of such an amplifica-
tion using primers for the VDJ region are shown in Fig. 1. PCR
products from all MS and I-OND patients as well as three NI-
OND controls showed high-density bands, suggesting a possi-
ble limited clonality pattern. PCR products from nine NI-
OND cases (cases 4-12), showed only a faint smear, reflecting
size differences in the V, Dy, and J;; regions in a polyclonal
population of B cells (Fig. 1).

A Multiple sclerosis
2 345 6 7 8 9 10 11 12

M N 1

B Non-inflammatory OND
M N * 1 23456 78 9101112

C Inflammatory OND
MN123

Figure 1. Ethidium-bromide-stained 2% agarose gel of FR3 PCR
products from CSF B cells of the patients with MS or OND. (A4) 12
MS samples; (B) 12 NI-OND samples plus a CNS paraffin tissue sam-
ple from a case of HIV* non-Hodgkin’s B cell lymphoma (*); (C) 3
I-OND samples. Lane M, 123 mol wt markers (size in basepairs); lane
N, negative control.



Clonality of CSF B cells from patients with MS and OND,
which showed a possible or probable clonal band of PCR
products on ethidium-bromide-stained agarose gels, was de-
termined by sequencing the expressed complementarity-deter-
mining region 3 (CDR3) genes. CSF B cells from 10 of 12 MS
patients had dominant clonal or dual clonal rearrangements of
CDR3. Clones derived from a given individual were identical
in the V;;-N-D-N-J,, regions both in sequence and nucleotide
length (Fig. 2). 3 of these 10 MS patients did not have oligo-
clonal bands detected by CSF electrophoresis. Conversely,
both MS patients with polyclonal B cell sequences did have
CSF oligoclonal bands. 3 of 15 controls were found to have
dominant B cell clones, none of these patients had CSF oligo-
clonal bands. The sequences of the expressed D segments were
compared with those of published germline D and DIR seg-
ments (26, 27). The combination of V,;, D, and J;, segments of
these clonally expanded CSF B cells showed D-D fusion, D in-
version, gene replacement and the addition of nucleotide se-
quences, termed N regions (Fig. 2).

Somatic hypermutations. The high frequency of dominant
clonal expansion of CSF B cells expressed by MS patients
raises the questions concerning the origin and characteristics
of these cells. To elucidate these issues, the sequences of V;
genes of CSF B cells derived from four MS patients were ana-
lyzed. Fig. 3 shows the DNA and the deduced amino acid se-
quences of the V,; segments of the CSF B cells. The Ig V; gene
rearrangement in cases 1, 2, 3, and 10 used gene segments of
V71-2, 4d154, 4d68, and 4d76 (28), which belong to the V;; IV
families (Table II). The differences in nucleotide and pre-
dicted amino acid sequences when compared with the closest
known germline V;; genes are summarized in Table III. Gene
rearrangement mutations in the framework region (FR) of
functional V regions are usually counterselected to preserve
the structure of the antibody V domain. This results in replace-
ment-to-silence (R:S) ratios below those expected on the basis
of random mutagenesis. The combined R:S ratios for the FR

and CDR domains, derived from the sum of all mutated
codons in the V,; sequences of the CSF B cells assignable to the
germline gene segment, are shown in Table III. For cases 1, 2,
3, and 10 taken together, the average R:S ratio in the frame-
work regions was 0.9 (expected ~ 2.9). The average R:S ratio
in CDR1 and CDR2 was 4.0.

Discussion

Progress in identifying the characteristics of intrathecal B cells
from MS has been hampered by the lack of experimental sys-
tems for analyzing the limited cell numbers derived from the
CSF. In this study, we analyzed rearranged Ig V;; genes ex-
pressed by CSF B cells using PCR and sequencing techniques.
The method used in this study was designed to amplify all V,
gene segments. We used a paraffin-embedded specimen of
HIV-related primary CNS non-Hodgkin’s B cell lymphoma
(Fig. 2 B) and PBL samples from MS patients (data not
shown) to confirm that we could detect dominant clonal se-
quences or polyclonal sequences, respectively. The sequences
of CDR3 gene fragment of CSF B cells were analyzed for de-
termining the clonality of these B cells. The criteria for estab-
lishing clonal relatedness were identity at the somatically
formed V,~D,,, D,-J,; genes and use of the same sets of V;; D,
J; genes. A dominant mono- or dual-clonal intrathecal B cell
expansion was shown for 10 of 12 MS patients. When compar-
ing nucleotide sequences of dominant CSF B cell clones from
these patients, we found that each MS patient possessed indi-
vidual patterns of Vy, Dy, and J;; combination. No apparent
preferential utilization of any particular D, gene segment set
was seen.

Among the MS cases analyzed, cases with dominant mono-
clonal B cell sequences were found with and without CSF oli-
goclonal bands. The two MS cases with polyclonal sequences
and positive oligoclonal bands further indicate that analysis of
CSF oligoclonal band does not define the extent of B cell

Case Identical v N D N JH
Colonies
MS
1. 6/7 TGTGCGAGC TCA (DM1) GGTGGATCCGG (Al ) TGAATACGGARR A TTTGACTA-CTGGGGCC  (JH4)
2, 7/8 TGETGCGAGA AC (DN1) GGGTAG (LR4 ) AGGGAGGTGT CTTCGGTATGGACGT-CTGGGECC  (JHE)
3. 747 TGTGCGAGAGA  TTTC (LR3} AGCTCATACTC (XP3) TAGTGGTGATG CCTG  CTACTACTACTACGGTATGGACGT-CTGGGGCE  (JHE)
4. 4/7 TGTGCGAGR GGC (DN1) AGGCGCAGCT (Al) CGAAGT CT CTTGATTA-CTGGGGCC (JH4)
3/7 TGTGCCAGG GGATGGCTGGTACCCCA TG ATBCTTTTGATGT-CTEGGGCC  (JH3)
&6/7 TGTGCGARR (DN1)} GATATGGG (XP'1) CTATCACTATGCCTCGGGGAGTT CC TACTTTGACTC-CTGGEGCC (JH4)
6/7 TGETGCGAGRE TATC (XP'1) TTGGGGGATAAC (LR2) RACTCCA AT TTTGACTC-CTGEGEECC (TH4)
9. 4/7 TGTTCCACE (LR1) GATGTACG GA ACCCG-CTGGGGLT (JH5)
10 4/6 TTCTAGAGA (XP3) TCACTATGATAGTAGT GGTTATTG cCh ATGAATR-CTGGGGCC  (JHA)
2/6 TGCCACAGA GGCGGE (AP3) =T ==—== e e AGTCCA CTTGACTA-CTGGGGCC  (JH4)
11. 6/6 TGTGCGAGR GTCGCCC (XP'l) TTGCTATGGTTCGGGGAGT cce TATGGACGT-CTGGGGCC  (JHE)
12, 7/8 TGTGCGAGA CTGG (XP'1) GETTCGGGGAGT CGTCA GACTA-CTGGGGCC  (JH4)
OND-T
1. 6/6 TETECGAGA CTGG (XP' 1) GGTTCGGGGAGT CGTCA GACTA-CTGGGGCC  (JH4)
OND-NI
1. 6/6 TGETGCGAGR (LR4) GGCCCCA (LR2) TTGTAGT TATCCCAACTCTGCAATT -CTGGGGCC (?)
2. T/7 TGTGCGAGR CAGTTC (XP" 1) GATCGGEGAG (DAS) AGCCAACT -9 CTTRCTTTGACTA-CTGGEGGEC  (JH4Y)
NHL-CNS 5/7 TGTGCGAGE  GTCGGGCCCTT  (XP4) GTATTACGATTTTTGG CCCTAC TACATGGACGT-CTGGGGCC (JHE)

Figure 2. The dominant CDR3 sequences of CSF B cells. Dominant sequences from each patient are grouped and subdivided into Vi, N, D, N,
and J, regions. Data from a case of primary CNS non-Hodgkin’s Lymphoma (NHL) are also given. Names of the germline D and J,; genes with
maximum homology to the segments used in the VDJ joining are shown in parentheses in the appropriate rows.

VDJ and V,; Genes of B Cells in Cerebrospinal Fluid of Multiple Sclerosis
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DNA sequence

CTG

ATA

CTG

CCA

CGA

GCT

GTG

CTG

TCC

CTG

TCC

GCG

TCC

GGG
—-a

ATR

Case 1

V71-2 CAG GTG CAG CTG CAG GRG TCG GGC CCA GGA CTG GTG RAG CCT TCG GAG ACC

LE e i
COR1

WI1l-2 GGT GGC TCC ATC AGC TAC TAC TGG AGC TGG ATC CGG CAG CCC CCA GGG RAG

LE1 i s
CDR2Z

V7l-2 TAT TAT AGT GGG AGC ACC TAC TAC AAC CCC TCC CTC ARG AGT CGA GTC ACC

LPl el e BGRIEeS SR e e S s ————
FR3

¥71l-2 CAG TTC TCC CTG AAG CTG AGC TOT GTG ACC GOT GOG GAC ACG GOC GTG TAC

Lpl B e e e e Bl et B e e

Case 2

4d154 CAG CTG CAG CTG CAG GAG TCG GGC CCA GGA CTG GTG AAG CCT TCG GAG ACC

LM mas | S e e A SRS R i R R s e SR
CCR1

4d154 GGT GGC TCC ATC AGC AGT AGT AGT TAC TAC TGG GGC TGG ATC CGC CAG CCC

LM i i ¥ B A i e
COR2

4dl54 GGG AGT ATC TAT TAT AGT GGG AGC ACC TAC TAC ARC CCG TCC CTC ARG AGT

M -t —B- —=t B—— —== -T— —-= —=A —== O-= —== == ——= ——— —— o
FR3

4dl54 TCC RAG RAC CAG TTC TCC CTG AAG CTG AGC TCT GTG ACC GOC GCA GAC ACG

M e i i et

Case 3.

4d68 CAG GTG CAG CTG CAG GAG TCG GGC CCA GGA CTG GTG AAG CCT TCG GGG ACC

ML —mm —mm ——- - ——— e e —-

4d68 GET GGC TCC ATC AGC AGT AGT AAC TGG TGG AGT TGG GTC CGC CAG CCC CCA

ML i e ANy el e S e e el L e e el
CDR2

4des GAA ATC TAT CAT AGT GGG AGC ACC RAC TAC AAC CCG TCC CTC ARG AGT CGA

ML il o e 1 £ == mmm mmm mme e —ee
FR3

4468 ARG AMLC CAG TTC TCC CTG AAG CTG RAGC TCT GTG ACC GCC GCG GAC ACG GCC

ML - - B-T ——— —== === —== ——g —AG ——= == ——= ——= ——= ——— - =

Casa 10.

4d76 CAG GTG CAC CTA CAG CAG TGG GGC GCA GGA CTG TTG AAG CCOT TCG GAG ACC

RA ST S Sl e e | L e S o= i |
CDR1

4d76 GGT GGG TCC TTC AGT GGT TAC TAC TGG AGC TGG ATC CGC CAG CCC CCA GGG

BA el < e e e
CDR2

4d7e ATC AAT CAT AGT GGA AGC ACC AAC TAC AAC CCG TCC CTC AAG AGT CGA GTC

RA e e T S e e
FR3

4d76 AAC CAG TTC TCC CTG AAG CTG AGC TCT GTG ACC GCC GCG GAC ACG GCT GTG

BR ——- - a —== === —== —G= Tom ——= —mm —mm mmm —mm —m —em —em o

Aminal acide sequence.

Case 1.

w71-2 Gln Val Gln Leu Gln Glu Ser Gly Pro Gly Leu Val Lys Pro Ser Glu Thr

LE1 e s mmm mmm mmm mmm mmm mh e D e el s
CDR1

v71-2 Gly Gly Ser Ile Ser Tyr Tyr Trp Ser Trp Ile Arg Gln Pro Pro Gly Lys

LF1 —— m—— mm— e S HAK mes ——— BB To— s Smmimms mes e
CDR2

%¥71-2 Tyr Tyr Ser Gly Ser Thr Tyr Tyr Asn Pro Ser Leu Lys ser Arg vVal Thr

Pl -—— Phe -—= ——- Gly —-- Gly His ——— ——= —== ——= —o= ——m —om o oo
FR3

%71-2 Gln Phe Ser Leu Lys Leu Ser Ser Val Thr Ala Ala Asp Thr Ala Val Tyr

LE1 m== mm= mm= = == === === === === THY === === === mmm mm= mm= mme

Casa 2.

4d154 Gln Leu Gln Leu Gln Glu Ser Gly Pro Gly Leu Val Lys Pro Ser Glu Thr

LM mm= mmm mme s mme mme mme e mee mme mms mee e e e mee oo
CDR1

4dl54 Gly Gly Ser Ile Ser Ser Ser Ser Tyr Tyr Trp Gly Trp Ile Arg Gln Pro

LM i T i
coag

4d154 Gly Ser Ile Tyr Tyr Ser Gly Ser Thr Tyr Tyr Asn Pro Ser Leu Lys Ser

LM === Asn === Asn --- Ile ---— Arg —-- His ——= =-= —so =ms === eoo oo
FR3

4dl54 Ser Lys Asn Gln Phe Ser Leu Lys Lue Ser Ser Val Thr Ala ala Asp Thr

M el e L Al e i B S e S et el

Case 3.

4d68 Gln Val Gln Leu Gln Gly Ser Gly Pro Gly Leu Val Lys Pro Ser Gly Thr

ML mm mmm oo mmm mmm oom mmm mom el ke e e —em —es oo oo
CDR1

4des Gly Gly Ser Ile Ser Ser Ser Asn Trp Trp Ser Trp Val Arg His Pro Pro

ML mmm mmm mmm mmm mmm mmm mm o o oo o mel el mel dem e
CDR2

4d68 Glu Ile Tyr His Ser Gly Ser Thr Asn Tyr Asn Pro Ser Leu Lys Ser Arg

ML e e
FR3

4d68 Lys Asn Gly Phe Ser Leu Lys Leu Ser Ser Val Thr Ala Ala Asp Thr Ala

ML -—— ——- BSD ——— -—-= ——= === —== Ly§ —== === =e= —== —== —oo —om oo

Case 10.

4d76 Gln Val Gln Leu Gln Gla Trp Ala Ala Gly Leu Leu Lys Leu Ser Glu Thr

BR i i i L < AL B L
COR1

4d76 Gly Gly Ser Phe Ser Gly Try Try Trp Ser Trp Ile Arg Gln Fro Pro Gly

BA —== === === === Gly Thr Phe ——- ——= —== —== —o= —oo —oo —om —en e
CDR2

4d76 Ile Asn His Ser Gly Ser Thr Asn Tyr Asn Pro Ser Leu Lys Ser Arg Val

BA oo i aah wheURENRELTLYE S s oy o7 S S Ss R A v
FR3

4476 Asn Gln Phe Ser Leu Lys Leu Ser Ser Val Thr Ala Ala Asp Thr Ala Val

ER SR T e S e e e T R e e i s i L
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Leu

Gly

Ile

Cys

Pro

Erg

Val

Leu

Lys

Thr

Tyr

TAC

Ser

Ala

Ser

Val

Val

Ser

Thr

Tyr

Ser

ARG
B

ACC

TAT

Leu

Glu

Val

Arg

Leu

Lys
Gln

Thr

Tyr

Leu

Gly

Ile

Tyr
Phe

Leu

Leu

Ser

Cys

ACC

TGG

GAC

ACC

GGG

ATR

Thr

Trp

Asp

Asp

Thr

Gly

Ile

Tyx

val
Leu

Ala

FR1
TGC ACT

FR2
ATT GGG

——— m=a

ACG TCC
——— -

ACA G

FR1
TGC ACT

FR2
CTS GAG

TCC GTA

TGT GCG

FR1
TGC GCT

FR2

GAG TGG

GTA GAC
T,

TGG ATT

GAC RCG

FR1
Cys Thr

FR2
Ile Gly

Thr Ser
=== Pro

Cys Thr

FR2
Leu Glu

Ser Val

Cys Ala

FR1
Cys Ala

FR2
Glu Trp

Val Asp
Ile ===

Asp Thr

GTC

-AT

ATT

ACG
-3

1CC
-G

Gly

Tyr

val

Trp

Bsp

Arg
Asn

val

Ile

Thr
Arg

Gly

Ser

TCT

ATC

AAC

--g

TAT
-T-

Ser

Ile

Thr

Tyr
Phe
Glu

Lys

Figure 3. V,, gene segments and trans-
lated peptides. The nucleotide and de-
duced amino acid sequences of V,; germ-
line gene segments are shown in com-
parison with germlines v71-2 (case 1),
4d154 (case 2), 4d68 (case 3), and 4d76
(case 10). Conventionally defined CDR
are indicated. Dashes, identity to the ref-
erence sequence. Upper-case and lower-
case letters, replacement and silent muta-
tions, respectively.



Table I1. Utilization of VH Gene Segments

Case VH family Closest germline Identity %
1 VHIV v71-2 94
2 VH IV 4d154 94
3 VH IV 4d68 94

10 VHIV 4d75 93

clonality. In this regard, none of the -OND or NI-OND cases
with dominant B cell sequences had detectable oligoclonal
bands. The sequences of V;; genes derived from the four MS
patients analyzed showed preferential utilization of the V,, IV
family. Owens et al., analyzing Ig V,, genes from demyelinating
lesions of a single case of acute MS, also found restricted usage
of the V, IV family (29). Analysis of Ig V,, genes of CSF B
cells permits study of a wider array of patients than can be per-
formed on autopsy tissue, and is particularly suited for patients
with relatively early stages of disease.

Positive selection of clones bearing somatic mutations, re-
sulting in an increase in affinity of the surface receptor for anti-
gen, has been shown to be the primary mechanism underlying
the process of affinity maturation during a specific immune re-
sponse (30-33). Somatic hypermutation of Ig V region genes is
generally believed to occur in the germinal centers (34-36). In
this study, the role of positive selection in the dominant expan-
sion of CSF B cells was investigated. Compared with the germ-
line, the V,; genes of CSF B cells from four patients with MS
contained at least 16 substitutions, distributed in a pattern
characteristic of antigen-driven affinity maturation, i.e., the so-
matic mutations were highly concentrated in the CDR or FR,
with a clustering of replacement (R) mutations in the CDR,
but only a few in the FR. The R:S mutation ratios in the CDRs
(4.0) and FRs (0.9) were comparable to those in the V genes of
high-affinity murine antibodies and autoantibodies (30, 32, 35)
and were significantly higher or lower respectively, than the
theoretical R:S value of a protein ~ 2.9, calculated for somatic
mutations occurring randomly in a gene encoding a protein
whose structure need not be preserved. A higher CDR R:S
mutation ratio reflects the positive selective pressure of an an-
tigen on those gene products that come into close contact with
antigen, while a lower FR R:S mutation ratio reflects the nega-
tive pressure for mutant selection applied to structural compo-
nents that need to be conserved (37). This pattern is consistent
with the notion of an antigen-driven selection of antibodies
with high-affinity antigen-binding sites. An alternative explana-
tion could be that these mutations might result from polymor-
phic variation of the Ig V,; gene. However, it seems unlikely.

Table I11. Differences in Nucleotide Sequences of Dominant
Clone from CSF Cells of R-R MS

Number of nucleotide differences Total RS
Case FR1 CDR1 FR2 CDR2 FR3 CDRs FRs CDRs FRs
1 1 2 2 5 6 7 9 6.0 0.3
1 3 2 6 4 9 7 3.0 0.5
3 4 0 0 5 9 5 13 3.0 1.0
10 5 3 1 6 6 9 12 3.0 2.0

VDJ and V,; Genes of B Cells in Cerebrospinal Fluid of Multiple Sclerosis

We have successfully amplified the entire gene segments of V,
gene family and germline from PBL of case 1. Comparison
with the appropriate published germ fragment sequences
shows 100% identity with the published V71-2 gene. The re-
sults demonstrate that, even when taking allelic polymorphism
into account, the Ig V;; genes of CSF B cells from MS patients
clearly show the somatic hypermutation. The presence of D-D
recombination in CDR3 regions of CSF B cells provides fur-
ther evidence for antigen-driven selection. This type of D-D
recombination event has also been reported in response to
hapten—antigen complex and the random terpolymer GAT in
mice and represents an important event in determining idio-
type expression and antigen-binding affinity (38).

Our data provide direct evidence that intrathecal clonally
expanded B cells from the CSF of MS are T cell dependent hy-
permutated postgerminal center antibody-forming or memory
lymphocytes that have undergone antigen selection. This find-
ing might have been predicted from previous description of
distinct oligoclonal T cell populations being present in the CSF
of MS (39). The direct sequencing studies of MS lesions fur-
ther indicated restricted T cell receptor V gene usage, with at
least one sequence corresponding with that of a previously
identified myelin basic protein reactive T cell clone (40). Fur-
ther studies would need to address the nature of the antigen/s,
which drive the B cell clonal expansion in MS.

Acknowledgments

We thank Dr. J. Richardson for selecting the paraffin-embedded
specimens from a patient with HIV-related primary CNS non-
Hodgkin’s B cell lymphoma, Drs. H. Wekerle, K. Miiller-Hermelink,
N. Cashman, and T. Owens for discussion, and Dr. M. Ratcliffe for
critical review of this manuscript.

References

1. Adams, C.W.M. 1983. The general pathology of multiple sclerosis: mor-
phological and chemical aspects of the brain. /n Multiple Sclerosis: Pathology,
Diagnosis and Management. J.F. Hallpike, C.W.M. Adams, and W.W. Tourtel-
lotte, editors. Williams and Wilkins, Baltimore, MD. 203-240.

2. Kermode, A.G., P.S. Tofts, A.J. Thompson, D.G. MacManus, P. Rudge,
B.E. Kendull, D.P. Kingsley, I.F. Moseley, E.P. du Boulay, and W.I. McDonald.
1990. Heterogeneity of blood-brain barrier changes in multiple sclerosis: an
MRI study with gadolinium-DTPA enhancement. Neurology. 40:229-235.

3. Hafler, D.A., and H.L. Weiner. 1987. In vivo labeling of blood T cells:
rapid traffic into cerebrospinal fluid in multiple sclerosis. Ann. Neurol. 22:89-93.

4. Hoffman, F.M., D.R. Hinton, K. Johnson, and J.E. Merril. 1989. Tumor
necrosis factor identified in multiple sclerosis brain. J. Exp. Med. 170:607-612.

5. Hintzen, R.Q., and C.H. Polman. 1997. Th-cell modulation in multiple
sclerosis. Immunol. Today. 18:507-508.

6. Gay, F.W., T.J. Drye, G.W. Dick, and M.M. Esiri. 1997. The application
of multifactorial cluster analysis in the staging of plaques in early multiple scle-
rosis. Identification and characterization of the primary demyelinating lesion.
Brain. 120:1461-1483.

7. Ben-Nun, A., H. Wekerle, and I.R. Cohen, 1981. Vaccination against au-
toimmune encephalomyelitis with T-lymphocyte line cells reactive against my-
elin basic protein. Nature. 292:60-61.

8. Mokhtarian, F., D.E. McFarlin, and C.S. Raine. 1984. Adoptive transfer
of myelin basic protein-sensitized T cells produces chronic relapsing demy-
elinating disease in mice. Nature. 309:356-358.

9. Lassmann, H., C. Brunner, M. Bradl, and C. Linington. 1988. Experimen-
tal allergic encephalomyelitis: the balance between encephalitogenic T lympho-
cytes and demyelinating antibodies determines size and structure of demy-
elinated lesions. Acta Neuropathol. (Berlin). 75:566-576.

10. Fierz, W., K. Heininger, B. Schaefer, K.V. Toyka, C. Linington, and H.
Lassmann. 1988. Synergism in the pathogenesis of EAE induced by an MBP-
specific T-cell line and monoclonal antibodies to galactocerebroside or a myelin
oligodendroglial glycoprotein. Ann. NY Acad. Sci. 540:360-363.

11. Wekerle, H., K. Kojima, J. Lannes-Vieira, H. Lassmann, and C. Lining-
ton. 1994. Animal models. Ann. Neurol. 36(Suppl.):S47-S53.

12. Nossal, G.J. 1997. Host immunobiology and vaccine development. Lan-

1049



cet. 350:1316-1319.

13. Grewal, LS., and R.A. Flavell. 1996. The role of CD40 ligand in costim-
ulation and T-cell activation. Immunol. Rev. 153:85-106.

14. Tourtellotte, W.W., R.-W. Baumhefner, K. Syndulko, P. Shapshak, M.
Osborne, G. Rubinshtein, L. Newton, G. Ellison, L. Myers, and 1. Rusarro.
1988. The long march of the cerebrospinal fluid profile indicative of clinical def-
inite multiple sclerosis; and still marching. J. Neuroimmunol. 20:217-227.

15. Link, H., S. Baig, O. Olsson, Y.P. Jiang, B. Hojeberg, and T. Olsson.
1990. Persistent anti-myelin basic protein IgG antibody response in multiple
sclerosis cerebrospinal fluid. J. Neuroimmunol. 28:237-248.

16. Warren, K.G., I. Catz, E. Johnson, and B. Mielke. 1994. Anti-myelin ba-
sic protein and anti-proteolipid protein specific forms of multiple sclerosis.
Ann. Neurol. 35:280-289.

17. Moller, J.R., D. Johnson, R.O. Brady, W.W. Tourtellotte, and R.H.
Quarles. 1989. Antibodies to myelin-associated glycoprotein (MAG) in the
cerebrospinal fluid of multiple sclerosis patients. J. Neuroimmunol. 22:55-61.

18. Oger, J., R. Roos, and J.P. Antel. 1983. Immunology of multiple sclero-
sis. Neurol. Clinics. 1:655-679.

19. Olsson, T., S. Baig, B. Hajeberg, and H. Link. 1989. Antimyelin basic
protein and antimyelin antibody producing cells in multiple sclerosis. Ann. Neu-
rol. 27:132-136.

20. Poser, C.M., D.W. Paty, L. Scheinberg, W.I. McDonald, F.A. Davis, G.C.
Ebers, K.P. Johnson, W.A. Sibley, D.H. Silberbergand, and W.W. Tourtellotte.
1983. New diagnostic criteria for multiple sclerosis: guidelines for research pro-
tocols. Ann. Neurol. 13:227-236.

21. Saiki, R.K., D.H. Gelfand, S. Stoffel, S.L. Scharf, R. Higuchi, G.T.
Horn, K.B. Mullis, and H.A. Erlich. 1988. Primer-directed enzymatic amplifica-
tion of DNA with a thermostable DNA polymerase. Science. 239:487-489.

22. Pascual, V., Y.-J. Liu, A. Magalski, O. de Bouteiller, J. Banchereau, and
J.D. Capra. 1994. Analysis of somatic mutation in five B cell subsets of human
tonsil. J. Exp. Med. 180:329-339.

23. Kiippers, R., M. Zhao, M.-L. Hansmann, and K. Rajewsky. 1993. Trac-
ing B cell development in human germinal centres by molecular analysis of sin-
gle cells picked from histological sections. EMBO (Eur. Mol. Biol. Organ.) J.
12:4955-4967.

24. Hanahan, D. 1985. Techniques for transformation of E. coli. /n DNA
Cloning. Vol. 1. A Practical Approach. Glover, D.M., editor. Washington, DC,
IRL. 109.

25. Sanger, F., S. Nackle, and A.R. Coulson. 1977. DNA sequencing with
chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA. 74:5463-5467.

26. Buluwela, L., D.G. Albertson, P. Sherrington, P.H. Rabbitts, N. Spurr,
and T.H. Rabbitts. 1988. The use of chromosomal translocations to study hu-
man immunoglobulin gene organization: Mapping D,, segments within 35 kb of
the C gene and identification of a new Dy, locus. EMBO (Eur. Mol. Biol. Or-

1050 Qinetal.

gan.) J. 7:2003-2010.

27. Ichihara, Y., H. Matsuoka, and Y. Kurosawa. 1988. Organization of hu-
man immunoglobulin heavy chain diversity gene loci. EMBO (Eur. Mol. Biol.
Organ.) J. 7:4141-4150.

28. van der Maarel, S., K.W. van Dijk, C.M. Alexander, E.H. Sasso, A. Bull,
and E.C. Milner. 1993. Chromosomal organization of the human V, 4 gene
family. J. Immunol. 150:2858-2868.

29. Owens, G.P., H. Kraus, M.P. Burgoon, T. Smith-Jensen, and D.H.
Gilden. 1998. Restricted use of V,; 4 germline segments in an acute multiple
sclerosis brain. Ann. Neurol. 43:236-243.

30. Siekevitz, M., C. Kocks, K. Rajewsky, and R. Dildrop, 1987. Analysis of
somatic mutation and class switching in naive and memory B cells generating
adoptive primary and secondary response. Cell. 48:757-770.

31. Shlomchik, M.J., A. Marshak-Rothstein, C.B. Wolfowicz, T.L. Roth-
stein, and M.G. Weigert. 1987. The role of clonal selection and somatic muta-
tion in autoimmunity. Nature. 328:805-811.

32. Levy, N.S., U.V. Malipiero, S.G. Lebecque, and P.J. Gearhart. 1989.
Early onset of somatic mutation in immunoglobulin V;; genes during the pri-
mary immune response. J. Exp. Med. 169:2007-2019.

33. Both, G.W., L. Taylor, J.W. Pollard, and E.J. Steele. 1990. Distribution
of mutations around rearranged heavy-chain antibody variable-region genes.
Mol. Cell. Biol. 10:5187-5196.

34. MacLennan, I.C., Y.-J. Liu, S. Oldfield, J. Zhang, and P.J.L. Lane. 1990.
The evolution of B-cell clones. Curr. Top. Microbiol. Immunol. 159:37-63.

35. Liu, Y.-J., D.E. Joshua, G.T. Willians, C.A. Smith, J. Gordon, and I.C.
MacLennen. 1989. Mechanism of antigen-driven selection in germinal centers.
Nature. 342:929-931.

36. Kocks, C., and K. Rajewsky. 1989. Stable expression and somatic hyper-
mutation of antibody V regions in B cell development pathways. Annu. Rev.
Immunol. 7:537-559.

37. Jukes, T.J., and J.L. King. 1979. Evolutionary nucleotide replacements
in DNA. Nature. 281:605-606.

38. Meek, K., C. Haseman, and J.D. Capra. 1989. Novel arrangements at
the immunoglobulin D locus. Inversions and fusions and to IgH somatic diver-
sity. J. Exp. Med. 170:39-57.

39. Hafler, D.A., A.D. Duby, S.J. Lee, D. Benjamin, J.D. Seidman, and
H.L. Weiner. 1988. Oligoclonal T lymphocytes in the cerebrospinal fluid of pa-
tients with multiple sclerosis. J. Exp. Med. 167:1313-1322.

40. Oksenberg, J.R., M.A. Panzara, A.B. Begovich, D. Mitchell, H.A. Er-
lich, R.S. Murray, R. Shimonkevitz, M. Sherritt, J. Rothbard, C.C. Bernard, et
al. 1993. Selection for T-cell receptor V beta-D beta-J beta gene rearrange-
ments with specificity for a myelin basic protein peptide in brain lesions of mul-
tiple sclerosis. Nature. 362:68-70.



