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Demyelination and axonal loss have been described as the histo-
logical hallmarks of inflammatory lesions of multiple sclerosis
(MS) and are the pathological correlates of persistent disability.
However, the immune mechanisms underlying axonal damage
in MS remain unknown. Here, we report the use of single chain-
variable domain fragments (scFv) from clonally expanded cere-
brospinal fluid (CSF) B cells to show the role of an anti-axon
immune response in the central nervous system (CNS) in MS.
The cellular and subcellular distribution of the antigen(s) recog-
nized by these CSF-derived clonal scFv antibodies (CSFC-scFv
Abs) was studied by immunochemical staining of brain tissues
obtained at autopsy from patients with MS. Immunochemistry
showed specific binding of CSFC-scFv Abs to axons in acute
MS lesions. The stained axons showed three major types of
axonal pathological changes: 1) linear axons, axonal ovoid for-
mation, and axonal transection were seen in the myelinated white
matter adjacent to the lesion; 2) accumulation of axonal ovoid
formations and Wallerian degeneration were seen at the border
between demyelinated lesions and the adjacent white matter;
and 3) Wallerian degeneration occurred at the center and edge
of acute demyelinated lesions. These findings suggest a B cell
axonal specific immune response in the CNS in MS.
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INTRODUCTION

Although early studies demonstrated axonal degeneration
in multiple sceleros (MS), it has been believed that axonal
loss is a secondary or bystander event of inflammatory
demyelination in chronic MS lesions and occurs too late
to be clinically important. Recent findings showing axonal
damage in acute and chronic active MS lesions, particu-
larly in areas of acute inflammation and demyelination,
have suggested that axonal transection can begin much
earlier during the course of the disease.

Infiltration of T and B lymphocytes, monocytes, and
macrophages, demyelination, and axon loss are hallmarks
of MS (1–4). The mechanisms of demyelination and
axonal loss are uncertain. As in the animal model, exper-
imental autoimmune encephalomyelitis, myelin protein-
reactive T cells are considered to initiate the disease pro-
cess (5–7). In MS, oligoclonal immunoglobulin (Ig) bands
are present in the cerebrospinal fluid (CSF) of approxi-
mately 90–95% of MS patients (8–10). Sequence analyses
of variable heavy (VH) and light (VL) chain region genes
have shown dominant B-cell clonal expansion in the CSF
and in lesions of patients with MS, as well as patients
with clinically isolated syndrome (CIS) suggestive of MS
(11–15). Recently, single cell PCR of CSF B cells derived
from patients with clinically confirmed MS and patients
with CIS suggestive of MS also showed intrathecal B cell
clonal expansion demonstrated by dominantly expressed
complementarity determining region 3 (CDR3) nucleotide
sequences from both VH and VL genes (16, 17). These
intrathecal B cells have presumably undergone antigen-
driven somatic hypermutation through their antigen recep-
tor in the germinal centers of secondary lymphoid tissue.
These findings suggest a persistent antigen-driven chronic
immune process by which B cells with a high-affinity for
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the central nervous system (CNS) antigen are clonally
selected and expanded in the CNS of patients with MS.

Using the gene-engineering antibody synthesis
technique, we have synthesized single chain-variable
domain fragments (scFv) antibodies from the Ig VH

and VL chains expressed by clonally expanded B cells
in the CSF of patients with CIS suggestive of MS or
with relapsing/remitting MS (RRMS). Immunochemical
staining showed that these CSF-derived clonal single
chain-variable domain fragment CSFC-scFv Abs bound
specifically to axons in MS lesions.

MATERIALS AND METHODS

Tissues

For RNA preparation, CSF cells were obtained from
each of two MS patients, one with CIS suggestive of MS
(case 1) and one with RRMS (case 2). The duration of
disease was 6 months and 7 years, respectively. DNA
from a phage clone selected from a human IgG phage
display library was used as an irrelevant scFv antibody
control. The postmortem brain tissue specimens used for
immunochemical staining were from four MS cases and
were provided by the Neurospecimen Bank at the Neu-
rology Service, VA Greater Los Angeles Healthcare Sys-
tem, University of California, Los Angeles, CA. These
four MS patients included two females and two males
with clinically definite MS with a mean age of 53.3 ±
5.7 years and an average duration of disease of 18.8 ±
7.6 years. The mean postmortem interval was
15.0 ± 3.5 h. The brain tissues from a normal donor and a
patient with Parkinson’s disease served as controls. Each
specimen was fixed in 10% formalin and embedded in
paraffin for immunocytochemistry.

PCR Amplification of VH and VL Chain Genes

Total RNA was extracted from 1.6 × 104 (case 1) and
0.6 × 104 (case 2) CSF B cells of the two MS patients us-
ing RNeasy kits (QIAGEN). First strand cDNA was syn-
thesized using oligo d(T) as primer and avian myeloblas-
tosis virus reverse transcriptase. DNA extracted from a
phage clone was used as control. The VH and VL genes
were amplified by PCR (18) in a final volume of 50 µL
of reaction buffer [50 mM Tris–HCl, pH 9.0 at 25◦C:
20 mM (NH4)2SO4, 3.0 mM MgCl2] containing 2 units
of recombinant Taq Polymerase and 50 pmoles of VH

primers (13) or VL primers (19). PCR was carried out for
35 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

by electrophoresis in a 2% agarose gel (Sigma) contain-
ing ethidium bromide. When no product was obtained by
PCR, nested PCR was performed.

Sequencing of Ig VH and VL Genes

PCR products were recovered and ligated into the
pGEM T vector (Promega, La Jolla, CA) and transfected
into Escherichia coli DH5a according to Hanahan (20).
The double-stranded DNA template from vectors contain-
ing VH or VL gene inserts was sequenced using a DNA
sequencer (ABI-PRISM).

Assignment of Mutations

Mutations were defined on the basis of nucleotide
changes in the VH and VL segment identified by com-
paring each sequence with germline sequences (NCBI,
The National Center for Biotechnology Information at
http://www.ncbi.nlm.nih.gov). Variability at the joining
sites of the VH, D, and JH or the VL and JL gene seg-
ments was not classed as mutation, since it could not be
distinguished from N region insertion. Two nucleotide
exchanges in a single codon were scored as a single re-
placement mutation.

Construction of scFv Genes

VH and VL genes of clonally expanded intrathecal
B cells from both patients and a phage clone were
amplified separately by PCR using VH or VL gene
primers with a linker peptide consisting of three units
of Gly4Ser[3] (21). PCR products of VH-linker and
VL-like genes from each case were assembled to a scFv
by further PCR amplification with the sense primer
5′-GCCGTCGACAAATGGCCCAGGTGAAACTGC-3′

and the antisense primer 5′-GCCTCGAGACGCG
GTTCCAGCGGATC-3′ to introduce a SalI or XhoI
restriction site, respectively. The fusion fragments were
then ligated into the pET32-b expression vector in frame
with the N-terminal His-tag sequence. The vector pET-
32-b(+)-CSFC-scFv structure, after being confirmed by
DNA sequencing (Fig. 3 Amino Acid VH-linker-VL),
was transformed into AD 494(DE3)pLysS expression
bacteria.

Expression, Purification and Refolding
of scFv Antibodies

Competent AD494 cells transformed by scFv-ligated
pET32-b were grown at 37◦C in 100 mL of LB broth
containing 50 µg/mL of kanamycin until the O.D.600 of
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the culture reached 0.6, when IPTG was added at a final
concentration of 1 mM. The cells were then shaken at
37◦C for 3.5 h and harvested by centrifuged at 4,500 g for
10 min. The cell pellet was resuspended in 10 mL of lysis
buffer containing 50 mM Tris–HCl (pH 8.0), 2 mM EDTA,
and 100 µg/mL lysozyme (Novagen) and shaken at room
temperature for 20 min. The samples were sonicated in
ice-bath for 40 min (Biologies, Inc. Model 300V/T). Then,
samples were spun at 20,000 g for 30 min to separate
inclusion body from soluble cellular proteins. The scFv
containing inclusion body was then solubilized in solubi-
lization buffer (0.1 M Tris, pH 8.0, 6 M guanidine, 2 mM
EDTA, 0.3 mM dithiothreitol) at the final concentration of
2 mg inclusion body/mL and incubated overnight at 4◦C.
The sample was spun at 20,000 g for 30 min to remove
any insoluble material.

Refolding of scFv protein was initiated by a rapid 100-
fold dilution of a stock scFv containing inclusion body
into refolding buffer (0.1 M Tris, pH 8.0, 0.5 M L-arginine,
2 mM EDTA, 1 mM reduced glutathione and 0.2 mM oxi-
dized glutathione). This refolded inclusion body contain-
ing buffer was dialyzed against 1 X PBS buffer pH 8.0
(AccuGENE) overnight at 4◦C and further purified with
BD-TALON Purification and Buffer Kits according to the
procedures suggested by the manufacture (BD). The pu-
rity of ScFvs was determined by Coomassie staining of
SDS-PAGE and by anti-his Western blot. Refolded scFv
protein concentration was determined using Quick Start
Bradford Protein Assay kit (Bio-Rad). From a stock of
0.2–0.3 mg wet inclusion body as starting material, we
usually obtained 6.5–12.5 µg purified ScFv protein.

SDS-PAGE and Western Blotting

The recombinant protein was dissolved in SDS-PAGE
buffer under reducing conditions and subjected to elec-
trophoresis on 10% SDS gels, then either stained with
0.25% Coomassie brilliant blue R250 or transferred to a
PVDF membrane (Roche). After blocking with 5% skim
milk (Difco, USA), the membrane was incubated for 2 h
at 37◦C with 1:5000 dilution of anti-His6 mAb (Novagen,
California), followed by HRP-conjugated rabbit anti-
mouse IgG antibody (Dako, California) and 3,3′-
diaminobenzidine tetrahydrochloride (DAB) (Sigma-
Aldrich) as staining substrate.

Dot Blot Assay

Native specific binding of CDR3 epitope on refolded
scFv Abs to anti-scFv- VH-CDR3 peptide antibody, in-
duced by immunizing a rabbit with CDR3 peptide ex-
pressed by case 2 (Penlabs Inc) was examined by a dot

blot assay. Refolded scFv proteins in PBS were applied to
nitrocellulose membranes (1 µg/dot). These membranes
were treated as Western blot membranes. After blocking,
the dots in lanes were separated and incubated with 1:500
diluted mouse monoclonal antibody to His6 (Qiagen) and
1:500 diluted rabbit polyclonal antibody to scFv- VH-
CDR3 of case 2, for 1 h, followed by four washes and incu-
bation with goat anti-mouse IgG (Bio-Rad) and anti-rabbit
IgG antibodies. The membranes were then washed four
times and developed by Opti-4CN substrate kit (Bio-Rad).

Immunohistochemistry

Paraffin brain sections (6 µm thick) were cut on a mi-
crotome, picked up on gelatinized slides, and dewaxed.
Then the endogenous peroxidase activity was blocked by
incubation with 1% H2O2 in ethanol for 30 min. An im-
munoperoxidase method was used to localize bound scFv
antibodies; all steps were performed at room temperature.
Briefly, sections were rinsed in phosphate-buffered saline
containing 0.1% Tween 20 (PBS/Tween) and incubated
for 30 min with 5% porcine serum, then for 2 h with
biotin-conjugated scFv antibody, prepared as described
previously (22). They were then washed, incubated for 1 h
with peroxidase-conjugated anti-biotin antibody (Dako),
then developed for 10 min with 3′ diaminobenzidine–
H2O2 as recommended by Dako. The sections were coun-
terstained with haematoxylin and eosin, dehydrated, and
coverslipped. Negative control sections were processed
with an irrelevant scFv Ab from a phage clone from a
human IgG phage display library and without scFv anti-
body. The brain tissues from a normal donor and a patient
with Parkinson’s disease served as tissue controls. Table I
listed antibodies used for this study.

RESULTS

Clonal Expansion of Intrathecal B Cells

The Ig VH and VL genes of the intrathecal cells and
from a phage clone were analyzed by RT-PCR and gene
sequencing. RT-PCR showed that the VH and VL genes
expressed by intrathecal cells from MS patients and a

Table I. Primary Antibodies Used for Immunocytochemistry

Antigen Antibody type Target Source

CD3 polyAb T cells Dako, California
CD68 mAb Macrophages/ Dako, California

Microglia
Biotin Peroxidase- Dako, California

conjugated F(ab’)
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Fig. 1. Amplification of VH, VL, and scFv genes from intrathecal B
cells and a phage clone from a human IgG phage display library. Lane
M, 100 bp Marker; Lane N, negative control; Lanes 1-3, VH for case 1
(lane 1), case 2 (lane 2) and an irrelevant phage clone (lane 3); lanes
4–6, VL for case 1 (lane 4), case 2 (lane 5) and an irrelevant phage clone
(lane 6); lanes 7–9, VH-linker-VL fused scFv genes for case 1 (lane 7),
case 2 (lane 8) and an irrelevant phage clone (lane 9).

control phage clone (Fig. 1, lanes 1 to 6). B cell clonality
was determined by analyzing the deduced amino acid
sequences of CDR3 in the joining region of the VH chain
and the VL chain, which showed clonal expansion in case
1 and case 2 (Fig. 2). The clones derived from the same
patient were identical in the VH-D-JH regions (VH) and
in the VH-JH regions (VL) in terms of sequence, with a
defined VH and D or VL and JL fragment usage.

VH and VL Family Utilization and
Somatic Hypermutations

The clonal expansion of intrathecal B cells in MS raises
questions about the origin and differentiation pathway of
these cells. To elucidate these issues, the sequences of
the VH and VL genes derived from the two cases were
analyzed. Table II shows the VH and VL family and gene
segment utilization of the clonal B cells. The VH and VL

gene rearrangement used VH 3-30 and VL-B3 in case 1
and VH 3-53 and VL-L2 in case 2. The differences in
sequences compared with the closest known germline VH

and VL genes are also summarized in Table II.
In case 1, the VH and VL gene sequences showed the

highest degree of similarity with the VH germline se-
quence VH 3-30 (27) and the VL germline sequence VL-
B3 (28) (94 and 97% identity, respectively). The VH gene
contained 14 substitutions, 8 in the FRs (5 resulting in

Fig. 2. CDR3 gene-encoded amino acid sequences expressed by
intrathecal B cells and a phase clone.

amino acid substitution) and 6 in the CDRs (5 resulting in
amino acid substitution). The replacement (R) to silence
(S) mutation ratio in the FRs and CDRs was 1.7 and 5.0,
respectively. The VL gene had six substitutions, two in the
FRs and four in the CDRs, the R/S mutation ratio in the
FRs and CDRs were 1.0 and 3.0, respectively. In case 2,
the VH and VL gene sequences showed 94% identity with
the VH germline gene VH3-53 (27) and 94% identity with
the VL germline gene VL-L2 (29). The VH gene showed
20 substitutions, 13 in the FRs (3 resulting in amino acid
substitution) and 7 in the CDRs (6 resulting in amino acid
substitution) The R/S mutation ratio in the FRs and CDRs
being 0.3 and 6.0, respectively. The VL gene showed 12
substitutions, 7 in the FRs and 5 in the CDRs. The R/S
mutation ratio in the FRs and CDRs was 6.0 and 1.5,
respectively. Taken together, these findings indicate that
the intrathecal B cells derived from these two patients had
undergone antigen-driven somatic hypermutation in the
germinal centers of the secondary lymphoid tissue and
had been clonally expanded in the CNS.

Construction of the scFv Fragments

To generate the CSFC-scFv Abs, the clonally expanded
VH and VL chain genes from each of two CSF clones and
a phage clone were assembled with the linker DNA frag-
ment (Fig. 1, lanes 7 to 9) and ligated into pET32b(+).
Figure. 3 showed gene-encoded amino acid sequences of
scFv-genes. The expression plasmid was then introduced
into DA494 competent cells and induced by 1 mM IPTG

Table II. VH and VL Family Usage and Differences in the Nucleotide Sequences of Ig
Variable Genes

Total R:S
Germline Percent FRs CDRs

Case V gene homology R/S R/S FRs CDRs R/S R/S

Case 1
VH 3–30 94 5/3 5/1 8 6 1.7 5.0
VL B3 97 1/1 3/1 2 4 1.0 3.0

Case 2
VH 3–53 93 3/10 6/1 13 7 0.3 6.0
VL L2 94 6/1 3/2 7 5 6.0 1.5
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Fig. 3. Continued
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Fig. 3. VH-Liker-VL gene-encoded amino acid sequences of scFv expressed by pET32-b
vector. FR, framework region; CDR, complementarity determining region.

at 37◦C. As shown in Fig. 4, SDS-PAGE and Western blot-
ting analysis showed that a protein band with an apparent
molecular weight of about 47 kDa was strongly expressed
after IPTG induction for 3 h (Fig. 4 lanes 2 to 4), but not
without IPTG induction (Fig. 4 lane 1). After purification
on an anti-His column, each scFv antibody gave a single
band (Fig. 4 lanes 5 to 7), which was recognized by anti-
His6 mAb (Fig. 4 lanes 8 to 10).

Native Specific Binding of Conformational
Ab to VH-CDR3 Peptide of scFv Ab

To study whether refolded scFv molecules carry the
native-conformational structure of VH-CDR3, we gen-

Fig. 4. SDS-PAGE and Western blotting analysis using anti-His6 mAb.
Lane M, Mid-range protein molecular weight markers (kDa): 75, 50,
37, and 25; lane 1, AD494 competent cell culture supernatant without
IPTG induction; lanes 2, 3 and 4 inclusion body proteins from case 1
(lane 2), case 2 (lane 3) an irrelevant phage clone (lane 4) and after 3 h
IPTG induction; lanes 5, 6 and 7 anti-His6 column purified protein from
case 1 (lane 5), case 2 (lane 6) and an irrelevant phage clone (lane 7);
lanes 8–10, Western blotting analysis of the protein in lanes 5–7.

erated rabbit antibody to VH-CDR3 peptide of case 2
(RRMS). The specific binding of the refolded scFv
molecule to the conformational antibody, anti-VH-CDR3
peptide (case 2, RRMS), was examined by Western dot
assay. The result showed that the scFv Ab derived from
case 2 responded specifically to its corresponding anti-
CDR3 antibody. No cross reactivity to CSFC-scFv-Ab of
case 1 and to control scFv was observed (Fig. 5).

Immunoreaction of CSFC-scFv Ab in the MS Brain

To study the brain antigens recognized by antibodies
produced by clonally expanded CSF B cells in MS, we
stained two lesions from each of four MS brains with the
two CSFC-scFv Abs and an irrelevant scFv Ab generated
from a phage clone selected from a human IgG phage
display library. All samples used in this study fulfilled

Fig. 5. The specific binding of refolded scFv molecule to the confor-
mational antibody. Lane N, negative control applied with PBS; Lane 1
applied with scFv protein of case 1; Lane 2 applied with scFv protein of
case 2 and Lane 3 applied with scFv protein of a phage clone. Anti-His,
incubate with mouse antibody to His6; Anti-CDR3, incubate with rabbit
antibody to VH-CDR3 peptide of case 2.

Journal of Clinical Immunology, Vol. 25, No. 3, 2005



260 ZHANG ET AL.

the neuropathological criteria of MS. The criteria is de-
fined by plaques containing at least one area in the ac-
tive stage of demyelination, as manifested by demyeli-
nation, T cell and macrophage infiltration, and reactive
microglia at the border between areas with a normal and
reduced density of myelinated fibers (Fig. 6 A–C). Lesion-
infiltrated macrophages contained intracytoplasmic gran-
ules of myelin debris that were reactive for myelin basic
protein (not shown).

Immunochemical staining revealed an abundant bind-
ing of CSFC-scFv Ab to axons within the area of an acute
demyelinated lesion adjacent to normal-appearing white
matter, but not to the adjacent myelin sheath. Figure 6D
(immunochemical staining with scFv Ab from case 2)
and Figure 6E (immunochemical staining with scFv Ab
from case 1) showed CSFC-scFv-Ab positive axons in
acute lesions. No immunoreactivity was seen in lesions
stained with an irrelevant control scFv-Ab generated from
a phage clone selected from a human IgG phage display
library (Fig. 6F). Staining revealed several different pat-
terns of axons, including terminal axons with boutons
(Fig. 6G), thin linear axons (Fig. 6H), swellings (ovoids)
and disjointed axons (Fig. 6I), degenerating axon termi-
nals (Fig. 6J), massive axon degeneration (Fig. 6K), a
ring of degenerated axons (Fig. 6L) and degenerated axon
residuals (Fig. 6M). These axon staining patterns were
observed in different lesions stained with CSFC-scFv-
Abs from both patients, but not in lesions stained with an
irrelevant scFv-Ab generated from a phage clone selected
from a human IgG phage display library. The axon pat-
terns presented in Fig. 6H, I, K, L, and M were seen in
three lesions from MS brains of case 1 and 2. The staining
pattern shown in Fig. 6J was also observed in three le-
sions from MS brains of cases 1, 2 and 3. The residuals of
degenerated axons depicted in Fig. 6M and Fig. 6P were
seen in 7 of 8 lesions from all 4 MS brains. These patterns
of axonal changes may represent axonal damage during
different time courses of inflammation. Based on lesion
activity, CSFC-scFv Ab-stained axons revealed different
axonal damage in three lesion areas. Area 1 in Fig. 6A
and D showed that at the border between areas of active
demyelination and normal-appearing white matter, most
CSFC-scFv Ab-positive axons appeared as continuous
lines (Fig. 6H) with terminal ovoid formations (Fig. 6I).
Area 2 of Fig. 6A and D showed that degenerating CSFC-
scFv Ab-positive axons and ovoids (Fig. 6J) were most
numerous in areas of demyelination. In addition, in these
areas, CSFC-scFv-positive axons revealed an accumula-
tion of grape-like ovoid formations (Fig. 6N). Area 3 of
Fig. 6A and D showed that at the center of acute lesions,
where LFB staining demonstrated marked demyelination,
CSFC-scFv Ab-positive axons showed Wallerian-type ter-

minal degeneration, characterized by irregular disjointed
and truncated fragments of axons and axonal ovoids with
axon lines passing through the region (Fig. 6O, arrows).
Few CSFC-scFv Ab-positive axon residuals were seen
in end-stage lesions (Fig. 6P). No CSFC-scFv Ab im-
munoreactivity was seen in normal-appearing white mat-
ter distant from acute lesions (Fig. 6Q) or in brain tis-
sues from a patient with Parkinson’s disease (Fig. 6R)
or a normal donor (Fig. 6S) or in the absence of CSFC-
scFv Ab (Fig. 6T). These results provide evidence for B
cell-mediated autoimmunity directed against axons in MS
and demonstrate that CSFC-scFv Ab-positive axons show
pathologic changes which correlated with lesion activity.

DISCUSSION

To study the immune mechanisms underlying axonal
damage in MS, we analyzed the VH and VL genes ex-
pressed by intrathecal B cells derived from two patients;
one with CIS and one with RRMS. The clonally expanded
VH and VL genes from CSF B cells were fused to generate
CSFC-scFv Abs, which were then tested for binding to
lesions in MS brain sections. Immunochemical staining
showed that these CSFC-scFv antibodies bound to the vast
majority of axons and axonal ovoids in acute lesions and
in the adjacent normal-appearing white matter. Clonally
expanded axon-reactive B cells were found in the CSF
of patients with both CIS suggestive of MS and RRMS,
indicating that an immune response directed against axons
can be initiated at an early stage of disease and persistently
drives B cell clonal expansion during disease progression.

Early studies using a silver impregnation technique and
electron microscopy demonstrated axonal degeneration in
MS (23–25). Recently, immunocytochemical staining for
amyloid precursor protein (ß-APP) and nonphosphory-
lated neurofilament (SMI-32) as well as imaging studies
have provided support for axonal damage in the CNS
in MS and its correlation with serious functional con-
sequences (26–30). These findings have implications for
both the diagnosis and treatment or prophylaxis of CNS
damage and raise the question of whether an immune re-
sponse against axons occurs in the CNS of these patients
and is responsible for this damage.

The study of such immune mechanisms has been ham-
pered by the lack of experimental systems able to analyze
axonal immunoreactivity of CNS lymphocytes. Our pre-
vious studies (11, 13) showed that clonal expansion of
intrathecal B cells is a common and early event in an
inflammatory reaction in the CNS in MS. These findings
provide the opportunity to study the antigens that initiate
and persistently drive B cell clonal expansion in the CNS
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Fig. 6. CSFC-scFv Ab immunoreactivity of axons in multiple sclerosis. (A): Luxol fast blue (LFB)-
hematoxylin and eosin staining showing the edge of the plaque with intact myelin shown in blue and de-
myelination in white (×100). (B and C): Perivascular infiltration of CD3+ T cells (B, ×200) and CD68+
macrophages (C, ×200) in sections adjacent to that shown in A. CSFC-scFv Ab-immunoreactive axons in
acute lesions, stained with scFv-Ab from case 2 (D) and stained with scFv-Ab from case 1 (E) (×100). No
immunoreactive axon was seen in lesions stained with a control scFv Ab generated from an irrelevant phage
clone from a human IgG phage display library (F, 100×). CSFC-scFv Ab binding a terminal axon with boutons
(G, arrows), thin linear axons (H), swellings (ovoids) and disjointed axons (I, arrows), a degenerating axon
terminal (J, arrows), massive axon degeneration (K), a ring of degenerated axons (L) and degenerated axon
residuals (M) (all ×1,000). (H and I): Axonal damage characterized by thin linear axons with ovoid formation
(1,000 magnification of area 1 in D), grape-like ovoid formation (N, ×1,000 magnification of area 2 in D), and
Wallerian degeneration (O, ×1,000 magnification of area 3 in D). (P): Axon residuals in end-stage lesions.
(Q–T): No CSFC-scFv Ab immunoreactivity was seen in normal-appearing white matter far from acute lesions
(Q, ×200), or in brain tissue from a patient with Parkinson’s disease (R, ×200) or a normal donor (S, ×200)
and in the absence of CSFC-scFv Ab (T) (×100).
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in MS. Clonal expansion is based on immune memory,
which results in an enhanced response on restimulation
with the same antigen (31, 32). Memory is generated by
the increase in the affinity of B cell clones for antigen
resulting from the somatic mutation of Ig V genes, with
the B cells undergoing a Darwinian clonal positive se-
lection process based on their affinity for antigen held
on follicular dendritic cells in germinal centers (33–36).
High-affinity mutants survive, whereas low-affinity ones
cannot bind antigen and undergo apoptosis (33). Under
persistent antigen stimulation, memory B cell clones un-
dergo massive proliferation and dominate a specific B
cell mediated humoral immune response throughout the
lifetime of the organism. In the present study, sequence
analysis of the Ig CDR3 and VDJ genes showed that B cell
clonal expansion occurred in the CSF in the two patients
studied. When compared to the germline, the VH and VL

genes contained somatic mutations distributed in a pat-
tern characteristic of antigen-driven affinity maturation,
i.e. the somatic mutations were highly concentrated in
the CDRs or FRs, with a clustering of replacement muta-
tions in the CDRs and only a few in the FRs. The CDR
region is considered to be critical for antigen specificity
(37), and somatic hypermutations in these regions might
contribute to the generation of an antibody with a high-
affinity for the CNS antigen. A high CDR R/S mutation
ratio reflects the positive selective pressure of an antigen
on those gene products which come into close contact
with antigen, while a low FRs R/S mutation reflects the
negative pressure for mutant selection applied to struc-
tural components that need to be conserved (38). This
pattern is consistent with the notion of an antigen-driven
selection of antibodies with high-affinity antigen-binding
sites and was seen in both patients in the present study.
The results showed that clonally expanded intrathecal B
cells from the patients studied had undergone antigen-
driven somatic hypermutation and affinity maturation in
the germinal centers of secondary lymphoid tissue and
been recruited to infiltrate and clonally expand in the CNS.

To examine antigens that drive B cell clonal expansion
in the CNS, we generated CSFC-scFv Abs engineered
from the VH and VL genes of B cells obtained from the
CSF of a patient with CIS suggestive of MS and from a pa-
tient with RRMS. An irrelevant scFv-Ab generated from
a clone phage selected from a human IgG phage display
library was used as negative control of structure-matched
scFv molecule. Native conformation of the refolded scFv-
Ab was examined by a scFvb-VH-CDR3 specific confor-
mational antibody. Previous reports have shown that heavy
chain CDR3 structure (length) has been considered as a
critical parameter in the creation of an antigen-specific
binding site (39, 40). Our results show that the VH-CDR3

epitope of the scFv molecule, refolded by the method we
used, specifically bound its corresponding anti-VH-CDR3
rabbit antibody, which may play an important role in anti-
gen specific binding. Immunochemical staining showed
that the CSFC-scFv Abs produced from both patients
bind axons. Immunochemical staining with an irrelevant
scFv antibody from a random selected phage clone did
not bind axons. Binding of ms-derived CSFC-scFv Ab to
axons was seen as thin lines and as ovoids with disjointed
and truncated fragments of axons, which represent axonal
swellings and Wallerian degeneration. A recent study of
the time-course of events following spinal cord injury
in an animal model (41) showed that axonal swelling,
axonal fragmentation and an increase in the spacing be-
tween axons during weeks 1–5. Wallerian degeneration
followed by debris-laden phagocytes became evident dur-
ing weeks 7–8. Invading macrophages remove the debris
at the lesion and scar tissue forms due to astrogliosis.
The morphology of scFv Abs-reactive axons suggested
that the antibodies secreted by clonally expanded CSF
B cells from patients with CIS or RRMS bind axons in
lesions with acute inflammation, but not to chronic inac-
tivated lesions or normal—appearing white matter distant
from the acute lesions. These antibodies also do not bind
to brain specimens from a patient with Parkinson’s dis-
ease and a normal donor. These findings suggest that an
unidentified axonal antigen(s), which may be expressed
or exposed during acute inflammation, initiates and per-
sistently drives B cell clonal expansion in the CNS of
patients with CIS suggestive of MS or with RRMS.

Any type of trauma to the CNS has the potential to
produce the “domino effect” type of degeneration, in
which additional systems are progressively recruited into
a degenerative chain reaction of transaxonal degeneration.
The findings of B cell clonal expansion in the CNS of the
patient with CIS suggestive of MS and that the antibod-
ies produced are axon-reactive suggests that the axonal
antigen-induced immune response may be recruited into
the immune cascade at an early stage of disease. Further-
more, the presence of CSFC-scFv Ab immunoreactive
axons in acute lesions of patients who had MS for more
than 15 years suggest that patients with even longstanding
chronic progressive MS may exhibit signs of more recent
ongoing axonal degeneration and demyelination.
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