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The role of TNFo and lymphotoxin in

demyelinating disease

Christopher Lock, Jorge Oksenberg, Lawrence Steinman

Multiple sclerosis (MS) is an inflammatory
demyelinating disease of central nervous sys-
tem (CNS) white matter.! The aetiology is
unknown but the condition is probably the
result of a misdirected immune response
against myelin antigens. Pathologically there
are multiple plaques or areas of white matter
inflammation, demyelination, and glial scarring
or sclerosis. In addition to myelin damage,
axon loss may occur as there is a close relation
between myelin and axon.” The inflammatory
lesions are disseminated in time and space, and
clinically the illness is characterised by relaps-
ing episodes of neurological dysfunction.

In a commonly proposed sequence of events,
autoreactive myelin specific CD4+ Thl are
activated in the periphery, probably by non-self
antigens with a resemblance to myelin
proteins.” T cells interact with adhesion
molecules, such as selectins and integrins, on
the capillary endothelium and then migrate
into the brain parenchyma in response to
chemotactic signals. Matrix metalloproteases
(MMPs) are important in facilitating T cell
penetration through the endothelial basement
membrane. Microglia and astrocytes reactivate
T cells locally in the CNS by presentation of
myelin proteins bound to class II MHC
molecules. T cells stimulate macrophage activ-
ity by release of proinflammatory cytokines
such as IL2, IFNYy, tumour necrosis factor a
(TNFa) and lymphotoxin (LT). Activated
macrophages phagocytose myelin, and damage
myelin by release of proteases, nitric oxide
metabolites, reactive oxygen species, eicosa-
noids, complement components and TNFa.
Autoantibodies directed against myelin basic
protein (MBP) and myelin oligodendrocyte
glycoprotein (MOG) are involved in myelin
damage.*’

Experimental allergic (or autoimmune) en-
cephalomyelitis (EAE) can be induced in a
variety of animal species, including non-human
primates, by immunisation with spinal cord
homogenates, myelin proteins or their peptide
derivatives. A number of different myelin
proteins can induce EAE, including proteolipid
protein (PLP), MBP, MOG, myelin associated
glycoprotein (MAG), and 2’3’ cyclic nucle-
otide 3’-phosphdiesterase (CNP). Immunisa-
tion induces brain inflammation accompanied
by varied signs of neurological disease. EAE
can be adaptively transferred by myelin sensi-
tised T cells. EAE and MS share common
clinical, histological, immunological and ge-
netic features, and EAE is widely considered to
be a relevant model for the human disease.
TNFo and LT are key elements in the

pathogenesis of MS and EAE (reviewed by
Steinman®).

TNFo and LT in EAE

Many studies indicate that TNFo activity is
increased during active disease. TNFa and LT
mRNA can both be detected in the CNS in
acute EAE, and are made predominantly by
microglia and infiltrating macrophages.” LT
increases before the onset of clinical signs of
EAE, while TNFa peaks at the height of clini-
cal disease and during relapses.”’ TNFa given
systemically worsens the severity and duration
of EAE and can trigger relapses.” "' TNFa and
LT are both directly toxic in culture to
oligodendrocytes, cells that form the myelin
sheath in the CNS.” " TNFa given directly
into the vitreous chamber in mice causes
demyelination of the optic nerve."

TNFo production by astrocytes can be
induced in culture. There is higher production
of TNFa in astrocytes from rodent strains
which are susceptible to EAE.” The ability of
MBP reactive T cell clones to transfer EAE
correlates with their level of production of
TNFo and LT.'° Altered peptide ligands
reduce the production of TNFa and Thl
cytokines, and can reverse EAE."” **

Bacterial superantigens can induce relapsing
attacks of paralysis in EAE, an effect blocked
by antibody against TNFa."” TNFa delivered
locally by a T cell clone carrying a TNFa
encoding retrovirus construct exacerbates
EAE.”

Reduction of TNFa activity by a number of
different means abrogates disease. Treatment
of mice with anti-TNFa antibody” * or
neutralisation of TNFa and LT activity with
soluble p55 TNF receptor”? blocks develop-
ment of EAE. Rolipram, a selective phosphodi-
esterase type IV inhibitor that reduces produc-
tion of TNFo and LT, reduces clinical signs of
EAE.26728

In summary, these studies lead to the
conclusion that increased levels of TNFa
activity exacerbate disease, while blockade of
TNFa lessens disease in EAE models.

TNFa and LT transgenic and knockout
mice

Transgenic experiments indicate that overex-
pression of TNFa can induce spontaneous dis-
ease. Overexpression of TNFa in the CNS of
transgenic mice causes spontaneous inflamma-
tory demyelination.””' Oligodendrocyte apop-
tosis and myelin vacuolation is observed in
these animals.”” The effects of TNFa are
prevented if the p55 TNF receptor is knocked
out.” Overexpression of TNFa in the CNS,



1122

even in mice lacking CD4, -2 microglobulin,
immunoglobulin p chain, and RAG-1, is suffi-
cient to induce demyelination.”

Gene knockout studies have examined the
role of TNFo and LT in susceptibility to
induced EAE. A complicating factor in several
studies™ > is that disruption of these genes
causes developmental defects, such as abnor-
mal lymph nodes, altered splenic architecture,
and abnormal immune function. In a more
recent study of TNFa and LT knockout mice,
immunodeficiency was corrected in LTo-/-
mice by reconstitution with bone marrow
cells.” Mice with TNFa knocked out, but with
LTo present, had a delayed onset and shorter
duration of disease. The absence of TNFa had
the effect of impairing lymphocyte migration
into the CNS. When LT a was knocked out, but
TNFo was present, EAE developed normally.
Similar results were seen in an earlier study of
TNFo knockout mice.”” The conclusion from
these knockouts is that TNFa plays an impor-
tant part in lymphocyte trafficking into the
CNS.

Although TNFa is generally proinflamma-
tory in EAE experiments, TNFa may be
anti-inflammatory under some conditions.
TNFo reduced EAE when given systemically
using a recombinant vaccinia virus.”® The
effects of TNF and other cytokines vary
depending on whether they are given systemi-
cally versus locally, timing of administration,
and other factors. In another study of TNFo-/-
knockout mice, MOG induced EAE was more
severe in TNFa-/- mice than in littermate
controls.” TNFo given systemically was pro-
tective and prevented development of EAE.
Presumably the explanation is one of cytokine
redundancy, with other molecules substituting
functionally for TNFa in this situation. Simi-
larly, Thl cells are generally implicated in
EAE, and Thl clones reactive to MBP can
transfer disease.” However in the study of
Lafaille er al,* anti-MBP Th2 cells were
derived from MBP specific TCR transgenic
mice, and transferred into RAG-1 knockout
mice. The transferred anti-MBP specific Th2
cells were able to cause EAE. ILL4 was present
in the lesions, but no TNFa or other Thl
cytokines were present.

Despite these exceptions, the same generali-
sations hold true from experiments with TNFa
transgenic and knockout mice. TNF expres-
sion in transgenic mice is sufficient to cause
spontaneous inflammatory demyelination,
while inactivation of the TNFa gene impairs
lymphocyte migration into the CNS.

TNFo and LT in MS
As in EAE, TNFa and LT protein and mRNA
can be demonstrated in MS plaques.” ¥ TNFa
positive cells include lymphocytes, macro-
phages, endothelial cells, astrocytes, and
microglia.* ¥

TNFa is present in the CSF of subjects with
MS,** and the level of TNFa correlates with
severity and progression of disease.” TNFa
increases the permeability of CNS endothelial
cells.® TNFu, levels in CSF are higher in MS
subjects with active disease and correlate with
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blood-brain barrier damage.”’ CSF mononu-
clear cells from MS subjects show increased
TNFo mRNA levels, compared with blood
mononuclear cells, or compared with cells
from the CSF of control subjects.”” > PBLs
maintained in culture from MS subjects
produce more TNFa and LT than controls.”
Disease exacerbation is correlated with higher
levels of TNFo and LT mRNA in PBLs.”™
TNFo production after mitogen stimulation of
PBLs from MS subjects is increased before
exacerbations.”

As well as being toxic to oligodendrocytes,
TNFao, and to a lesser extent LT, is mitogenic
for astrocytes in culture, and may contribute to
reactive gliosis found in MS.* !

Like EAE, these data suggest that higher lev-
els of TNFa correlate with increased disease
activity in MS.

TNF genes and susceptibility to MS

The genes encoding TNFo and LT are
embedded within the major histocompatibility
complex (MHC) in the human chromosomal
segment 6p21, about 250 kb centromeric to the
HLA-B gene and 355 kb telomeric to C2.
Multiple polymorphisms have been identified
in or near the TNF genes. However case-
control population based studies have failed to
detect significant genetic association with MS
susceptibility or progression. Results indicating
distortions of the expected allelic frequencies
could be attributed to the effect of linkage dis-
equilibrium with HLA-DR2.%

Current treatments for MS: effects on
TNFa

Several currently used treatments for MS have
effects on TNFa activity. Methylprednisolone
intravenously, or oral prednisone, is commonly
used in the treatment of MS exacerbations.
The effects of corticosteroids include a de-
crease in TNFo activity by inhibiting
transcription.® There is a reduction of MMP-9
activity (gelatinase B), and increased levels of
TIMP-3.*

Two forms of IFNf3 are currently used for
the treatment of MS, IFNB1b (Betaseron) and
IFNf31a (Avonex, Rebif). IFNf3 has several
mechanisms of action (reviewed by Yong ez
al”). Pre-treatment of T cells with IFNS
decreases VILA-4 integrin expression and
reduces subsequent TNFa production by
microglia.® IFNf may favour the production of
anti-inflammatory cytokines,””" and decrease
TNFa production.” ™ IFNS decreases TNFo,
receptor levels on T cells.” IFNf3 decreases
MMP-2 and MMP-9 activity and reduces T
cell migration into the CNS.” "

Copolymer-1 (Copaxone), a random co-
polymer of alanine, glutamic acid, tyrosine, and
lysine, is the most recent immunomodulatory
drug approved for the treatment of MS. Recent
studies suggest that copolymer-1 acts as an
altered peptide ligand, causing a shift from a
Thl to a Th2/Th3 response, with a decrease in
TNFo mRNA levels.”
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Figure 1  Chip design. A perfect match (PM) and an adjacent mismatch (MM) 25-mer DNA oligonucleotide probe pair
1s dllustrated. The MM oligonucleotide has a single change at position 13.

Therapeutic blockade of TNFa activity in
MS

A study of two rapidly progressive MS subjects
treated with the anti-TNFo antibody cA2
(Remicade, Centocor) was reported by Van
Osten et al in 1996.” The subjects were given
two infusions of 10 mg/kg of antibody at inter-
vals of two weeks. There was no reported clini-
cal worsening of disease. However, an increase
in the number of gadolinium enhancing lesions
on magnetic resonance imaging, a rise in CSF
IgG index, and an increase in the number of
lymphocytes in the CSF was observed after
each infusion. The magnetic resonance imag-
ing and CSF findings were felt to indicate
intrathecal immune activation. VCAM-1 was
detectable in CSF post-infusion, while levels of
VCAM-1 and ICAM-1 were lower in serum.
TNFo production by stimulated WBCs was
lower after treatment. cA2 antibody could not

be detected in CSF, and was probably not able
to cross the blood-brain barrier. Unfortunately,
there were no monthly pre-treatment scans to
estimate ongoing disease activity in this small
study.

A soluble dimeric p55 TNF receptor-
immunoglobulin fusion protein (STNFR-IgG
p55; lenercept, Roche) was tested in a double
blind placebo controlled study of 168 mainly
relapsing-remitting MS subjects.”™ Subjects
were treated with 10, 50, or 100 mg of
lenercept intravenously every four weeks, for a
period of up to 48 weeks. Clinical evaluations
and MRI were obtained every four weeks. The
exacerbation rate was increased by 2%, 68%,
and 50%, over the placebo rate, in subjects
treated with 10, 50 and 100 mg of lenercept
respectively (p = 0.007). There was a dose
dependent decrease in the time to first exacer-
bation in treated groups (p = 0.006). There

AAAAAAAAAA mRNA
AAAAAAAAAA cDNA
TTTTTTTTTT-T7 promoter

T7 RNA polymerase +

Biotinylated ribonucleotides
Labelled
cRNA

transcripts

Figure 2 Sample preparation. A primer containing oligo-dT (T24) and a T7 RNA polymerase binding site is used for
first strand cDNA synthesis. Double stranded cDNA is used for an in vitro transcription reaction, to make cRNA labelled

with biotin-UTP and biotin-CTP.
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Figure 3 Genechip image. The figure shows a scanned image of a HuGeneFL chip.

was a tendency for the duration and severity of
exacerbations to be increased with lenercept,
although this was not statistically significant.
Side effects included headache, hot flushes,
nausea, dyspnoea, and abdominal pain. Anti-
bodies to lenercept were detected in most of
the treated subjects. Trough serum concentra-
tions of lenercept were detected in only a third
of patients, and not in those subjects with high
anti-lenercept antibody concentrations. New
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occurrences of rheumatoid factor or ANA were
more common in the lenercept treated group.
Despite clinical worsening, there were no
significant changes in MRI measurements
between groups. One explanation may be the
timing of scans in relation to drug dosing. MRI
scans were obtained four weeks after the
preceding dose, and changes may therefore
have been missed. However, it is also recog-
nised that MRI changes have poor pathological
specificity in MS, and poor correlation with
clinical measures of disability. Newly active
MRI lesions reflect changes in blood-brain
barrier permeability, which may perhaps be
separate from CNS inflammation.

Pentoxyfilline, a phosphodiesterase inhibi-
tor, reduces TNFo production and prevents
EAE” * and has been studied in MS. TNFu,
production is reduced in vitro,” but there is no
apparent effect on disease.*” ¥ Perfenidone, an
experimental drug that prevents gliosis and
blocks TNFa synthesis, is currently being
tested in MS.

To date the results of TNFo blockade in MS
have been disappointing, and seem to make
disease worse, or at best have no effect. These
results are unexpected and in contrast with
animal models, where TNFa blockade is effec-
tive in ameliorating disease. The reasons for
this difference are not clear at the present time.

Metalloproteinase inhibitors

The MMPs are a group of zinc containing pro-
teolytic enzymes involved in the degradation
and remodelling of the extracellular matrix.**
The family consists of approximately 18 mem-
bers subdivided into collagenases, gelatinases,
stromelysin, and membrane-type MMDPs. T
cells express predominantly MMP-2 (gelati-
nase A) and-9 (gelatinase B), while macro-

Figure 4 Close view of genechip. Individual synthesis features or probe cells can be seen. Each 24 x 24 ym probe cell is
imaged by the scanner as a series of 3 um pixels. The software aligns a grid to the image after scanning. A row of brighter
PM probes can be seen, above a row of corresponding MM probes.
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DNA oligo ——p
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Figure 5 Hybridisation. Biotinylated cRNA, stained with streptavidin-phycoerythrin,
binds preferentially to the PM oligonucleotide. Hybridisation is measured by calculation of
PM-MM differences, and PM/MM ratios. The software makes a call of increased,
decreased, or no change for each RNA, when comparing two chips.

Table 1

phages secrete a broader range and larger
amounts of MMPs,” including MMP-1, -2, -3,
-7 (matrilysin), -9 and -12. Neurons, astro-
cytes, and oligodendrocytes also express
MMPs.**® The activity of MMPs is tightly
regulated at the level of transcription, by
proenzyme activation, and by the activity of
tissue  inhibitors of  metalloproteinases
(TIMPs). Gene transcription can be induced
by growth factors, inflammatory cytokines, and
via cell-ECM or cell-cell interactions. MMPs
are initially produced as inactive pro-MMPs,
containing a zinc atom bound to a cysteine
residue in the catalytic domain. Activating fac-
tors disrupt the zinc-cysteine interaction and
expose the catalytic site. After activation,
MMPs are regulated by the formation of com-
plexes with one of the four TIMPs. MMP
activity is tightly controlled by these means, but
excess MMP production and activation may be
an important factor in autoimmune diseases,
including MS.

TNF related genes represented on HuGeneFL array

Accession

Entrez definition

HG4683-HT5108 Tumour necrosis factor receptor 2 associated protein Trap3

M16441
M31165

M31166
U 12595

M32315
M59465

U77396
U86755
U69611
U78798
D78151
D38047
X02910
V01512
Jo4111
M58286
141690

U69108
722951
104270

Y10256

Lymphotoxin gene extracted from human tumour necrosis factor and
lymphotoxin genes, complete CDs

Human tumour necrosis factor inducible (TSG-6) mRNA fragment,
adhesion receptorCD44 putative CDS

Human tumour necrosis factor inducible (TSG-14) mRNA, complete CDs
Human tumour necrosis factor type 1 receptor associated protein (TRAP1)
mRNA, partial CDs

Human tumour necrosis factor receptor mRNA, complete CDs

Human tumour necrosis factor alpha inducible protein A20 mRNA,
complete CDs

Human TNF alpha inducible responsive element mRNA, complete CDs
Human TNF alpha converting enzyme mRNA, complete CDs

Human TNF alpha converting enzyme mRNA, complete CDs

Human TNF receptor associated factor 6 (TRAF6) mRNA, complete CDs.
Human mRNA for 26S proteasome subunit p97, complete CDs

Human mRNA for 268 proteasome subunit p31, complete CDs

Human gene for tumour necrosis factor (TNF alpha)

Human cellular oncogene c-fos (complete sequence)

Human c-jun proto oncogene (JUN), complete CDs, clone hC]J-1

Homo sapiens tumour necrosis factor receptor mRNA, complete CDs
Homo sapiens TNF receptor-1 associated protein (TRADD) mRNA, 3’ end
of CDs

Homo sapiens TNF receptor associated factor 5 mRNA, partial CDs
Homo sapiens gene encoding p65 subunit of transcription factor NF-kappaB
Homo sapiens (clone CD18) tumour necrosis factor receptor 2 related
protein mRNA, complete CDs

Homo sapiens mRNA for serine/threonine protein kinase, NIK

The HuGeneFL probe array is a high density, single chip array with over 6000 genes represented.
Full length genes were selected from UniGene, GenBank, and TIGR databases by Affymetrix.
TNFa, LT, TNF receptors, and a number of genes involved in TNFa signalling pathways are rep-
resented on the array.
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MMPs are needed to facilitate T cell
penetration through the basement lamina of
the vascular endothelium into the CNS.
Increased MMP expression can be demon-
strated in the CNS of subjects with MS*** and
in animals with EAE.”°” MMP inhibitors
block degradation of the extracellular matrix
and reduce entry of T cells into the CNS. One
mechanism of action of IFNf3 in MS is the
inhibition of MMP-9 activity of T
lymphocytes.” ™

TNFoa is initially produced as a 26 kDa
membrane anchored protein and is converted
to the mature, secreted 17 kDa protein by
TNFo converting enzyme (TACE). MMP
inhibitors prevent the conversion of TNFa into
an active form. In addition, MMPs contribute
directly to the degradation of myelin proteins,
and MMP inhibitors may block this activity.

MMP inhibitors can block induction of
EAE.”'” A small trial in MS subjects of a
combination of D-penicllamine and metacy-
cline, which inhibit MMP-9 and t-PA, was
reported. Ten patients with secondary progres-
sive MS were treated over a period of one year.
There was no improvement in Extended
Disability Status Scale (EDSS) scores at one
year, and there were problems with toxicity.'”
Several MMP inhibitors are currently being
tested in clinical trials in MS, but there are no
published data at the present time.

Genomics and microarray technology
Current estimates suggest that there are
approximately 100 000 genes in the human
genome, and about one half of these have been
partially or completely sequenced. Determina-
tion of which of the 100 000 genes are
expressed is a useful initial step in understand-
ing a disease process.

Microarray technology allows a large scale
readout of gene expression. Several different
types of microarrays are available, based on
cDNAs, PCR products, or oligonucleotides
immobilised on a solid support. The Affymetrix
Genechip is a high density oligonucleotide array
synthesised directly onto glass slides by a
combination of photolithography and light acti-
vated chemistry.'™'” The expression arrays
contain as many as 400 000 24 x 24 pm synthe-
sis features. Each synthesis feature or probe cell
contains approximately 10" copies of a specific
25-mer DNA oligonucleotide sequence. The
synthesis features are organised in pairs, consist-
ing of a perfect match (PM) oligonucleotide and
a mismatch oligonucleotide (MM) immediately
below (fig 1). The MM oligonucleotide is iden-
tical except for a single base change at the mid-
dle position, and is used as a control for hybridi-
sation specificity. Each gene on the array is
represented by a series of 20 probe pairs, which
span the sequence.

Samples are prepared for hybridisation to the
array, first by isolation of polyA+ mRNA.
Double stranded cDNA is then made, and the
cDNA is used as a template to produce
biotinylated cRNA (fig 2). The labelling proce-
dure amplifies the mRNA population by about
150-fold. The cRNA is fragmented and
hybridised to the array, forming hybrids
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between the biotinylated cRNA and the DNA
oligonucleotides on the chip. The array is
washed, stained with streptavidin-
phycoerythrin, and scanned with a confocal
laser microscope. A scanned image of a
genechip is shown in figure 3, and a close up
view in figure 4.

The average fluorescence intensity is calcu-
lated for each probe cell. The presence or
absence of a particular RNA is determined from
the hybridisation pattern, using PM and MM
differences and ratios (fig 5). The signal is
proportional to the amount of bound, labelled
cRNA. The relative concentrations of different
RNAs in a population can be estimated from the
signal intensity. A single sample is applied to
each array, and the software compares arrays.

Using this system, we have analysed several
rodent EAE models, and human MS samples
(unpublished data), to look for differentially
expressed genes. The aim is to identify novel
targets for drug development. A number of
TNF related genes are represented on the
arrays (table 1). Many genes known to be
involved in demyelination are differentially
expressed, along with a number of less well
characterised genes. The data are complex, but
provide a more global view of gene expression.
A difficulty with this type of data is that it does
not give functional information regarding the
identified genes. Functional experiments such
as gene inactivation, cellular localisation, and
other types of studies are needed. Cluster
analysis may provide functional clues by
grouping together genes whose expression is
co-regulated.'” The size of the data sets also
presents a challenge.

Genomics has been likened to the biological
equivalent of the chemical periodic table, but
with 100 000 gene elements and an informa-
tion space with more than two dimensions.""’
The microarray approach will hopefully pro-
vide a more comprehensive view of TNF
related pathways involved in demyelinating and
other diseases.
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