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Abstract

 

TNF-

 

a

 

 is a proinflammatory cytokine involved in many in-

flammatory conditions such as Crohn’s disease, rheumatoid

arthritis, cachexia, AIDS, and multiple sclerosis (MS).

TNF-

 

a

 

 is produced mainly by cells of the macrophage lin-

eage, which includes microglia in the central nervous sys-

tem. Here, we describe a mechanism through which TNF-

 

a

 

is generated by microglia. We show that activated human T

lymphocytes induce the microglial production of TNF-

 

a

 

,

and that is attenuated by a functional blocking antibody to

CD49d, the alpha chain of the VLA-4 integrin on T cells.

We also report that interferon

 

b

 

-1b (IFN

 

b

 

-1b), a drug that

alleviates symptoms in MS, downregulates the expression of

CD49d and reduces TNF-

 

a

 

 production, mechanisms which

can help account for its efficacy in MS. (

 

J. Clin. Invest.

 

1997. 100:604–612.) Key words: cytokine 

 

• 

 

EAE 

 

• 

 

glia 

 

• 

 

mac-

rophage 

 

• 

 

multiple sclerosis

 

Introduction

 

Multiple sclerosis (MS)

 

1

 

 is a chronic inflammatory disease of
the central nervous system (CNS). The infiltration of immune
cells, such as T lymphocytes and macrophages, into the brain
triggers a cascade of immunological reactions, regulated by cy-
tokines, which lead to demyelination and loss of neurological
functions (1, 2). An important regulator of these events is the
potent proinflammatory cytokine tumor necrosis factor alpha
(TNF-

 

a

 

). TNF-

 

a

 

 can influence lymphocyte trafficking across
endothelium by upregulating the expression of various adhe-
sion molecules involved in this process (3), and it is implicated
in the process of demyelination. Indeed, TNF-

 

a

 

 directly in-
duces in vitro the apoptotic death of the myelin-producing
cells in the brain, the oligodendrocytes (4–6), and intravitreal
injection of TNF-

 

a

 

 causes demyelination of mouse optic nerve

axons (7). The level of TNF-

 

a

 

 is found to be elevated in the se-
rum, cerebrospinal fluid, and brain lesions of MS patients, and
is correlated with the disease activity (8–11). TNF-

 

a

 

 is also im-
plicated in the pathogenecity of an inflammatory disease of the
CNS in mice, experimental allergic encephalomyelitis (EAE),
often used as a model for MS. The administration of antibod-
ies to TNF-

 

a

 

 or soluble TNF-

 

a

 

 receptors prevents the transfer
of EAE and abrogates autoimmune demyelination (12–14).
Moreover, during TNF-

 

a

 

 receptor–mediated inhibition of
EAE, lymphocyte trafficking into the CNS becomes impaired
(15). Finally, transgenic mice overexpressing TNF-

 

a

 

 in the
CNS develop CNS inflammation and Wallerian degeneration
(16).

Interferon beta-1b (IFN

 

b

 

-1b), a recombinant and modified
form of natural human IFN

 

b

 

, is a drug used in the treatment
for MS. Recent clinical trials have demonstrated that IFN

 

b

 

-1b
decreases the number of relapses in relapsing-remitting MS,
and that it also reduces the frequency of lesion formation de-
tected by magnetic resonance imaging (MRI) (17–19). In
EAE, the systemic administration of IFN

 

b

 

 prevents the devel-
opment of the disease (20), and the adoptive transfer of EAE
can be inhibited when myelin-basic protein–(MBP) specific
lymphocytes are pretreated with IFN

 

b

 

 (21). Interestingly,
IFN

 

b

 

-1b has been shown recently to decrease peripheral
blood mononuclear cell production of TNF-

 

a

 

 in MS patients
(22).

The mechanism by which TNF-

 

a

 

 is generated in the MS
brain is unclear, but it is known that the resident CNS mac-
rophage, the microglia, is an important source (9, 23). Because
most of the T lymphocytes infiltrating the MS brains are acti-
vated (24), we investigated whether, and how, the interaction
of activated T-lymphocytes with microglia in vitro can gener-
ate TNF-

 

a

 

, and whether IFN

 

b

 

-1b can impact upon this inter-
action. This paper demonstrates that activated T lymphocytes
can indeed induce the microglial production of TNF-

 

a

 

 through
a mechanism that appears to involve VLA-4, and that IFN

 

b

 

-1b
affects this interaction to help account for its efficacy in MS.

 

Methods

 

Cell cultures and treatment.

 

Adult human microglia, of over 95% pu-
rity, were cultured from resected brain specimens of patients under-
going surgery to treat intractable epilepsy, as described previously
(25, 26). Mononuclear cells were obtained from peripheral blood of
healthy individuals or from epileptic patients, and were activated with
an anti-CD3 antibody, OKT3 (1 ng/ml), for 72 h. The purity of T cells
at the end of this activation period was 

 

.

 

 90%, consisting of roughly
equal quantities of CD4

 

1

 

 and CD8

 

1

 

 T cells (27). 2.5 

 

3

 

 10

 

4

 

 microglial
cells were plated per well of a 96-well tissue-culture plate. Activated
T cells (5.0 

 

3

 

 10

 

4

 

) were then added to the microglia culture for a pe-
riod of 24 h coculture, after which the culture medium was collected
for TNF-

 

a

 

 measurements (see below). In some experiments, the me-
dium conditioned by activated T lymphocytes for 72 h was added to
microglia. We have determined previously that this activated T cell
supernatant contains at least 100 U/ml of IFN

 

g

 

 (28). In other experi-
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ments, activated T cells were placed in cell culture inserts (Becton
Dickinson, Lincoln Park, NJ), which were subsequently placed in
close proximity to, but not contacting, the microglia.

Where noted, cells were treated with a recombinant form of hu-
man IFN

 

b

 

, IFN

 

b

 

-1b (provided by Berlex Laboratories, Richmond,
CA, with a specific activity of 32 

 

3

 

 10

 

6

 

 IU/mg of protein); this was the
same preparation that has been demonstrated to have therapeutic ef-
ficacy in MS patients (17–19). Activated T cells, or microglia, were
treated with IFN

 

b

 

-1b for 72 h before their coculture with microglia or
T cells respectively. 3 h before this coculture, another dose of IFN

 

b

 

-
1b was administered. Cells were then collected, washed, and used in
coculture. Because IFN

 

b

 

-1b has an antimitotic effect, equal numbers
of control or IFN

 

b

 

-1b treated activated T cells were added to micro-
glia. To further control for this antiproliferative action, some T cells
preparations were exposed to recombinant human IFN

 

g

 

 (Boehringer
Mannheim Biochemica, Laval, Quebec). Finally, activated T cells
(5 

 

3

 

 10

 

4

 

) were also pretreated with mouse antihuman CD49d (Clone
HP2/1; Serotec, Mississauga, Ontario), anti-LFA–1a (CD11a) (Bec-
ton Dickinson, Mississauga, Ontario), or purified mouse IgG1 (iso-
type control) antibody (Chemicon International, Inc., Temecula,
CA), for 1 h, before they were cocultured with microglia.

 

TNF-

 

a

 

 measurements.

 

The level of TNF-

 

a

 

 protein found in cell
culture conditioned medium was measured using an ELISA kit (Ce-
darlane Labs Ltd., Hornby, Ontario), following detailed instructions
by the manufacturer.

 

Reverse transcriptase-PCR (RT-PCR).

 

Total RNA was extracted
using TRIZOL reagent (GIBCO BRL, Burlington, Ontario) and
mRNA levels of TNF-

 

a

 

 and actin were determined using semi-quan-
titative RT-PCR. This method, including the primer sequences (ob-
tained from Sheldon Biotechnology, Montreal), has been described
in detail previously (29).

 

Immunohistochemistry.

 

Live microglial cells (2.5 

 

3

 

 10

 

4

 

), on poly-
lysine-coated cover slips, were incubated with mouse antihuman vas-
cular cell adhesion molecule-1 (VCAM-1) (1:100 dilution; Chemicon
International, Inc.) or HHG (26) (the diluting medium of the anti-
body used as a control) for 1 h. Biotinylated antimouse immunoglob-
ulin was then applied, and the signal was amplified using the ABC
amplification kit (Vector Laboratories Inc., Burlingame, CA), fol-
lowed by an incubation with FITC-conjugated streptavidin (1:100
dilution; Jackson ImmunoResearch Labs, Inc., West Grove, PA) for
1 h. Cells were then fixed for 10 min with 4% paraformaldehyde, and
viewed using an immunofluorescence microscope.

 

Western blot.

 

A primary antibody to CD49d, PS/2 (30, 31), was
purified from cultured medium conditioned by the hybridoma cell
line, CRL-1911 (American Type Culture Collection, Rockville, MD).
11 

 

m

 

g of protein extracts obtained from activated T cells that were ei-
ther treated or not treated with 100 IU/ml IFN

 

b

 

-1b was loaded onto
gels and Western blot analysis were performed as described previ-
ously (32). The signal was amplified using the Vistra Fluorescence
Western blotting kit (Amersham, Sunnyvale, CA). Protein expres-
sion levels were quantified using a Fluorimager (Molecular Dynam-
ics, Sunnyvale, CA).

 

Flow cytometry.

 

T cells were incubated with one of four antibod-
ies (PS/2 and HP2/1 described above, anti-VLA

 

a

 

4–FITC from Sero-
tec or anti-VLA

 

a

 

4–PE from Becton Dickinson) for 30 min and incu-
bated at 4

 

8

 

C as described previously (27). After labeling with a
secondary antibody (for PS/2 and HP2/1 only), stained cells were ana-
lyzed with an argon laser FACS

 

®

 

 equipped with Consort 30 and Lysys
II software; data was collected on 5,000 cells per condition.

 

Cross-linking of VCAM-1 on microglia.

 

Adherent microglial cells
were treated with 100 IU/ml of recombinant human IFN

 

g

 

 (Boeh-
ringer Mannheim, Ontario, Canada) for 24 h to maximize the number
of VCAM-1 molecules expressed at the surface of the microglia. Cells
were then treated with 10 

 

m

 

g/ml of the primary antibody, anti–
VCAM-1 (Chemicon International, Inc.), for 10 min. Cells were
washed twice with the culture medium to remove the excess antibody
before being treated with a secondary antibody, goat-anti–mouse
F(ab)

 

2

 

 (20 

 

m

 

g/ml), used as a cross-linker. 6 h later, total RNA was ex-
tracted from cells for RT-PCR of TNF-

 

a

 

 transcript levels.

 

Results

 

Activated T lymphocytes promote the production of TNF-

 

a

 

 by

microglia in a cell contact–dependent manner.

 

Adult human mi-
croglial cells in culture can assume various morphologies (25),
but the majority tend to be bipolar (elongated) (Fig. 1). In co-
culture with activated T cells, microglia becomes amoeboid
(rounded) in appearance, a morphological transformation that
is suggestive of an increased activation state (33). The change
in morphology of microglia after coculture with activated T
cells is apparent by 4 h, and is most marked at 24 h. Another
feature of T cell–microglia coculture is that activated T cells

Figure 1. Phase contrast micrograph shows 
morphological appearance of microglia used 
in this study. 3500.
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tend to clump and aggregate around microglial cells (results
not shown).

When activated T cells were co-incubated with microglia
for 24 h, the resultant conditioned medium, when assayed for
TNF-

 

a

 

 protein levels, contained significant amounts of TNF-

 

a

 

when compared to microglia or T cells by themselves (Fig. 2

 

A

 

). To ascertain whether the TNF-

 

a

 

 production was mediated
by soluble factors or direct microglia–T cell surface interac-

tions, the conditioned medium from activated T cells was
added to microglia cultures; very little TNF-

 

a

 

 production re-
sulted, indicating that soluble factors were unlikely to be in-
volved. This was supported by cell culture insert experiments
where microglia cells were incubated in close proximity to, but
not contacting, the T cells. Minimal TNF-

 

a

 

 was generated un-
der this condition (Fig. 2 

 

A

 

). These results suggest that T cell–
microglia contact was necessary for the generation of TNF-

 

a

 

.

Figure 2. The coculture of activated T cells with microglia is a potent promoter of TNF-a production. (A) While microglia or activated T lym-
phocytes in isolation secrete negligible amounts of TNF-a into the culture medium, their coculture for 24 h resulted in substantial TNF-a pro-
duction. This result (mean6SEM of triplicates), shown by a representative series of experiments in A, has been observed in eight other separate 
series, using human microglia and T cell populations from different donors. The TNF-a produced by T cell–microglia coculture cannot be repro-
duced if activated T cell supernatant (SUP), rather than cells, were exposed to microglia, or if T cells were contained within cell culture inserts in 
close proximity to, but not contacting, microglia. (B) Both allogeneic or syngeneic activated T cells induce the production of TNF-a by microglia, 
and to approximately the same extent. This result was also repeated when another series of allogeneic or syngeneic T cell–microglia cocultures 
was used. (C) The RNA isolated from activated T cells (lane 1) or microglia (lane 3) contains detectable amounts of TNF-a transcripts. The level 
of TNF-a mRNA in microglia increases significantly after their coculture with activated T cells (lane 4); TNF-a mRNA elevates only modestly in 
T cells after their incubation with microglia (lane 2). The level of actin transcripts shows equal loading for each sample. The relative level of the 
TNF-a mRNA is quantitated using a phosphoimager and plotted in D.
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The cell surface molecules encoded by the major histocom-
patibility complex (MHC) gene clusters are crucial for antigen
presentation to T cells and their activation and are the princi-
pal determinants of graft rejection. To determine whether the
interaction between activated T cells and microglia is MHC re-
stricted, i.e., that it involves MHC molecules, we incubated
syngeneic (T cells and microglia were from the same donor)
or allogeneic (T cells and microglia were from different do-
nors) activated T cells with microglia. Both T cell types elicited
the production of TNF-

 

a

 

 (Fig. 2 

 

B

 

), indicating that the genera-
tion of TNF-

 

a

 

 was not MHC restricted. Stout and colleagues
(34, 35) have also reported that activated T cells can provide
antigen-nonspecific, MHC-nonrestricted cognate signals that

induce TNF-

 

a

 

 production by IFN

 

g

 

-primed peripheral mac-
rophages.

T cells and microglia are both potential sources of TNF-

 

a

 

(Fig. 2 

 

C). To determine which cell type, or both, is the princi-
pal source of TNF-a in the T cell–microglia cocultures, we
took advantage of the fact that activated T cells, unlike micro-
glia, are loosely adherent during their initial period of cocul-
ture with microglia. 6 h after the addition of activated T cells to
microglia, the loosely adherent T cells were removed by sev-
eral washes of culture medium and collected. Microscopy con-
firmed the removal of T cells from the adherent microglia.
When the RNA of both cell populations was analyzed, the
level of transcript for TNF-a was dramatically increased in the

Figure 3. Activated T cells pretreated 
with a neutralizing antibody (HP2/1 
clone) against the a chain of VLA-4 
(CD49d or a4) are less able to promote 
the microglial production of TNF-a. (A) 
Levels of TNF-a in the cell culture su-
pernatant when activated T cells are 
treated with different concentrations of 
anti-CD49d (concentrations in paren-
theses in mg/ml) before being exposed 
to microglia. Values are mean of tripli-
cate analyses6SEM, and are normal-
ized to the no treatment sample. Note 
that 50 mg/ml of an IgG isotype control, 
or an anti-LFA antibody (anti-CD11a), 
did not affect TNF-a levels, in contrast 
to the anti-CD49d treatment. *P , 0.05 
compared to IgG control (one way 
ANOVA with Duncan’s multiple com-
parisons). (B) Immunoreactivity of 
VCAM-1 of microglia, to confirm that 
this ligand for T cell integrin is present 
on the surface of microglia.
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microglia fraction, but not in the T cell fraction (Fig. 2, C and
D). We conclude that microglia were the major source of TNF-a
in T cell–microglia cocultures.

TNF-a production in microglia–T cell cocultures is depen-

dent on VLA-4. To elucidate the identity of the cell surface
molecules involved in the interactions between microglia and
activated T lymphocytes in producing TNF-a, we studied the
contribution of an integrin found on T lymphocytes, the very
late antigen-4 (VLA-4, or a4b1 integrin). VLA-4 and its
ligand, VCAM- 1, found on microglia (Fig. 3 B), are expressed
at a higher level than normal in lesions of MS, as are other ad-
hesion molecules including intercellular adhesion molecule-1
(ICAM-1) (8). Monoclonal antibodies against VLA-4 can suc-
cessfully prevent, suppress, or reverse the development of
EAE in rats (36) or guinea pigs (37). In addition, the expres-
sion of VLA-4 on myelin-specific T cell clones is associated
with encephalitogenecity in EAE (38, 39). Therefore, we
treated activated T lymphocytes with a neutralizing antibody
against CD49d, the a chain of VLA-4, and found that it atten-
uated the subsequent secretion of TNF-a in T cell–microglia
cocultures in a dose-dependent fashion (Fig. 3 A). In contrast,
an antibody to leukocyte function antigen-1 (LFA-1), another
integrin found on T cells, did not affect TNF-a production. We
should note, however, that high concentrations of the VLA-4
antibody (25 or 50 mg/ml) were required to reduce TNF-a pro-
duction. Nonetheless, we should also note that 50 mg/ml of the
LFA-1 antibody, or the isotype control, did not affect TNF-a
levels at all (Fig. 3 A), suggesting the specificity of the reduc-
tion of TNF-a production when VLA-4 is blocked.

What is the interacting partner of VLA-4 on microglia?
VCAM-1 is an obvious candidate since microglia cells express
this adhesion molecule (Fig. 3 B). To test the involvement of
VCAM-1, we addressed whether the cross-linking of VCAM-1
on the surface of microglia was sufficient to generate TNF-a.
Fig. 4 demonstrates that the addition of F(ab)2 goat anti–
mouse Ig fragment alone enhanced TNF-a production by mi-
croglia, likely because of nonspecific interaction with micro-
glia. An isotype control for the VCAM-1 antibody also elicited
TNF-a transcription to similar level as that for the F(ab)2

group alone, and this is likely due to the F(ab)2 Ig fragment.
However, in the presence of the VCAM-1 antibody and the
F(ab)2 Ig fragment, TNF-a mRNA level was clearly elevated
over all control groups. Thus, the cross-linking of VCAM-1 is
sufficient to induce signaling for the TNF-a production. Previ-
ously, the cross-linking of a related adhesion molecule, ICAM-1,
on a rheumatoid synovial cell line, was reported to induce the
transcription of IL-1b (40). Hence, adhesion molecules can
function not only as adhesive substrates, but also as transducer
of signals for cytokine production.

On balance, the findings suggest that the production of
TNF-a by microglia involves VLA-4 and its ligand, VCAM-1,
on microglia.

IFNb-1b inhibits TNF-a production. Because human IFNb

can downregulate the expression of VLA-4 on human periph-
eral blood monocytes (41), we examined whether IFNb-1b in-
hibits the production of TNF-a in T cell–microglia cocultures
through its effect on T lymphocytes. Fig. 5 A demonstrates that
the pretreatment of T cells with IFNb-1b reduced the produc-
tion of TNF-a in a dose-dependent fashion by T cells when
they were cocultured with microglia. Pretreatment of micro-
glial cells with IFNb-1b before their exposure to T lympho-
cytes also resulted in a slight diminution of TNF-a production,

but this effect was less marked than when T cells were pre-
treated with IFNb-1b.

Interestingly, the effect of IFNb-1b on T cell–microglia
cocultures is not selective to TNF-a, since IL-6 level is also di-
minished by IFNb-1b (content of IL-6 in activated T cells and
microglia cocultures 5 3,140 pg/ml; in the presence of 100 IU/ml
IFNb-1b, IL-6 level 5 2,000 pg/ml).

It is known that IFNb is an antimitotic agent for T lympho-
cytes, but three factors rule out the antiproliferative effect of
IFNb-1b as being responsible for the decrease in TNF-a pro-
duction (42, 43). First, after the treatment with different con-
centrations of IFNb-1b, cell numbers were counted and equal
numbers of T cells from each treatment group and controls
were then co-incubated with microglia to obtain the results
presented here. Second, IFNb-1b at 1,000 IU/ml decreased the
rate of proliferation of activated T cells by 50% at best (data
not shown), while the reduction of TNF-a production at this
IFNb-1b concentration was consistently . 90% (Fig. 5 A).

Figure 4. The cross-linking of VCAM-1 on the surface of microglia 
by an anti–VCAM-1 antibody and an F(ab)2 Ig fragment results in in-
creased TNF-a transcript level. Microglia were exposed to the vari-
ous conditions listed here as described in the text, and RT-PCR for 
TNF-a and actin mRNA was performed. Representative blots are 
shown and the level of transcripts for TNF-a or actin in each treat-
ment group was obtained using a phosphoimager. The ratio of TNF-a 
to actin mRNA level for each group was obtained, and the ratio was 
then expressed as a percentage of untreated controls (lane 1), with 
the level of untreated control being set at onefold. LPS (5 mg/ml) was 
used as a positive control to stimulate TNF-a production (lane 2). 
Note that F(ab)2 fragment alone (lane 5) or IgG isotype control plus 
F(ab)2 (lane 4) stimulated TNF-a transcription, likely the result of 
nonspecific interaction of this fragment with microglia. Nonetheless, 
in the presence of anti–VCAM-1 and F(ab)2 fragment (lane 3) TNF-a 
was clearly increased.
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And third, the pretreatment of T lymphocytes with another
human IFN type, IFNg, which also reduces T cell proliferation
(44) (49% decrease in [3H]thymidine uptake at 100 IU/ml in
our study), did not affect the TNF-a production (Fig. 5 B).

Effects of IFNb-1b on CD49d. To determine whether the
decreased TNF-a production after the treatment of T cells
with IFNb-1b or anti-CD49d were mechanistically related, two
approaches were taken. First, we determined whether there
would be a synergistic effect, implying different pathways,
when T cells were treated with both IFNb-1b and anti-CD49d
before their exposure to microglia. Second, we examined
whether the treatment of T cells with IFNb-1b would lead to a
reduction of CD49d expression. Fig. 6 A reveals that while the
treatment of T cells with IFNb-1b or anti-CD49d alone re-

duced TNF-a production to the same extent, their cotreatment
did not further reduce TNF-a levels. Furthermore, Western
blot analysis demonstrates that the total cellular level of the 80
kD CD49d is lower in T lymphocytes treated with IFNb-1b
than that in the control cells (Fig. 6 B), supporting the postu-
late that the mechanism by which IFNb-1b decreases TNF-a
production is by regulating VLA-4 on T cells. Notably, how-
ever, IFNb-1b did not affect the cell surface level of a4 integrin
as assessed by flow cytometry. Using four different antibodies
to VLA-4 (PS/2 and HP2/1 described above, anti-VLAa4–
FITC from Serotec, and anti-VLAa4–PE from Becton Dickin-
son), the mean intensity fluorescence of control T cells for cell
surface (i.e., nonfixed cells) a4 integrin did not differ from that
of IFNb-1b treated cells (results not shown).

Figure 5. IFNb-1b reduces the production of 
TNF-a in T cell–microglia coculture. (A) The pre-
treatment of activated T cells with different con-
centrations of IFNb-1b (ranging from 0.1 to 1000 
IU/ml) reduces the production of TNF-a in subse-
quent T cell–microglia cocultures. When micro-
glia, but not T cells, are pretreated with IFNb-1b, 
the effect on TNF-a production is less marked.
*P , 0.05 compared to their respective controls 
(i.e., 0 IU/ml IFNb) (one way ANOVA with Dun-
can’s multiple comparisons). †P , 0.001 com-
pared between T cells and microglia after the 
same concentration of IFNb-1b (Student’s t test). 
(B) The pretreatment of activated T cells with dif-
ferent concentrations of IFNg (1–1000 IU/ml) 
does not affect the production of TNF-a in subse-
quent T cell–microglia cocultures. All values in 
this figure are mean6SEM of at least three sam-
ples, and have been normalized to untreated con-
trols.



610 Chabot et al.

Discussion

The infiltration of T cells into the CNS is considered a key
event in the pathogenesis of MS or EAE. In EAE, chronologic
studies have demonstrated that antigen-specific T cells home
to the CNS early in the immune response, presumably aided
by chemotactic gradients provided by chemokines, and local-
ize to the perivascular space (45–47). After the initial wave of
antigen-specific T lymphocytes, there is an enhanced recruit-
ment of a large number of nonantigen-specific T cells which
traverse into the CNS parenchyma (45–47); indeed, the later
arriving T cells need not even be in activated state (48). Of in-
terest, the antigen-specific T cells in adoptive transfer EAE ex-

periments constitute a minority population (, 2% of the total
cell infiltrate), and furthermore, the clinical signs of EAE cor-
relate temporally with the arrival of the nonantigen-specific
T cells (47).

The entry of T cells into the parenchyma of the CNS places
them in close proximity to microglia, the resident macrophage
of the CNS, and a source of many inflammatory cytokines, in-
cluding TNF-a. Of note, TNF-a, as mentioned previously, can
be toxic to oligodendrocytes and can produce demyelination.
Understanding the mechanism by which TNF-a is generated
within the CNS can thus impact upon the rational treatment of
inflammatory demyelinating diseases that include MS.

How is TNF-a generated by the microglia cells? Stimula-

Figure 6. IFNb-1b reduces TNF-a production 
by downregulating the expression level of the 
a chain of VLA-4, CD49d. (A) The co-admin-
istration of IFNb-1b (100 IU/ml) with anti-
CD49d (50 mg/ml) does not result in a syner-
gistic effect on TNF-a production. Values are 
mean6SEM of triplicate cultures, normalized 
to the no treatment group. *P , 0.05 com-
pared to the no treatment group (one way 
ANOVA with Duncan’s multiple compari-
sons). TNF-a production by IFNb-1b treated 
T cells was not statistically different from that 
obtained in the presence of anti-CD49d alone, 
or IFNb 1 anti-CD49d. (B) The protein
expression level of the a chain of the VLA-4 
integrin, CD49d, in cellular extracts for acti-
vated T cells is reduced, compared to control, 
when T cells (IFNb T cells) were treated for 
72 h with IFNb-1b (100 IU/ml).
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tion by soluble molecules, such as lipopolysaccharide (LPS) or
IFNg is one mode (49), although LPS has not been demon-
strated to have a physiological relevance in MS, and the adult
human microglia tends to be a poor source of TNF-a in re-
sponse to IFNg (50). In this manuscript, we demonstrate that
the contact of microglia with T cells is another mechanism of
TNF-a production by microglia. Our results suggest that the
T lymphocyte uses VLA-4 integrin to interact with microglia
to induce TNF-a production. Specificity is revealed by the in-
ability of a functional blocking antibody to LFA-1, another
T cell integrin, to affect TNF-a production by T cell–microglia
interactions. It is likely that other membrane molecules are in-
volved in this process since the inhibition of TNF-a production
by anti-CD49d was incomplete and required high concentra-
tions. Other candidates include the membrane-bound TNF-a
(35) and CD40 (51, 52) which have been suggested to be im-
portant in the T cell–mediated activation of peripheral mac-
rophages. The ligand for VLA-4 on microglia appears to be
VCAM-1, and the cross-linking of VCAM-1 alone by an anti-
body is sufficient to trigger TNF-a transcription.

The finding that the TNF-a generated in T cell–microglia
coculture requires that VLA-4 has relevance to the MS and
EAE disease processes. In animal experiments, the treatment
with a monoclonal antibody to VLA-4 prevents the develop-
ment, or suppresses and reverses, the clinical signs of EAE
(36, 37). Furthermore, the expression of VLA-4 on proteolipid
protein-specific (38), or myelin basic protein-specific (53),
T cell clones has been associated with encephalitogenecity.
T cell clones that express low levels of a4 integrins are nonen-
cephalogenic (54).

Further significance of the finding that the VLA-4 integrin
on T cells may regulate TNF-a expression by microglia relates
to the drug IFNb-1b. Since the initial reports in 1993 (18, 19),
several studies, using either IFNb-1b or other forms of human
IFNb, have shown that these interferons decrease the number
of relapses and MRI-detected lesions in relapsing/remitting
MS patients (43, 55–57). Despite the clinical advances, how-
ever, the precise mechanism(s) by which IFNb-1b is effective
in the treatment of MS has remained unclear. Suggested
modes of action refer primarily to systemic immune mediation
(18, 58) and include an effect of IFNb-1b in decreasing T cell
reactivity or its synthesis of IFNg (41, 42), attenuating antigen
presentation to T cells, improving the suppressor function of
T lymphocytes (59), or modifying the humoral immune re-
sponse (60). We reported recently that IFNb-1b decreases the
T cell production of the matrix-degrading protease, matrix
metalloproteinase-9 (MMP-9), with the resultant reduced ca-
pacity of T cells to proteolytically remodel and infiltrate across
barriers (27).

Our current results have uncovered another mechanism by
which IFNb-1b may be efficient in MS. In this regard, IFNb-1b
attenuates the ability of T cells to stimulate the production of
the oligodendrocyte-toxic cytokine, TNF-a. With respect to
whether the mechanism of IFNb-1b involves the T cell VLA-4
integrin, the results are unclear. Although the cellular level of
the a4 chain of VLA-4 is reduced by IFNb-1b as determined
by Western blot analyses, the cell surface level of a4 was not
affected as shown by flow cytometry. Besides decreasing intra-
cellular a4 level, it is possible that IFNb-1b might have af-
fected the affinity state of the VLA-4 integrin, which was not
reflected by the cell surface flow cytometry results. For VLA-4
and other integrins, the switch from a low to a high affinity

state on the cell membrane, with an associated increase in cel-
lular function, can occur without alterations of the level of that
integrin (for review see reference 61). That the affinity state,
and function, of the VLA-4 integrin could have been affected
by IFNb-1b is supported by the findings of the lack of synergy
of IFNb-1b with the functional a4 integrin blocking antibody
in affecting TNF-a production (Fig. 6 A).

In summary, IFNb-1b reduces the production of TNF-a in
T cell/microglia coculture. The results are relevant to MS
where T cells infiltrate into the CNS to be in close proximity to
microglia, and where TNF-a is known be proinflammatory and
to be toxic to oligodendrocytes. Finally, while the focus of this
work has been MS, the results have relevance to other disease
states where T cell–macrophage/microglia interactions may oc-
cur and where TNF-a is produced to be pathogenic; these dis-
orders include Crohn’s disease, rheumatoid arthritis, cancer,
and even AIDS (62).

Acknowledgments

This work was supported by a research grant from Berlex Laborato-
ries, Richmond, California.

References

1. Raine, C.S. 1994. The immunology of the multiple sclerosis lesions. Ann.

Neurol. 36:S61–S72.
2. Traugott, U., E.L. Reinherz, and C.S. Raine. 1982. Multiple sclerosis: dis-

tribution of T cell subsets within active chronic lesions. Science (Wash. DC).

219:308–310.
3. Springer, T.A. 1990. Adhesion receptors of the immune system. Nature

(Lond.). 346:425–434.
4. Selmaj, K.W., and C.S. Raine. 1988. Tumor necrosis factor mediates mye-

lin and oligodendrocyte damage in vitro. Ann. Neurol. 23:339–346.
5. Louis, J.-C., E. Magal, S. Takayama, and S. Varon. 1993. CNTF protec-

tion of oligodendrocytes against natural and tumor necrosis factor-induced
death. Science (Wash. DC). 259:689–692.

6. D’Souza, S., K. Alinauskas, E. McCrea, C. Goodyer, and J.P. Antel. 1995.
Differential susceptibility of human CNS-derived cell populations to TNF-
dependent and independent-immune-mediated injury. J. Neurosci. 15:7293–
7300.

7. Butt, A.M., and H.G. Jenkins. 1994. Morphological changes in oligoden-
drocytes in the intact mouse optic nerve following intravitreal injection of tu-
mor necrosis factor. J. Neuroimmunol. 51:27–33.

8. Cannella, B., and C.S. Raine. 1995. The adhesion molecule and cytokine
profile of multiple sclerosis lesions. Ann. Neurol. 37:424–435.

9. Hofman, F.M., D.R. Hinton, K. Johnson, and J.E. Merrill. 1989. Tumor
necrosis factor identified in multiple sclerosis brain. J. Exp. Med. 170:607–612.

10. Selmaj, K., C.S. Raine, B. Cannella, and C.F. Brosnan. 1991. Identifica-
tion of lymphotoxin and tumor necrosis factor in multiple sclerosis lesions. J.

Clin. Invest. 87:949–954.
11. Reickman, N.P., M. Albrecht, B. Kitze, T. Weber, H. Tumani, A.

Broocks, W. Luer, A. Helwig, and S. Poser. 1995. Tumor necrosis factor-a mes-
senger RNA expression in patients with relapsing-remitting multiple sclerosis is
associated with disease activity. Ann. Neurol. 37:82–88.

12. Ruddle, N.H., C. Bergman, K. McGrath, E. Lingenheld, M. Grunnet, S.
Padula, and R. Clark. 1990. An antibody to lymphotoxin prevents transfer of
experimental allergic encephalomyelitis. J. Exp. Med. 172:1193–1200.

13. Selmaj, K., W. Papierz, A. Glabinski, and T. Kohno. 1995. Prevention of
chronic relapsing experimental autoimmne encephalomyelitis by soluble TNF
receptor 1. J. Neuroimmunol. 56:135–141.

14. Selmaj, K.W., and C.S. Raine. 1995. Experimental autoimmune enceph-
alomyelitis: immunotherapy with anti-tumor necrosis factor antibodies and sol-
uble tumor necrosis factor receptors. Neurology. 45:S44–S49.

15. Korner, H., A.L. Goodsall, F.A. Lemckert, B.J. Scallon, J. Ghrayeb,
A.L. Ford, and J.D. Sedgwick. 1995. Unimpaired autoreactive T-cell traffic
within the central nervous system during tumor necrosis factor receptor-medi-
ated inhibition of experimental autoimmune encephalomyelitis. Proc. Natl.

Acad. Sci. USA. 92:11066–11070.
16. Probert, L., K. Akassoglou, M. Pasparakis, G. Kontogeorgos, and G.

Kollias. 1995. Spontaneous inflammatory demyelinating disease in transgenic
mice showing central nervous system-specific expression of tumor necrosis fac-
tor-a. Proc. Natl. Acad. Sci. USA. 92:11294–11298.

17. IFN Multiple Sclerosis Study Group, and UBC MS/MRI Analysis



612 Chabot et al.

Group. 1995. Interferon beta-1b in the treatment of multiple sclerosis: final out-
come of the randomized controlled trial. Neurology. 45:1277–1285.

18. IFN Multiple Sclerosis Study Group. 1993. Interferon beta-1b is effec-
tive in relapsing-remitting multiple sclerosis. I. Clinical results of a multicenter,
randomized, double-blind, placebo-controlled trial. Neurology. 43:655–661.

19. Paty, D.W., D.K.B. Li, the UBC MS/MRI Study Group, and the IFN
Multiple Sclerosis Study Group. 1993. Interferon-beta-1b is effective in relaps-
ing-remitting multiple sclerosis. II. MRI analysis results of a multicenter, ran-
domized, double-blind, placebo-controlled trial. Neurology. 43:662–667.

20. Yu, M., A. Nishiyama, B.D. Trapp, and V.K. Tuohy. 1995. Interferon-b
inhibits the progression of relapsing-remitting experimental autoimmune en-
cephalomyelitis. J. Neuroimmunol. 64:91–100.

21. Abreu, S.L. 1985. Interferon in experimental allergic encephalomyelitis
(EAE): effects of exogeneous interferon on the antigen-enhanced adoptive
transfer of EAE. Int. Arch. Allergy Appl. Immunol. 76:302–307.

22. Brod, S.A., G.D. Marshall, Jr., E.M. Henninger, S. Srinam, M. Khan,
and J.S. Wolinsky. 1996. Interferon-b-1b treatment decreases tumor necrosis
factor-a and increases interleukin-6 production in multiple sclerosis. Neurol-

ogy. 46:1633–1638.
23. Renno, T., M. Krakowski, C. Piccirillo, J. Lin, and T. Owens. 1995.

TNF-a expression by resident microglia and infiltrating leukocytes in the cen-
tral nervous system of mice with experimental allergic encephalomyelitis. J. Im-

munol. 154:944–953.
24. Hickey, W.F., B.L. Hsu, and H. Kimura. 1991. T-Lymphocyte entry into

the central nervous system. J. Neurosci. Res. 28:254–260.
25. Williams, K., A. Bar-Or, E. Ulvestad, A. Olivier, J.P. Antel, and V.W.

Yong. 1992. Biology of adult human microglia in culture: comparisons with pe-
ripheral blood monocytes and astrocytes. J. Neuropath. Exp. Neurol. 51:538–
549.

26. Yong, V.W., and J.P. Antel. 1992. Culture of glial cells from human
brain biopsies. In Protocols for Neural Cell Culture. S. Fedoroff and A. Rich-
ardson, editors. Humana Press, Inc. Totowa, NJ. 81–96.

27. Stuve, O., N.P. Dooley, J.H. Uhm, J.P. Antel, G.S. Francis, G. Williams,
and V.W. Yong. 1996. Interferon beta-1b decreases the migration of T lympho-
cytes in vitro: effects on matrix metalloprotenase-9. Ann. Neurol. 40: 853–863.

28. Yong, V.W., R. Moumdjian, F.P. Yong, T.C.G. Ruijs, M.S. Freedman,
N. Cashman, and J.P. Antel. 1991. Gamma-interferon promotes proliferation of
adult human astrocytes in vitro and reactive gliosis in the adult mouse brain in
vivo. Proc. Natl. Acad. Sci. USA. 88:7016–7020.

29. Williams, K.C., N.P. Dooley, E. Ulvestad, A. Waage, M. Blain, V.W.
Yong, and J.P. Antel. 1995. Antigen presentation by human fetal astrocytes
with the cooperative effect of microglia-derived cytokine, IL-1. J. Neurosci. 15:
1869–1878.

30. Miyake, K., I.L. Weisman, J.S. Greenberger, and P.W. Kincade. 1991.
Evidence for a role of the integrin VLA-4 in lympho-hemopoesis. J. Exp. Med.

173:599–607.
31. Miyake, K., K. Medina, K. Ishihara, M. Kimoto, R. Auerbach, and P.W.

Kincade. 1991. A VCAM-like adhesion molecule on murine bone marrow stro-
mal cells mediates binding of lymphocyte precursors in culture. J. Cell Biol. 114:
557–565.

32. Balasingam, V., T. Tejada-Berges, E. Wright, R. Bouckova, and V.W.
Yong. 1994. Reactive astrogliosis in the neonatal mouse brain and its modula-
tion by cytokines. J. Neurosci. 14:846–856.

33. del Rio-Hortega, P., and W. Penfield. 1927. Cerebral cicatrix. The reac-
tion of neuroglia and microglia to brain wounds. Bull. Johns Hopkins Hosp. 41:
278–303.

34. Stout, R.D., and J. Suttles. 1993. T cell-macrophage cognate interaction
in the activation of macrophage effector function by Th2 cells. J. Immunol. 150:
5330–5337.

35. Suttles, J., R.W. Miller, X. Tao, and R.D. Stout. 1994. T cells which do
not express membrane tumor necrosis factor-a activate macrophage effector
function by cell-contact-dependent signaling of macrophage tumor necrosis fac-
tor-a production. Eur. J. Immunol. 24:1736–1742.

36. Yednock, T., C. Cannon, L.C. Fritz, F. Sanchez-Madrid., L. Steinman,
and N. Karin. 1992. Prevention of experimental autoimmune encephalomyelitis
by antibodies against a4b1 integrin. Nature (Lond.). 356:63–65.

37. Kent, S.J., S.J. Cannon, D.K. Hines, T.A. Yednock, L.C. Fritz, and H.C.
Horner. 1995. A monoclonal antibody to alpha-4 integrin suppresses and re-
verses active experimental allergic encephalomyelitis. J. Neuroimmunol. 58:1–
10.

38. Kuchroo, V., C. Martin, J. Greer, S.T. Ju, R.A. Sobel, and M.E. Dorf.
1993. Cytokines and adhesion molecules contribute to the ability of myelin pro-
teolipid protein-specific T cell clones to mediate experimental allergic encepha-
lomyelitis. J. Immunol. 151: 4371–4382.

39. Tanaka, M., A. Satom, M. Makino, T. Tabira. 1993. Binding of an SJL T
cell clone specific for myelin basic protein to SJL brain microvessel endothelial
cells is inhibited by anti-VLA4 or its ligand, anti-vascular cell adhesion mole-

cule 1 antibody. J. Neuroimmunol. 46:253–258.
40. Koyama, Y., Y. Tanaka, K. Saito, M. Abe, K. Nakatsuka, I. Morimoto,

P.E. Auron, and S. Eto. 1996. Cross-linking of intercellular adhesion molecule 1
(CD54) induces AP-1 activation and IL-1b transcription. J. Immunol. 157:5097–
5103.

41. Soilu-Hanninen, M., A. Salmi, and R. Salonen. 1995. Interferon-b
downregulates expression of VLA-4 antigen and antagonizes interferon-g-
induced expression of HLA-DQ on human peripheral blood monocytes. J.

Neuroimmunol. 60:99–106.
42. Noronha, A., A. Toscas, and M.A. Jensen. 1993. Interferon b decreases

T cell activation and interferon g production in multiple sclerosis. J. Neuroim-

munol. 46:145–154.
43. Rudick, R.A., C.S. Carpenter, D.L Cookfair, V.K. Tuohy, and R.M.

Ransohoff. 1996. In vitro and in vivo inhibition of mitogen-driven T-cell activa-
tion by recombinant interferon beta. Neurology. 43: 2080–2087.

44. Weinstock-Guttman, B., R.M. Ransohoff, R.P. Kindel, and R.A. Ru-
dick. 1995. The interferons: biological effects, mechanisms of action, and use in
multiple sclerosis. Ann. Neurol. 37:7–15.

45. Sedgwick, J., S. Brostoff, and D. Mason. 1987. Experimental allergic en-
cephalomyelitis in the absence of a classical delayed type hypersensitivity reac-
tion: severe paralytic disease correlates with the presence of interleukin-2 re-
ceptor-positive cells infiltrating the central nervous system. J. Exp. Med. 165:
1058–1075.

46. Cross, A.H., B. Canella, C.F. Brosman, and C.S. Raine. 1993. Homing to
central nervous system vasculature by antigen-specific lymphocytes. I. Localiza-
tion of 14C-labeled cells during acute, chronic, and relapsing experimental aller-
gic encephalomyelitis. Lab. Invest. 63:253–258.

47. Cross, A.H., T. O’Mara, and C.S. Raine. 1993. Chronologic localization
of myelin-reactive cells in the lesions of relapsing EAE. Neurology. 43:1028–
1033.

48. Oksaranta, O., S. Tarvonen, J. Ilonen, K. Poikonen, M. Reunanen, M.
Panelius, and R. Salonen. 1995. Influx of nonactivated T lymphocytes into the
cerebrospinal fluid during relapse of multiple sclerosis. Ann. Neurol. 38:465–
468.

49. Meda, L., M. Cassatella, G. Szendrei, L. Otvos, Jr., P. Baron, M. Vil-
lalba, D. Ferrari, and F. Rossi. 1995. Activation of microglial cells by b-amyloid
protein and interferon-g. Nature (Lond.). 374:647–650.

50. Becher, B., V. Dodelet, V. Fedorowicz, and J.P. Antel. 1996. Soluble tu-
mor necrosis factor receptor inhibits interleukin-12 production by stimulated
human adult microglia cells in vitro. J. Clin. Invest. 98:1539–1543.

51. Stout, R.D., J. Suttles, J. Xu, I.S. Grewal, and R.A. Flavell. 1996. Im-
paired T cell-mediated macrophage activation in CD40 ligand-deficient mice. J.

Immunol. 156:8–11.
52. Grewal, I.S., and R.A. Flavell. 1996. A central role of CD40 ligand in

the regulation of CD41 T cell responses. Immunol. Today. 17:410–414.
53. Tanaka, M., A. Satom, M. Makino, and T. Tabira. 1993. Binding of an

SJL T cell clone specific for myelin basic protein to SJL brain microvessel en-
dothelial cells is inhibited by anti-VLA-4 or its ligand, anti-vascular cell adhe-
sion molecule-1 antibody. J. Neuroimmunol. 46:253–258.

54. Baron, J.L., J.A. Madri, N.H. Ruddle, G. Hashim, and C.A. Janeway, Jr.
1993. Surface expression of a4 integrin by CD41 T cells is required for their en-
try into brian parenchyma. J. Exp. Med. 177:57–68.

55. Fernandez, O., A. Antiquedad, T. Arbizu, A. Capdevila, P. de Castro, J.
Correa de Sa, J. Garcia-Merino, G. Izquierdo, A. Magalhaes, X. Montalban,
and J. Zarranz. 1995. Treatment of relapsing-remitting multiple sclerosis with
natural interferon beta: a multicenter, randomized clinial trial. Multiple Sclero-

sis. 1:S67–S69.
56. Jacobs, L., D. Cookfair, R. Rudick, R. Herndon, J. Richert, A. Salazar,

J. Fischer, D. Goodkin, C. Granger, J. Simon, et al. 1996. Intramuscular inter-
feron beta-1a for disease progression in relapsing multiple sclerosis. Ann. Neu-

rol. 39:285–294.
57. Lublin, F.D., J.N. Whitaker, B.H. Eidelman, A.E. Miller, B.G.W. Arna-

son, and J.S. Burks. 1996. Management of patients receiving interferon beta-1b
for multiple sclerosis: report of a consensus conference. Neurology. 46:12–18.

58. Panitch, H.S., and C.T. Bever, Jr. 1993. Clinical trials of interferons in
multiple sclerosis. What have we learned? J. Neuroimmunol. 46:155–164.

59. Noronha, A., A. Toscas, and M.A. Jensen. 1995. Contrasting effects of
alpha, beta and gamma interferons on nonspecific suppressor function in multi-
ple sclerosis. Ann. Neurol. 37:7–15.

60. O’Gorman, M.R.G., J. Oger, and L.F. Kastrukoff. 1987. Reduction of
immunoglobulin G secretion in vitro following long term lymphoblastoid inter-
feron (Wellferon) treatment in multiple sclerosis patients. Clin. Exp. Immunol.

67:66–67.
61. Hynes, R.O. 1992. Integrins: versatility, modulation, and signaling in cell

adhesion. Cell. 69:11–25.
62. Vassalli, P. 1992. The pathophysiology of tumor necrosis factors. Annu.

Rev. Immunol. 10:411–452.


