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ABSTRACT

Background: We previously demonstrated the local
production of the pleiotropic cytokine interleukin-6
(IL-6) in the central nervous system (CNS) in experi-
mental autoimmune encephalomyelitis (EAE), an ani-
mal model for the human disease multiple sclerosis.
Materials and Methods: To assess the role of IL-6 in
autoimmune CNS inflammation, we administered neu-
tralizing antibodies to IL-6 in the EAE model. Their effect
was examined at the clinical and histopathological level.
Levels of administered antibody and IL-6 bioactivity
were followed in serum and cerebrospinal fluid (CSF).
Results: Systemically administered antibodies pene-
trated into the fluid CSF in animals in which EAE was
induced. Administration of anti-IL-6 reduced the devel-
opment of actively induced as well as adoptively trans-

INTRODUCTION
Interleukin-6 (IL-6) is a pleiotropic cytokine
which is present during inflammation (1). Ele-
vated IL-6 levels are found in vivo in almost
every infectious and/or inflammatory condition.
IL-6 is detectable in the cerebrospinal fluid (CSF)
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ferred EAE and was associated with increased levels of
IL-6 activity in the CSF and to a lesser extent in the
serum. Anti-IL-6 was still effective when given 1 day
before the onset of disease signs in adoptively transferred
EAE. The disease-reducing effect of anti-IL-6 was also
reflected at the pathological level by the absence of in-
flammatory infiltrates in the CNS.
Conclusions: Our study indicates that IL-6 plays an
important role in autoimmune CNS inflammation. How-
ever, due to the complex nature of the in vivo interac-
tions of administered antibodies, the disease-reducing
effect of the anti-IL-6 antibodies could be caused by
neutralization of IL-6 activity or by enhancement of IL-6
activity via induction of higher IL-6 levels in the CNS.

during viral, bacterial, and fungal infections of
the central nervous system (CNS) in humans,
and in experimental viral infection of the CNS in
animals (2-5). Elevated levels of IL-6 are also
detectable in various diseases in which autoim-
munity may play a role, such as rheumatoid
arthritis (6) and lupus erythematosus (7). But,
little if any IL-6 has been detected in the CSF of
multiple sclerosis (MS) patients (2,3,8,9), al-
though MS is also considered to be of autoim-
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mune origin. Surprisingly, two groups found that
IL-6 levels in the circulation of MS patients were
frequently elevated and were higher than levels
in CSF (5,10). In diseases in which inflammation
is mainly limited to a well-defined compartment
of the body (e.g., joint or meningeal space), IL-6
levels are typically much higher locally than in
the serum, suggesting local production of the
cytokine and subsequent release into the blood-
stream. We previously reported IL-6 production
in the CNS of animals that were developing exper-

imental autoimmune encephalomyelitis (EAE), an

animal model for autoimmune inflammation of
the CNS (11). Elevated IL-6 levels in EAE are

associated with disease onset, as in other inflam-
matory CNS disorders (12). Possible explanations
for the discordance between the findings in MS
and EAE could be that IL-6 is only produced in
MS when the disease is initiated or during peri-
ods of lesion formation, making sampling time
critical. In addition, IL-6 produced locally in the
lesions may not reach the CSF. The detection of
IL-6 immunoreactivity in microglial cells and in
reactive astrocytes in active MS plaques supports
the latter hypothesis (13).

IL-6 is an important mediator in various im-
munological and inflammatory processes that
play a role in the pathogenesis of CNS disorders
such as MS (e.g., stimulation of T cell-mediated
immunity and local antibody production). IL-6
has both pro- and anti-inflammatory effects (14).
The net in vivo effect and role of IL-6 are difficult
to predict because of its pleiotropic nature. In the
present study we used neutralizing mAb to IL-6
to examine the role of IL-6 in the pathogenesis of
EAE and to evaluate the potential use of anti-
IL-6 therapy in inflammatory CNS disorders.

MATERIALS AND METHODS

Actively Induced EAE

EAE was induced in female SJL mice 7-10 weeks
old (Jackson Laboratories, Bar Harbor, MI) by
s.c. injection of 100 of an emulsion consisting
of 5 mg lyophilized SJL mouse spinal cord ho-
mogenate (MSCH) plus 0.2 mg Mycobacterium tu-
berculosis (strain H37RA) in phosphate-buffered
saline (PBS)/(v/v) (Difco, Detroit, MI, U.S.A.).
On the same day and 48 hr later, the mice also
received 0.4 gug of Bordetella pertussis toxin (List
Biological Laboratories, Campbell, CA, U.S.A.) in
100 plI PBS i.v. The mice were scored daily ac-

cording to the following clinical scale: no neuro-

logical signs = grade 0, weak tail = grade 1,
wobbly walk or limb paresis = grade 2, limb
paralysis = grade 3, inability to move = grade 4,
death = grade 5. Easy access to food and water
was provided, and animals with grade 3 or 4
received daily parenteral fluid. Scoring was per-
formed by an observer unaware of the treat-
ment.

Adoptively Transferred EAE
Female PLSJLF1 mice (Jackson Laboratories)
were used at age 6-10 weeks. Mice were subcu-
taneously injected with 200 gig of the MBP pep-
tide Acl-11 (according to the sequence Ac-
ASQKRPSQRHG) (Protein and Nucleic Acid
Facility, Stanford, CA, U.S.A.) in an emulsion of
(PBS) and complete Freund's adjuvant (CFA)
(v/v). After 8-10 days the draining lymph nodes
were removed and processed through a steel
mesh until a single-cell suspension was obtained.
The resulting cells were cultured at a concentra-
tion of 6 X 106 cells/ml in RPMI-1640 medium
supplemented with 10% heat-inactivated fetal
calf serum (Hyclone, Logan, UT, U.S.A.), 2 mM
glutamine, 100 U/ml penicillin and 100 ,ug/ml
streptomycin, S x 10-5 M ,3-mercaptoethanol
(= supplemented medium; all reagents from
Gibco, Grand Island, NY, U.S.A.) and 10 gig/ml
MBP peptide Acl-I 1 at 370C and 6% CO2. After
4 days of incubation the cells were washed and
cultured at a concentration of 6 X 106 cells/ml
for 10 days in supplemented medium, without
antigen. The resulting T cell line was maintained
by restimulating the cells (6 x 106 cells/ml) ev-
ery 14 days with MBP peptide Ac-i 1 10 gug/ml,
presented by irradiated (3000 rad) syngeneic
splenocytes (6-10 x 106 cells/ml) for 4 days. For
transfer, cells were harvested 3 days after stim-
ulation, extensively washed in PBS and 3.5-5 X
106 cells/mouse were injected i.v. Scoring was
performed as for actively induced EAE.

Sampling
Mice were sacrificed by CO2 inhalation. Blood
was taken via cardiac puncture, whereafter it
was allowed to clot and serum was separated by
centrifugation. After incision of the skin over the
neck and dissection of the underlying muscles,
CSF was taken by puncture of the meninges
between the occiput and first vertebra, avoiding
the blood vessels (2-5 pl1/mouse) (15). Samples
visibly contaminated with blood were discarded.
CSF was centrifuged and the supernatant taken.
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When the samples had to be used for the IL-6
bioassay, the whole procedure was performed
aseptically. During this procedure the samples
were kept on ice. All samples were stored at
-20°C until assayed.

Ab Treatment

Rat mAb to murine rIL-6 (20F3) (16) or to mu-
rine interferon-y (IFNy) (XMG1.2) (17) were
prepared as described. Rat mAb to /3-galactosi-
dase (GL 113) was used as an isotype control
(IgGI) for both anti-cytokine mAbs. Rat IgG pu-
rified by chromatography from rat serum (Sigma
Chemical Co., St. Louis, MO, U.S.A.) was used as
an additional control. mAb and immunoglobulin
were diluted to the desired concentration in PBS
and injected i.p. at the indicated time points.

IL-6 Bioassay

IL-6 bioactivity was determined using the hy-
bridoma growth factor (HGF) assay. Briefly, B9
hybridoma cells were added to semilogarithmic
sample dilutions in flat-bottom microtiter plates
(5000 cells/well). After 4 days of culture, the
number of viable cells was estimated by a colo-
rimetric assay (Alamar Blue, Alamar, Inc., Sac-
ramento, CA, U.S.A.). One U/ml of HGF activity
was defined as the concentration giving half
maximal cell proliferation. A reference prepara-
tion of murine rIL-6 was included on each mi-
crotiter plate, and the values obtained for the
experimental samples were corrected accord-
ingly. The specificity of the assay was confirmed
using the 20F3 neutralizing mAb against murine
IL-6 (added to each dilution in the assay at a final
concentration of 10 ,ug/ml).

Antibody Concentration

Concentration of exogenously administered
mAb in serum and pooled CSF was determined
by using a radial immunodiffusion assay, specific
for rat IgGI (The Binding Site, San Diego, CA,
U.S.A.). Standards were run on each plate, and
values obtained for the experimental samples
were corrected accordingly.

Histology
Brain and spinal cord were fixed for 24 hr in 4%
(w/v) paraformaldehyde in PBS, whereafter they
were paraffin-embedded and sectioned. Six-mi-
crometer sections were stained with Giemsa stain.

Statistical Analysis
The Fisher exact test (one-tailed) and the non-
parametric Mann-Whitney U test were used
were appropriate (18).

RESULTS
Actively Induced EAE
Administration of the 20F3 mAb to murine IL-6
(2 mg i.p. on Day -1 and Day 7 relative to EAE
induction) inhibited the development of actively
induced EAE (Fig. IA and Table 1, Experiment 1).
Disease incidence and maximal as well as cumu-
lative disease scores were all significantly re-
duced when compared with the PBS-treated an-
imals. The isotype control mAb (anti-f3-
galactosidase/GL1 13) did not have this effect.
Treatment with anti-IFNy mAb made disease
worse. In a second experiment, different doses of
anti-IL-6 mAb were given at the same time
points (Table 1, Experiment 2). Doses of 2, 1, and
0.5 mg mAb had comparable effects, although
only the disease score of the 2 mg group was
statistically different from that of the controls,
due to the small sample size of the other groups.
Rat IgG, given as an additional control in this
experiment, did not have any significant effect.
Anti-IL-6 inhibited the development of EAE to
the same extent when given either on Day -1
and Day 7, or only on Day -1, relative to disease
induction, whereas a single dose of mAb on Day 7
was completely ineffective (Table 1, Experiment 3).
Mortality within 6 hr of the second administra-
tion of antibody was seen in 10 of 20 mice given
2 mg anti-/-galactosidase, 2 of 10 mice given 0.5
mg anti-,B-galactosidase, 2 of 10 mice given 2 mg
rat IgG, 8 of 10 mice given 0.5 mg rat IgG, 1 of 20
mice given 2 mg anti-IL-6, and 1 of 15 mice
given 0.5 mg anti-IL-6 (Table 1). This sudden
mortality was never observed after a single Ab
dose.

Brain and spinal cord from animals that re-
ceived 1 mg mAb to IL-6 on Day -1, and that
were not diseased at the time of sampling, were
compared histopathologically with the CNS from
animals that received PBS or anti-IL-6 on Day 8,
and that were clinically diseased (three animals
per group) (Figs. 2 and 3). Animals that had
overt disease (groups treated with PBS or with
anti-IL-6 on Day 8) had numerous perivascular
inflammatory infiltrates in cerebellum, brain
stem, and spinal cord, in contrast to the animals
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FIG. 1. Effect of Ab to IL-6 on the disease
course of EAE
(A) EAE was actively induced by immunizing SJL/J
mice s.c. with MSCH in CFA and by giving pertussis
toxin i.v. Two milligrams of the indicated mAb or
the same volume of PBS was given i.p. on Day -1

and 7 (Table 1, Experiment 1). (B) EAE was adop-
tively transferred in PLSJLFI mice by i.v. injection of
3.5-5 X 106 encephalitogenic T lymphocytes (reac-
tive to MBPACl1ll). 0.5 mg of the anti-IL-6 Ab or the
same volume of PBS was given i.p. on Day -1 or
Day 6 (Table 2, Experiment 3). Animals were scored
daily as described in Materials and Methods.

treated with anti-IL-6 on Day -1 that did not
have any discernible infiltrates in their CNS.

Adoptively Transferred EAE
Administration of mAb to IL-6 had similar clini-
cal effects in adoptively transferred EAE. When
0.5 mg mAb was given i.p. on Days -1, 4, and 8,
relative to transfer of encephalitogenic T cells,
maximal and cumulative disease scores were sig-
nificantly reduced in one experiment (Table 2,
Experiment 1) and mortality and maximal dis-
ease scores were significantly reduced in a sec-

ond independent experiment, in which the dis-
ease course was more severe (Table 2,
Experiment 2). Even a single dose of the mAb to
IL-6 given on Day 6 (i.e., 1 day before the onset

of clinical signs) was effective in significantly re-
ducing the maximal disease score (Fig. 1 and
Table 2, experiment 3). The control mAb never
had any significant clinical effect in these exper-
iments.

Effect of mAb Administration
on IL-6 Levels
Animals were injected with 1 mg mAb (anti-IL-6
or anti-13-galactosidase) or PBS on Day -1 or on
Day 8, relative to EAE induction. Animals in
which EAE was actively induced were compared
with normal noninduced animals. Groups of
mice were sacrificed and sampled at one of three
time points: 36 hr after EAE induction, at the
onset of disease signs, or when such signs had
been present for 3 days (all groups were com-
pared relative to disease onset in the PBS-treated
EAE group).

Serum IL-6 levels were 5-fold higher in an-
imals 36 hr after EAE-induction (23 U/ml) than
in noninduced animals (4 U/ml) (Fig. 4A). Ad-
ministration of mAb to IL-6 increased these lev-
els to up to 67500 U/ml. IL-6 levels were even
increased in noninduced animals when given
anti-IL-6 (10 U/ml). IL-6 levels were still in-
creased at the onset of EAE (58 U/ml) and ad-
ministration of anti-IL-6 increased them a fur-
ther 10-fold (501 U/ml).

CSF levels of the cytokine were elevated in
animals in which EAE had been induced,
whether or not animals were diseased (Fig. 3
and 4B). Levels of IL-6 in animals with EAE were
almost 20 times higher after administration of
anti-IL-6 (24000 U/ml, compared with 1380
U/ml in animals that received PBS). It should be
noted that the mean disease score in the animals
immunized to develop EAE, but treated with
anti-IL-6 on Day -1, was 0 when CSF was sam-
pled, compared with 2.0 in the PBS group and
1.33 in the animals treated with anti-IL-6 on
Day 8. When anti-IL-6 was given on Day 8, IL-6
levels in serum and CSF were also increased,
although serum levels were 3 to 10 times lower
than in animals in which anti-IL-6 was given on
Day -1.

A similar pattern for IL-6 levels, albeit lower,
was observed in serum and CSF of animals 3
days after the onset of disease signs. Anti-,3-
galactosidase did not significantly affect the IL-6
levels. Addition of mAb to IL-6 in the bioassay
completely blocked all activity in serum
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TABLE 1. Effect of antibodies to IL-6 on the disease course of actively induced EAE

Mean
Cumulative

Time of Antibody Mean Disease Scorea
Administration Maximal

Experimental Antibody (days relative Disease Disease Score Absolute
Group Dose to EAE induction) Incidence Mortality (±SEM) (±SEM) %

Experiment 1

PBS

Anti-f3-gal.
Anti-IFNy
Anti-IL-6

Experiment 2

PBS

Anti-,3-gal.

Rat IgG

Anti-IL-6

Experiment 3

PBS

Anti-,3-gal.

Rat IgG

Anti-IL-6

2 mg

2 mg

2 mg

2 mg

1 mg

0.5 mg

2 mg

1 mg

0.5 mg

2 mg

1 mg

0.5 mg

0.5 mg

0.5 mg

0.5 mg

0.5 mg

0.5 mg

0.5 mg

0.5 mg

0.5 mg

0.5 mg

-1, 7

-1, 7

-1, 7

-1, 7

-1, 7

-1, 7

-1, 7

-1, 7

-1, 7

-1, 7

-1, 7

-1, 7

-1, 7

-1, 7

-1, 7

-1
7

-1, 7

-1

7

-1, 7

-1

7

7/10

5/8 (10)b

9/10

2/9 (10)c

7/10

0/2 (10)

4/5

4/5

5/8 (10)
3/5

2/5

2/11c
1/5

1/5

5/10

5/7 (8)
4/7

6/9

1/2 (10)

4/10

7/10
1/9 (10)

2/10

6/9

3/10

1/8

6/10

0/9

1/10
0/2

0/5

1/5

0/8

1/5

0/5

0/10

0/5

0/5

1/10
1/7

4/7

1/9

0/2

1/10

1/10
0/9

0/10
1/9

2.4 ± 0.67

1.8 ± 0.62

3.7 ± 0.58

0.6 ± 0.38

1.9 ± 0.50

1.6 ± 0.40

2.2 ± 0.80

1.4 ± 0.42

1.4 ± 0.60

1.3 ± 0.75

0.5 ± 0.34d

0.4 ± 0.40

0.4 ± 0.40

1.3 ± 0.54

1.9 ± 0.63

2.9 ± 1.01

1.7 ± 0.53

1.1 ± 0.55

1.8 ± 0.49

0.2 ± 0.20

0.4 ± 0.27

2.0 ± 0.58

48.8 ± 21.4

24.8 ± 18.3

80.7 21.1

2.6 18d

29.2 ± 11.3

15.8 7.2

42.4± 30

18.4 6.8

23.2 17.2

14.0 19.8

4.2 3.7d

6.8 7.6

3.6 8.0

24.3 ± 16.1

29.1 ± 18.3

79.3 30.4

27.3 15.2

15.8 + 12.3

25.4 12.1

3.1 ± 3.3

4.7 ± 3.5

27.6 ± 12.6

100
51

165

5

100

54

145

63

80

48

14

23

12

100

120

326

112

65

105

12

19

114

EAE was actively induced by immunizing SJL mice s.c. with MSCH in CFA and by giving pertussis toxin i.v. Different doses of
the mAb, purified rat IgG, or the same volume of PBS were given i.p. as indicated. Animals were scored daily as described in
Materials and Methods.
aThe mean cumulative disease score was calculated by adding the mean daily disease scores from all the animals in a group over
the observation period (30 days) (expressed as the absolute value ± SEM and as the percentage of the score of the PBS group).
Scores for each group are compared with the scores for the PBS group in that experiment.
bThe number of animals in each group at the start of the experiment is indicated inthe parentheses; only animals that survived
the second Ab dose (on Day 7) were taken into account for calculations.
cp < 0.05, one-tailed Fisher exact test.
dp < 0.05, Mann-Whitney U test.
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FIG. 2. CNS histopathology of animals treated
with anti-IL-6
EAE was acitvely induced by immunizing SJL/J mice
s.c. with MSCH in CFA and by giving pertussis toxin
i.v. Animals received 1 mg anti-IL-6 (20F3) mAb or

the same volume of PBS i.p. on Day -1 relative to
EAE induction, and were sampled when the PBS-
treated group showed disease signs. (A) Cerebellum
of a PBS-treated animal with numerous perivascular
inflammatory infiltrates (arrowheads) in the white
matter. (B) same area of an anti-IL-6-treated ani-
mal, no infiltrate is present. (Giemsa staining, lOX,
original magnification).

(<3 U/ml) and CSF (<30 U/ml) samples from
animals treated with PBS or with anti-IL-6.

Rat IgGI Levels in Serum and CSF

Rat IgG 1 levels were determined on samples
from an experiment similar to the one depicted
in Fig. 4 (Table 3). All animals were sampled at
the time of disease onset in the PBS-treated
group. Rat IgGI, administered on Day 8, was

detectable and reached comparable levels in the

serum, independent of the nature of the mAb
(anti-IL-6 or anti-13-galactosidase) or the clinical
condition of the animals (normal or EAE). When
administered on Day -1, serum levels were
much lower or fell below detection limit. Rat
IgGI was only detectable in the CSF of animals in
which EAE was induced, irrespective of the na-
ture of the mAb or the clinical condition of the
animals. Levels were just above detection limit
(1 jig/ml) when the mAb was given on Day -1,
and 3 times higher when given on Day 8 (ap-
proximately 1-2% of the serum levels).

DISCUSSION
We administered neutralizing mAb to IL-6 in
animals in which EAE was induced to evaluate
the role of this pleiotropic cytokine in inflamma-
tory CNS disorders of autoimmune origin. Ad-
ministration of the mAb significantly reduced the
development of EAE, both in actively induced
EAE and in the adoptive transfer model of EAE.
A single dose of mAb was sufficient to cause this
effect, and could be given as late as one day
before the onset of clinical signs in the adoptively
transferred model, although administration of
the mAb around the time of disease induction
was most effective in both EAE models. This
demonstrates that the mAb is not only acting on
the induction phase, but also on the effector
phase of the disease (i.e., the inflammatory reac-
tion in the CNS). In actively induced EAE, how-
ever, administration on Day 7 or 8 after induc-
tion was ineffective, whereas administration on
Day -1 was effective (clinical disease onset from
Day 9-12). Moreover, the absence of inflamma-
tory infiltrates in the CNS of animals in which
EAE was actively induced and that were treated
with mAb to IL-6, demonstrates that the protec-
tive effect of anti-IL-6 on the clinical disease was
also evident at the histopathological level. Anti-
IFN,y was used as a positive control for anti-
cytokine therapy in EAE, and had the disease-
enhancing effect that has been described
previously (19).

Several animals died within 6 hr after the
second dose of Ab (rat anti-IL-6 mAb, rat anti-
13-galactosidase mAb, or rat IgG). Since the first
Ab dose was given 1 day before immunization
with CFA, we conclude that this sudden death
was caused by an immunization and anaphylac-
tic reaction to the foreign protein, stimulated by
pertussis toxin. We have previously reported on
this effect (20). Moreover, animals in which EAE
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EAE
induction Treatment SERUM CSF

Disease
Clinical istological

- PBS

anti-IL-6
day -1

+ PBS
I

,+, anti-IL-6
day -1

+ anti-IL-6
day 8

0,0,0

0,0,0

n.d.

n.d.

2,2,2 +, +, +

0, 0,0 , .,

1, 2, 1 |6 , 1., +

315 401 30 20 10 WI 1U 1OU 1UU iUUUU

Rat IgGI Og/mI) IL-6 (U/mi)

at onset of signs of disease In the PBS-treated group with EAE (day 11-12)

FIG. 3. Relationship between levels of IL-6 and anti-IL-6 Ab in serum and CSF, and EAE expression
IL-6 and anti-IL-6 Ab data are from Fig. 4 and Table 3. The data regarding IL-6 levels and clinical and histological
disease are from the same experiment. EAE was scored clinically as described in Materials and Methods. Histology
was scored as either + or -, depending on the presence or absence, respectively, of inflammatory infiltrates and
demyelination in the CNS. n.d., not determined.

was induced by transfer, where no pertussis
toxin is given, and that also received multiple Ab
doses never had this reaction.

Protective effects of anti-IL-6 have been de-
scribed in several in vivo models of autoimmune or
other inflammatory conditions, including autoim-
mune diabetes (21), systemic lupus erythematosus
(22), tumor necrosis factor (TNF) effects (23),
endotoxin-induced shock and Shwartzman reac-
tion (24), and Toxoplasma gondii-infection of the
CNS (25,26). The conclusion from these studies
is that Abs to IL-6 are protective by neutralizing
endogenous IL-6 activity, and hence that IL-6
has a pro-inflammatory effect in these models.
However, there have been reports of increased
levels of circulating IL-6 after administration of
mAb to IL-6 in animals in which IL-6 production
was induced (24,26,27) and in a patient with
plasma cell leukemia after anti-IL-6 treatment
(28). We found increased levels of IL-6 bioactiv-
ity in serum of animals treated with mAb to IL-6.
In normal animals there was a slight increase in
IL-6 levels, but levels were far more increased in
animals that already had elevated IL-6 levels 36
hr after active EAE induction or at the onset of
EAE. In addition, we could also demonstrate in-
creased IL-6 levels in the CSF of animals treated
with anti-IL-6, but only in animals in which EAE
was induced and that already had elevated IL-6
levels in their CSF when disease started. IL-6

levels in the CSF were increased to the same
extent in animals that received anti-IL-6 on Day
-1 and in animals that received them on Day 8.
Only the former were protected clinically and
histopathologically against the development of
EAE, indicating that-at least in the actively in-
duced EAE model-anti-IL-6 Abs must be
present before Day 8, and that mere elevated
IL-6 levels in the CSF are not sufficient to pre-
vent EAE (Fig. 3). Addition of the 20F3 mAb
(specific for murine IL-6) to the B9 bioassay
completely blocked all IL-6 bioactivity in sera
and CSF from animals in which EAE was in-
duced (anti-IL-6-treated as well as nontreated
animals), thereby proving that the biological ac-
tivity detected could indeed be attributed to IL-6.

Increased IL-6 levels in the body fluids of
anti-IL-6-treated mice may be due to delayed
elimination and/or increased production. Com-
plex formation with Ab may slow down the
elimination of IL-6. Neutralization by Ab could
reduce the biological availability of IL-6 and
hence reduce the negative feedback that IL-6
may exert over its own production. It has been
shown that in vivo administration of anti-IL-6
Ab, in cases where there is elevated IL-6 produc-
tion, induces circulating IL-6-Ab complexes that
are biologically active in the HGF-assay (27-29).
The observation that animals in which EAE had
been induced and that received mAb on Day -1

I
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TABLE 2. Effect of antibodies to IL-6 on the disease course of adoptive transfer EAE

Mean
Mean Cumulative

Maximal Disease Scorea
Time of Treatment Disease

Experimental (days relative to Disease Score Absolute
Group transfer) Incidence Mortality (±SEM) (+SEM) %

Experiment 1

PBS -1, 4, 8 5/5 2/5 3.0 + 0.84 28.6 + 13.1 100

Anti-f-gal. -1, 4, 8 5/5 0/5 2.4 + 0.25 20.8 ± 2.7 73

Anti-IL-6 -1, 4,8 4/5 0/5 1.2± 0.37b 5.4 2.6b 19

Experiment 2

PBS -1, 4,8 5/5 5/5 5.0 0.00 68.6 0.6 100

Anti-IL-6 -1, 4,8 5/5 1/5c 3.4 0.40b 44.2 9.4 64

Experiment 3
PBS -1, 6 10/10 6/10 4.2 0.33 44.8 4.2 100

Anti-,B-gal. -1 5/5 3/5 4.2 ± 0.49 48.4 + 8.1 108

6 5/5 2/5 3.8 ± 0.49 46.0 ± 6.4 103

Anti-IL-6 -1 5/5 1/5 3.2 ± 0.49 32.4 + 10.3 72

6 5/5 1/5 2.8 + 0.58b 32.2 ± 5.7 72

EAE was adoptively transferred in PLSJLF1 mice by i.v. injection of 3.5-5 X 106 encephalitogenic T lymphocytes (reactive to
MBPAC, I O. 0.5 mg of the mAb or the same volume of PBS were given i.p. on the indicated time points. Animals were scored
daily as described in Materials and Methods.
aThe mean cumulative disease score was calculated by adding the mean daily disease scores from all the animals in a group over
the observation period (20 days) (expressed as the absolute value + SEM and as the percentage of the score of the PBS group in
each experiment). Scores for each group are compared with the scores for the PBS group in that experiment.
bp < 0.05, Mann-Whitney U test.
'p < 0.05, one-tailed Fisher exact test.

had higher serum IL-6 levels on the day of dis-
ease onset (11-12 days later) than animals that
received the antibody on Day 8, may reflect ac-
cumulation of IL-6 complexed to Ab over time. It
also indicates that these complexes are stable
over extended periods of time and that the com-
plexed IL-6 retains its biological activity. Our
results extend the findings in the circulation to
other compartments, in this case the CNS, in
which there is IL-6 production. We clearly dem-
onstrated that exogenous Abs can cross the dam-
aged blood-CSF barrier and reach the CSF in
EAE. Since there is both widespread meningeal
and parenchymatous inflammation in EAE, break-
down of the blood-CSF barrier indicates break-
down of the BBB, and these Abs can be expected to
reach the CNS parenchyma as well. IL-6 levels in
CNS tissue are elevated in EAE (11), and we can
surmise that anti-IL-6 causes increased IL-6 levels
in the CNS parenchyma as well.

How can we explain the production of IL-6

in the CNS of animals that were protected
against the development of EAE and that did not
have discernible inflammatory infiltrates in their
CNS? Likewise, how could the administered
mAb reach the CSF in these animals (Fig. 3)? The
most probable explanation is that even in pro-
tected animals a limited number of CNS-specific
T cells entered the CNS and activated CNS cells to
produce IL-6 and other mediators, which in turn
could open the BBB to circulating Ab. The anti-
IL-6 mAb binds to locally produced IL-6 and
influences its production and biological action
(see below), preventing the formation of an in-
flammatory infiltrate. This model is consistent
with the hypothesis that the secondary influx of
inflammatory cells is responsible for the forma-
tion of the inflammatory infiltrates and the neu-
rological impairment (30). IL-6 production in the
CNS has been described in a model of Trypano-
soma infection in mice (31) and in a model of
mechanical brain injury (32), before any inflam-
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FIG. 4. Effect of neutralizing monoclonal Ab
to IL-6 on IL-6 levels in serum and CSF
EAE was acitvely induced by immunizing SJL mice
s.c. with MSCH in CFA and by giving pertussis toxin
i.v. Animals received 1 mg of anti-IL-6 (20F3), anti-
,B-galactosidase (GL1 13) mAb, or the same volume of
PBS i.p. on Day -1 or Day 8 relative to EAE induc-
tion. Animals were sampled 36 hr after EAE induction,
at disease onset in the PBS-treated group, and 3 days
after disease onset in the PBS-treated group. IL-6 levels
in serum (A) and CSF (B) were determined by hybrid-
oma growth factor assay. (n = 3/group; values are
mean + SEM; nd, not done; detection limit in pooled
CSF was 1.5 log10 U/ml)

matory cells could be detected in the CNS. The
detection of IL-6 transcripts correlated with the
onset of astrocyte activation in the Trypanosoma
model, and astrocytes are considered to be the
source of the cytokine.

In mice treated with mAb to IL-6 and then
challenged with LPS, circulating IL-6 and Ab are
present in equimolar concentrations and are
nearly 100% complexed (29). We did not exam-
ine whether the IL-6 was complexed when
present in the CSF after mAb treatment, but the
molar concentration of mAb could roughly be
estimated to exceed that of IL-6 by a factor of 10
to 30. IL-6 complexed to anti-IL-6 Ab is known
to retain its biological activity in the IL-6-bioas-

TABLE 3. Rat IgGI levels in serum and CSF
after administration of rat IgGI monoclonal Ab
in animals with EAE

Rat IgGI (jig/ml)
Treatment
Group Seruma CSFb

Noninduced
PBS <1, <1, <1 <1
anti-IL-6 d-1 33, >40, 33 <1

d8 248, 254, 321 (274.3) <1
anti-13-gal. d-I 24, <1, <1 <1

d8 280, 242, 204 (242) <1
EAE
PBS <1, <1, <1 <1
anti-IL-6 d-1 1.1, 31, 5.2 (12.4) 1

d8 243, 310, 391 (314.7) 2.9
anti-,B-gal. d-1 <1, 2, 1 1

d8 216, 192, 200 (202.7) 3.4

Rat IgGI levels were determined by radial immunodiffu-
sion on serum and CSF samples after administration of
1 mg of anti-IL-6 (20F3), anti-f3-galactosidase (GLI 13), or
PBS on either Day -1 (d-1) or Day 8 (d8) relative to ac-
tive EAE induction. Animals were sampled at disease onset
in the PBS group (Day 11-12).
aSerum levels from individual mice are shown, the mean is
given in parentheses where appropriate.
bCSF levels are from pooled CSF (n = 3/group).

say: the affinity of the IL-6 receptor on the cell
line used for the HGF-assay is higher than that of
the Ab, and therefore IL-6 is still active on the
cell line despite its binding to the Ab. This is also
reflected in the excess of Ab to IL-6 necessary for
in vitro neutralization of IL-6 activity (29).

It is unknown whether the higher levels of
IL-6 that accumulate as IL-6-Ab complexes, also
induce higher in vivo bioactivity of IL-6. Admin-
istration of IL-6-mAb complexes in a molar ratio
of 1-2:1 augments some of the biological effects
of IL-6 in vivo (27,33). The same observation has
been reported for Ab complexes with IL-3, IL-4,
and IL-7 (34). It is conceivable however, that
different biological effects of IL-6 are influenced
to a variable extent by mAb administration, de-
pending on the sensitivity of the cells involved
and the kinetics of the effect. Of interest is that
transgenic mice with IL-6 under the regulatory
control of the glial fibrillary acidic gene promoter,
and in which IL-6 is overexpressed in the CNS,
develop a neurological syndrome, associated with

u-
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neuropathologic changes partially reminiscent of
EAE (35). The net result of administration of Ab to
a cytokine is thus dependent on the balance be-
tween two opposing effects (i.e., neutralization and
accumulation). These findings indicate that the
mechanism(s) underlying in vivo effects of anti-
bodies to cytokines are complex. Nevertheless, the
protective effect of anti-IL-6 that we observed in
EAE might have therapeutic benefit for inflamma-
tory conditions in the CNS, including MS (5,10,13)
and certain cases of postinfectious encephalomyeli-
tis (2-4).
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