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Interferon-p decreases the relapse rate, relapse severity, progression of neurological disability, and development of new 
brain lesions observed with brain magnetic resonance imaging in relapsing-remitting multiple sclerosis patients. The 
mechanism of action of this effect is presently unknown. This study was based on the hypothesis that immunoregulatory 
effects of interferon+ may underlie its demonstrated clinical efficacy. The objective of the study was to determine the 
effect of interferon-P-la on the expression of interleukin-10, a cytokine that strongly inhibits cell-mediated immune 
responses. Interferon-P-la induced accumulation of interleukin-1 0 messenger RNA and protein secretion by cultured 
peripheral blood mononuclear cells. The observed in vitro effects were similar for healthy control subjects and multiple 
sclerosis patients. Intramuscular injections of interferon-P-la increased serum levels of interleukin-10 at 12 and 24 
hours following the injection. Greater increases were induced with 12 X lO'-IU than 6 X 106-IU injections. The effect 
of interferon- P-la was relatively specific for interleukin- 10, as treatment with interferon-P-la did not result in accumula- 
tion of transforming growth factor-f3 messenger RNA. Upregulation of interleukin- 10 represents a possible mechanism 
of action of interferon-0's therapeutic effect in relapsing-remitting multiple sclerosis, and has implications for therapy 
of other autoimmune diseases. 

Rudick RA, Ransohoff RM, Peppler R, VanderBrug Medendorp S, Lehmann P, Alam J. Interferon beta 
induces interleukin- 10 expression: relevance to multiple sclerosis. Ann Neurol 1996;40:618-627 

Multiple sclerosis (MS) is a common neurological dis- 
ease characterized by immune-mediated tissue injury 
directed against central nervous system (CNS) myelin. 
In its early stages, the course of MS is episodic, pre- 
sumably reflecting cycles of inflammation in CNS 
white matter. Immunosuppressive therapy can lessen 
disease activity, while immune activation has been asso- 
ciated with exacerbations and disease progression [ 11. 
The evidence supports the hypothesis that immune- 
mediated myelin injury leads to neurological impair- 
ment. 

Several studies firmly established a role for type I 
interferon (IFN) as treatment for relapsing-remitting 
MS. In a placebo-controlled, double-blind multicenter 
trial, alternate-day, subcutaneous human recombinant 
IFN-b-lb (Betaseron) reduced the relapse rate, relapse 
severity, and progression of magnetic resonance im- 
aging (MRI)-detected lesions [2-41. On the basis of 
this study, the US Food and Drug Administration 
(FDA) approved Betaseron in July 1993 as treatment 
for relapsing-remitting MS. Subsequently, Durelli and 
colleagues [5]  reported the results from a preliminary 
trial of alternate-day intramuscular recombinant IFN- 
a (Roferon-A) for relapsing-remitting MS patients. 

Compared with placebo recipients, IFN-a recipients 
experienced fewer relapses, less-severe relapses, and less 
disease activity measured by brain MRI. Most recently, 
Jacobs and the Multiple Sclerosis Collaborative Re- 
search Group [6] reported results from a phase I11 
multicenter, double-blind, placebo-controlled study of 
weekly intramuscular recombinant IFN-P- 1 a (Avonex). 
Intramuscular IFN-P-la, 6 X lo6 IU weekly, signifi- 
cantly delayed the development of sustained worsening 
on the Kurtzke Expanded Disability Status Score 
(EDSS), lowered the relapse rate, and reduced the 
number and volume of gadolinium-enhancing MRI 
brain lesions in relapsing MS patients. These studies 
established a primary role for recombinant IFN-P ther- 
apy for relapsing MS patients, but the mechanisms un- 
derlying the efficacy are unknown. 

Antiviral, immunomodulatory, antiproliferative, and 
other biological responses to IFN are mediated by the 
products of IFN-stimulated genes. IFN-mediated anti- 
viral effects have been assigned to individual gene prod- 
ucts for some RNA viruses [7]. IFNs were initially 
tested as therapeutic agents for MS because of antiviral 
properties and the possibility that MS was due to a 
persistent viral infection [8]. However, no specific virus 
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has been reproducibly linked to MS pathogenesis, and 
it does not appear that IFN beta acts in MS patients 
by reducing the frequency of common upper respira- 
tory tract infections [9]. 

An alternative explanation for IFN-P efficacy in MS 
is suppression of the autoimmune response, and a 
number of possible mechanisms have been proposed 
[lo]. Regulation of the inflammatory and autoimmune 
response requires a complex interplay in which soluble 
cytokines interact with membrane receptors on sub- 
populations of immunologically active cells to activate 
or inhibit their activity. A plausible hypothesis for the 
mechanism of IFN-P efficacy in MS is that IFN-P 
stimulates the expression of soluble cytokines 
with immunosuppressive properties. This possibility 
received support by a recent study showing that my- 
elin-specific murine T-cell clones isolated from ani- 
mals treated with oral myelin inhibited subsequent de- 
velopment of experimental allergic encephalomyelitis 
(EAE) [ I l l ,  a T cell-mediated autoimmune disease 
with similarities to MS. The protective T-cell clones 
secreted interleukin (1L)-4, transforming growth factor 
P (TGFP), or IL-10, demonstrating that cytokines 
with immunosuppressive properties may regulate auto- 
immune processes in vivo. 

Prior studies from our group found no significant 
effect of IFN-P on TGFP messenger RNA (mRNA) 
levels, protein secretion, or function [12]. However, we 
observed brisk upregulation of IL-10 mRNA in periph- 
eral blood mononuclear cell (PBMC) cultures. Because 
IL- 10 inhibits cell-mediated immune responses, IL- 10 
induction by IFN-P may represent a mechanism to 
partially explain the efficacy of IFN-P in relapsing-re- 
mitting MS. 

Materials and Methods 
Human Subjects 
The studies were reviewed and approved by institutional re- 
view boards. Study participants provided informed consent. 
Human subjects included patients with MS attending Mellen 
Center for Multiple Sclerosis Treatment and Research at the 
Cleveland Clinic Foundation. Healthy volunteers were se- 
lected from personnel at the Mellen Center, or were partici- 
pating in a clinical pharmacology study of IFN-P-la. The 
full results of the clinical pharmacology study will be re- 
ported elsewhere. 

Reagents 
Ficoll-Hypaque, purified rat IgG, recombinant IL-10, and 
monoclonal anti-IL-10 antibodies were obtained from Phar- 
migen, San Diego, CA. Phosphate-buffered saline (PBS), 
HBSS, RPMI 1640, human AB serum, sodium pyruvate, L- 
glutamine, 4-(z-hydroxyethyl)-l-piperazineethane-sulfonic 
acid (HEPES), gentamicin, penicillin-streptomycin, 5 X re- 
verse transcriptase (RT) buffer, dithiothreitol (DTT), RT, 
and DNA Taq polymerase were obtained from Gibco Labo- 
ratories, Grand Island, NY. IFN-P-la was provided by Bio- 

gen, Boston, MA. RNAsol B was supplied by Tel-Test, 
Friendswood, TX. Oligo(dT),5 primer and dNTPs were sup- 
plied by Boehringer Mannheim, Indianapolis, IN. Mineral 
oil, Tris-chloride (CI), potassium chloride (KCI), and magne- 
sium chloride (MgC12) were supplied by Sigma Chemical, 
St Louis, MO.  IL-I0 and p-actin primers were synthesized 
by Operon Technologies, Alameda, CA. Streptavin-AP 
was supplied by DAKO, Carpinteria, CA. pNitropheny1 
phosphate was supplied by Research Organics. Microtiter 
plates (96 wells) were supplied by Costar (3590), Cam- 
bridge, MA. 

Cell Cultures 
PBMCs were isolated from heparinized venous blood by Fi- 
coll-Hypaque gradient centrifugation. PBMCs were washed 
twice in HBSS and resuspended in RPMI 1640 supple- 
mented with 10% human antibody serum, 1 mM sodium 
pyruvate, 2 mM L-glutamine, 25 mM HEPES, 8 pg/ml of 
gentamicin, 100 unitdm1 of penicillin, and 100 pglml of 
streptomycin. PBMCs were cultured with variable concentra- 
tions of IFN-P-la for 16 to 96 hours. 

Preparation of T Cell- and 
Monocyte-Enriched Cultures 
PBMCs were resuspended in complete RPMI to a final con- 
centration o f  2 X lo6 cellslml. Twenty-five milliliters of cell 
suspension was transferred into a 75-cm2 tissue culture flask 
and incubated horizontally for 1.5 hours in a 37°C 5% 
carbon dioxide incubator. Nonadherent cells were decanted 
into a 50-ml centrifuge tube. The tissue culture flask was 
gently rinsed, twice, with 10 ml of 37°C complete RPMI 
and added to the centrifuge tube. Adherent monocytes were 
recovered from the tissue culture flasks by gently scraping 
with a plastic cell scraper. The cells were centrifuged for 10 
minutes at 1,400 rpm, 18 to 20°C. Monocytes or T cells 
were resuspended in 5 and 10 ml of complete RPMI, respec- 
tively, and counted. Trypan blue exclusion confirmed that 
cells were more than 95% viable. The purity of the T cell- 
or monocyte-enriched cultures was determined by three- 
color flow cytometry on a fluorescence-activated cell sorter 
(Becton Dickinson FACScan) using CD3-PerCP to label T 
cells, CD14-fluorescein isothiocyanate (FITC) to label 
monocytes, and CD19-PE to label B cells. The purity of 
both T-cell and monocyte cultures was more than 90% in 
all experiments. 

Reverse Transcription and Polymerase 
Chain Reaction 
RNA was isolated from approximately 10' PBMCs using the 
RNAzol B method. One microgram of RNA was adjusted 
to 10 pl in ddHzO and incubated at 70°C for 10 minutes. 
RNA was quenched on ice for 1 minute. The master mix 
consisted of 4 p1 of 5X RT buffer, 2 pl of dNTPs (2.5 
mM), 2 pl of D T T  (0.1 M), 1 PI of oligo(dT),5 primer (500 
pglml), and 1 p1 of RT (200 unidpl ) .  Ten microliters of 
master mix was added to the denatured RNA in 10 p1 of 
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Fig 1. ILL-10 mRNA induction in response to interferon- (IFN) p - l a  (IFNP-la). The inset shows a photograph of 
a representative ethidium-stained agarose gel. Peripheral blood mononuclear cells were isolated fiom a healthy donor and cultured 
for 16 hours in medium alone or in medium containing IFN-/?-la, 10, 100, or 1,000 IU/ml. mRNA was isolated, reverse tran- 
scribed, and amplijed for sequences spec+ for /?-actin and IL-10 as described. A single, appropriately sized band spec;fc f o r  p- 
actin was relatively constant in all cultures; an appropriately sized IL-I0 sequence was induced by IFN-p-la. To express results 
quantitatively, gels were analyzed by densitometry and IL-I 0 levels normalized to /?-actin levels. The graph shows increasing IL- 
10 mRNA levek in a dose-response fashion with increasing concentrations o f  IFN-p-la. 

ddH,O and incubated at 42°C for 60 minutes. RT was inac- 
tivated for 10 minutes at  95°C. The reaction mix was ad- 
justed to 50 pl with ddH,O. The polymerase chain reaction 
(PCR) master mix consisted of 28.5 pl of ddH,O, 5 pl of 
10X PCR buffer (200 mM Tris-hydrochloric acid p H  8.4, 
500 mM KCI, and 15 mM MgCI,), 5 pl of dNTPs (2.5 
mM), 0.5 pl of sense primer (20 pM), 0.5 pl of antisense 
primer (20 pM), and 0.5 pl of Taq polymerase. Forty micro- 
liters of PCR master mix was added to 10 111 of complemen- 
tary DNA (cDNA) and overlayed with 80 ~l of mineral oil. 
The following primer sequences were used: p-actin-(sense) 
5' GCC CTG GAC ACC AAC TAT 'TGC 3', (antisense) 
5' G C T  GCA CTT GCA GGA GCG CAC 3'; IL-10- 
(sense) 5' ATG CCC CAA G C T  GAG AAC CAA GAC 
CCA 3', (antisense) 5' TCT CAA GGG G C T  GGG TCA 
G C T  ATC CCA 3'; TGFpl-(sense) 5' G C C  CTG GAC 
ACC AAC TAT T G C  3', (antisense) 5' CCT GCA CTT 
GCA GGA GCG CAC 3'. The amplification was performed 
in a Perkin Elmer 480 thermocycler using the following pro- 
tocol: denature for 45 seconds at 92"C, anneal for 1 minute 
at 60°C. and extend for 1 minute at 72°C with an initial 

denaturing time of 5 minutes and a final extension time of 
5 minutes. Ten-microliter aliquots of the reaction product 
were analyzed on 1% agarose gels stained with ethidium bro- 
mide. Bands representing amplified products were quanti- 
tated on a laser densitometer (Bio-Rad). IL-10 mRNA levels 
were normalized to p-actin mRNA levels. Data were ex- 
pressed as normalized IL-10 level (IL-lO/P-actin). The re- 
verse transcription (RT)-PCR assays for IL-10 and actin were 
initially optimized by varying cDNA input into the PCR at 
empirically determined magnesium optima. At 30 cycles of 
amplification, densitometric output was linear for cDNA in- 
put into the IL-10 PCR amplification reaction. The IL-10 
band of 352 bp was appropriately sized for the amplified 
DNA sequence, and there were no significant contaminating 
bands (Fig 1). 

Interleukin-10 Enzyme-Linked Immunosorbent Assay 
Ninety-six-well flat-bottom plates were coated with a 100 
pI of solution containing 1 pglml of purified rat anti- 
human IL-10 monoclonal antibody in a humidified chamber 

620 Annals of Neurology Vol 40 No 4 October 1996 



at 4°C overnight. Plates were washed four or five times with 
PBS and blocked with 200 PI of 0.1% gelatin in enzyme- 
linked immunosorbent assay (ELISA) buffer for 2 hours at 
room temperature. One microliter of normal rat serum was 
added to each 100-pl serum sample to block nonspecific 
binding. Serum samples or 100 p1 of recombinant IL-10 
standard (20-0.009 ng/ml) was added to the plate and incu- 
bated overnight in a humidified chamber. After the plate 
was washed four or five times with excess buffer, 100 pl of 
biotinylated rat anti-human 1L- 10 monoclonal antibody was 
incubated for 2 hours at room temperature in a humidified 
box. After washing, 100 pl of streptavin-AP (1 :2,000 in 
PBS/O. 1% gelatin) was added to the plate and incubated for 
2 hours at room temperature. After the plate was washed 
with PBS and then with Tris base buffer, 100 p1 of p- 
nitrophenyl phosphate was added at 16.6 mg/ml and the 
plate developed for 1 hour. Plates were read on a Bio-Tek 
Instruments ELISA at 405 nm. Reproducibility of the ELISA 
was excellent, and there was no effect of eight freeze-thaw 
cycles on binding activity in serum samples containing high 
or low IL-I0 levels. Standard curves for assays done on sepa- 
rate days were superimposable. The binding curve slope gen- 
erated by serially diluting serum samples was identical to the 
slope of the IL-10 standard curve, suggesting that binding 
activity in serum was immunologically identical to IL-10. 
Addition of purified rat IgG to test samples lowered the non- 
specific signal OD somewhat, presumably due to competi- 
tion with heterophilic anti-rat Ig binding capture and derec- 
tion monoclonal antibodies. In no case did the addition of 
rat IgG abrogate IL-10 detection in serum samples. 

Statistical Methods 
Repeated measures analysis of variance was used to examine 
the effects of IFN-P-la and patient group (healthy control 
subjects vs MS patients) on IL-10 mRNA and protein in 
cultured PBMCs. Pearson correlations were used to quantify 
the relationship between mlWA and protein in this setting. 
A series of Wilcoxon signed-rank tests were used to test for 
the response of serum IL-10 levels to IFN-0-la injections in 
healthy control subjects. p Values from these tests are not 
adjusted for multiple testing. 

Results 
Effects of  Interferon-,& l a  on IL- I0 mRNA 
and Protein in Cultured Cells 
PBMCs were cultured in the presence of increasing 
concentrations of IFN-P-la for 16 hours and a repre- 
sentative experiment illustrated in Figure 1. IL-10 
mRNA levels were upregulated by IFN-P-la in a dose- 
dependent fashion with an effect evident at 10 IU/ml 
of IFN-P-la. The time course of IL-10 mRNA and 
protein induction was tested in PBMC cultures derived 
from healthy blood donors, and a representative experi- 
ment illustrated in Figure 2. Increased IL-10 mRNA 
levels were highest at 16 hours (the first time point 
examined), were still evident at 72 hours, and returned 
to baseline by 96 hours. IL-10 protein levels peaked at 
48 hours and remained elevated at 96 hours. 
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Fig 2. Kinetics of IL-10 mRNA and protein induction by 
interferon beta-la. A representative experiment shows the time 
course of IL-10 mRNA (squares) and protein (circles) accu- 
mulation. Compared with baseline levels, IL-10 mRNA was 
increased at 16 hours and fill to baseline levels by 96 hours. 
Culture supernate IL-I0 concentrations increased over 48 
hours and remained elevated at 96 hours. 

IL-10 mRNA and protein levels were measured in 
16-hour PBMC cultures from 10 healthy donors (12 
samples) and 5 MS patients. Cells cultured without 
IFN-P- 1 a (unstimulated cultures) were compared with 
cells cultured with IFN-P-la, 1,000 IUiml added to 
the media. Patients had relapsing-remitting MS, were 
only moderately disabled, and were in a period of clini- 
cal remission at the time of phlebotomy for these stud- 
ies. There was significant ( p  < O.OOl)  upregulation of 
both IL-10 protein and mRNA in PBMC cultures with 
IFN-P-la treatment, and the effect was evident for 
healthy volunteers (Figs 3A, 3B) and for healthy MS 
patients (Figs 3C, 3D). There was some indication ( p  
= 0.07) that the upregulation in IL-10 protein is larger 
for the MS group than for the control group. All 5 
patients in the MS group had steep increases in IL-I0 
levels, while only a few healthy donors showed compa- 
rably steep increases. In every case, however, there was 
an increase from unstimulated levels of IL-10 mRNA 
and protein. There were statistically significant correla- 
tions between IL-10 protein and mRNA levels in un- 
stimulated cultures (Fig 4A) and IFN-P-la-stimulated 
cultures (Fig 4B) .  For healthy donors, the Pearson cor- 
relation coefficients for IL-10 mRNA and protein were 
0.78 ( p  < 0.01) for unstimulated cultures and 0.62 ( p  
= 0.03) for IFN-P-la-stimulated cultures. 

Effects of Interferon-P-la on T Cell- and Monocyte- 
Enriched Cultures 
PBMC, T cell-enriched, and monocyte-enriched cell 
cultures were treated for 48 hours with IFN-P-la, 
1,000 unitdml, or with culture medium alone. Table 
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Fig 3. IL-I0 upregulation by interferon- (IFN) P-la (IFNP) in peripheral blood mononuclear cell (PBMC) cultures. PBMCs 
fiom healthy volunteers (A, B) or MSpatients (C, 0) were cultured with or without IFN-/%la, 1,000 units/ml. AJter 1 6  hours, 
IL-10 mRNA and cell supernate IL-I0 protein were quantitated. There was upregulation vf IL-10 mRNA and protein with 
IFN-p- 1 a. 

1 shows the IL-10 concentrations in the culture super- 
nates from 2 MS patients and 2 healthy blood donors. 
In all subjects, mixed PBMC, T cell-enriched, and 
monocyte-enriched cultures showed increased IL- 10 
levels when treated with IFN-P-la. This effect was evi- 
dent for both MS and healthy control subjects. The 
magnitude of change induced by IFN-P-la was gener- 
ally higher in MS than control cells, although there was 
considerable variability in the observed effect between 
individuals. The most substantial induction was ob- 
served in the T-cell culture from MS Patient 1 whose 
PBMC and monocyte cultures were only minimally 
stimulated by IFN-P- 1 a. 

Effects of Interferon-P-la on Transforming Growth 
Factor P mRNA in Cultured Cells 
PBMCs were cultured in the presence or absence of 

IFN-P-la, 1,000 unidml ,  and TGFP mRNA was 
measured after 19, 24, and 48 hours (Fig 5 ) .  No differ- 
ences were observed in the levels of TGFP mRNA in 
the presence of IFN-P-la. 

Response of Serum IL-10 Levels to 
Interferon$- l a  Injections 
Serum IL-10 levels were measured in 11 healthy 
volunteers before and after single intramuscular injec- 
tions of IFN-P-la, 6 X lo6 IU (n = 4) or 12 X 
106 IU (n = 7). IL-10 increased from baseline at 12 
or 24 hours in all 11 subjects, returning toward base- 
line levels by 48 hours (Table 2). The median level for 
the 11 patients increased from 20 to 99 pg/ml at 12 
hours, was 97 pg/ml at 24 hours, and decreased to 36 
pg/ml at 48 hours after injection. There was a statisti- 
cally significant increase from baseline at 12 ( p  = 
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Fig 4. Correlation between ILL-10 mRNA and protein in 
peripheral blood mononuclear cell cultures. For both unstimu- 
lated cultures (A) and inteferon- (IFN) P-stimulated 
cultures (B) shown in Figure 3, there was a signiJicant rela- 
tionship between IL-10 mRNA and protein levels. 

Table 1. ILL-10 Levels" in Cell Culture Supernates 

1.6 

E 1.4 
c2 

I- 
$j 1.2 

1 

0.8 
16 hours 24 hours  48 hours  

Time in culture 

Unstimulated r 1 IFNB Stimulated 

Fig 5. Efect of  interferon- (IFN) P-la (IFNP) on trans- 
forming growth fictor P (TGFP) mRNA. Pereripheral blood 
mononuclear cells porn 2 healthy volunteers were cultured in 
the presence or absence o f  IFN-P-la, 1,000 units/ml. At the 
time points indicated in the$gure, TGFP mRNA was guanti- 
tated and normalized to actin mRNA as described. The jgure 
shows the mean of the two samples. There was no evident 
effect of  IFN-P-la on TGFP mRNA. 

0.001) and 24 hours ( p  = 0.002) for the 11 subjects. 
There was still a suggestion of upregulation evident 
at 48 hours ( p  = 0.04). Subgroup analysis showed a 
significant increase from baseline at both 12 and 24 
hours ( p  = 0.016) only for the 12 X 106--IU dose, 
possibly because of small numbers in the group receiv- 
ing 6 X 106 IU. The data demonstrate dose-dependent 
induction of IL-10 in response to IFN-P-la injections 
(Fig 6). 

Cells 
IFN-P-1 a 

Fold Increase Subject No. Unstimulated Stimulated 

PBMCs MS 1 
MS 2 
Control 1 
Control 2 

Monocytes MS 1 
MS 2 
Control 1 
Control 2 

T cells MS 1 
MS 2 
Control 1 
Control 2 

22 
32 
76 
39 
23 
28 
45 
41 
19 
29 
25 
<7 

45 
336 
110 
78 
30 

449 
86 
60 

1,947 
189 
58 
55 

2.1 
10.5 
1.5 
2.0 
1.3 

16.0 
1.9 
1.5 

102.5 
6.5 
2.3 

>7.9 

'IL-10 concentration, in pg/ml. 
IL-10 = interleukin 10; IFN = interferon; PBMCs = peripheral blood mononuclear cells; MS = multiple sclerosis. 
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Table 2.  Serum ZL-10 Levelsd after a Single Zntramuscular Injection o f  IFN-P-la 

Dose Baseline 12 Hours 24 Hours 48 Hours 

Subject no. 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

Median change 
Median % change 

6 X lo6  IU 
6 X lo6  IU 
6 X lo6 IU 
6 X lo6 IU 

12 x 106 IU 
12 x 106 IU 
12 x 106 IU 
12 x 106 IU 
12 x 106 IU 
12 x 106 IU 
12 x 106 IU 

70 
20 

<7 
<7 
71 
26 

116 
40 

<7 
14 
20 

119 
36 
26 
40 

124 
77 

138 
160 
99 

109 
85 
51b 

271 

180 
40 

<7 
132 
97 
92 

132 
102 
53 
81 

116 
62' 

157 

116 
26 

<7 
<7 
79 
31 

112 
36 

<7 
45 
45 

5d 
11 

'IL-10 serum concentration, in pg/ml. 
h p  = 0,001. 
' p  = 0.002. 
dp = 0.04. 
IL-10 = interleukin-10; IFN = interferon. 

I I 

12 hours 24 hours 48 hours 
Time After IFNR-la Injection 

1 ~j 6 MIU (n=4) 

Fig 6 Serum 1L-10 Levels following intramuscular injections 
of interferon- (IFN) P-la (IFNO-la). Serum IL-10 levels 
were measured in 11 healthy volunteers bejiore and at inter- 
vals ajer a single injection of IFN-P-la. For both 6 X lo6 
1U and 12 X lo6 lU, increased levels compared to baseline 
were observed at 12 and 24 hours following the injection. 
Change j+om baseline was greater f o r  the 12 X 106-IU dose 
injections. 

Discussion 
Histopathological studies [ 13- 151 have documented a 
cell-mediated immune response in the brain of MS pa- 
tients, leading to the hypothesis that myelin-reactive 
cells are pathogenic in the disease. The current study 
was performed to explore whether IFN-@ exerts favor- 
able effects on cytokines that downregulate the cell- 
mediated immune response, as a possible mechanism 

of action in MS patients. This possibility was sup- 
ported by a recent report that IFN-@ ameliorated the 
severity of chronic relapsing EAE [16], a CNS 
autoimmune disease known to be induced by myelin- 
reactive T cells. The study reported here documented 
induction by IFN-P-la of 1L-10 mRNA in cultured 
PBMCs; IL-10 protein secretion by cultured PBMCs, 
T cells, and monocytes; and increased serum levels of 
IL-10 following IFN-P-la injections. These findings 
may be relevant to the in vivo immunological effects 
of IFN-@ and to clinical efficacy in MS. 

The effects of IFN-P on the immune system will 
likely be complex, since antigen-driven T-cell differen- 
tiation depends on interplay between antigen, antigen- 
presenting cells (APCs), and costimulatory signals pro- 
vided to the T cell by the APCs. IFN could influence 
a number of these interactions. Mature helper T (Th) 
lymphocytes differentiate from pluripotential cells into 
Thl or Th2 lymphocytes with antigen stimulation [17, 
181. Thl cells require IL-2 for growth and secrete IFN- 
y, IL-2, and lymphotoxin in response to antigen stimu- 
lation, while Th2 cells require IL-4 for growth and 
secrete IL-4, IL-5, and IL-10 in response to antigen 
stimulation. IL-12 drives CD4 cells toward the Th l  
phenotype [19, 201 and IL-10 may drive T lympho- 
cytes toward Th2 responses. Th l  cells mediate delayed- 
type hypersensitivity (DTH) reactions, initiate cell- 
mediated immune responses, and are thought to be 
pathogenic in MS lesions. Th2 cells stimulate antibody 
secretion and downregulate T h l  responses, and it has 
been hypothesized that Th2 responses may determine 
the resolution of pathogenic cellular immune responses 
in MS patients. Susceptibility to EAE correlates with 
a predominant Thl immune response to myelin anti- 
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gens, and resistance to disease induction correlates with 
a predominant Th2 immune response in mice [21] and 
the Lewis rat [22]. Therefore, the balance between Thl 
and Th2 responses may influence disease activity in 
MS patients. 

Cytokine products of T h l  cells probably play a role 
in CNS tissue injury in MS patients. Cells isolated 
from MS cerebrospinal fluid (CSF) expressed a Thl 
pattern of cytokine production during periods of active 
disease [23]. MS relapses were preceded by increased 
IFN-y and tumor necrosis factor P (TNFP) secretion 
by concanavalin A-stimulated mononuclear cells [24] 
and were accompanied by increased IFN-y-secreting 
cells in blood [24]. TNF or lymphotoxin levels in the 
CSF of MS patients have been reported to correlate 
with more rapid disease progression [25, 261. A patho- 
genic role for IFN-y was directly suggested by a study 
of 18 MS patients who received recombinant IFN-y by 
intravenous infusion during a clinical trial [24]. Seven 
of the 18 patients had exacerbations and evidence for 
systemic immune activation [27]. These studies sug- 
gested that Thl products may play important roles in 
MS disease activation and pathogenesis, and imply that 
inhibition of Thl immune responses may be advanta- 
geous in MS. 

Cytokine products of Th2 cells may inhibit the dis- 
ease process. Rieckmann and colleagues [28] reported 
decreased IL- 10 and TGFP mRNA levels and increased 
TNF mRNA levels in circulating PBMCs just prior to 
relapses in 20 MS patients. Correale and associates [29] 
analyzed proteolipid protein-specific T-cell clones gen- 
erated from MS patients during clinical relapses and 
remissions. T-cell clones isolated at the time of remis- 
sion secreted high levels of IL-10 and could be induced 
to secrete TGFP, while clones isolated during relapses 
primarily secreted IFN-y and TNF. Chen and col- 
leagues [ 1 11 isolated myelin basic protein (MBP)-reac- 
tive T-cell clones from mesenteric lymph nodes of mice 
treated with oral myelin. MBP-reactive T-cell clones 
that were capable of transferring resistance to EAE in 
naive animals secreted IL-4, IL-10, or TGFP. IL-10 
was detected in the brains of animals with M E  during 
the recovery phase [30], and exogenously administered 
IL-10 suppressed the development of EAE in the Lewis 
rat [31]. The studies supported the hypothesis that 
immunosuppressive cytokines, including IL- 10, play a 
role in downregulating pathogenic events in EAE and 
MS tissue. 

IL-10, first recognized for its ability to inhibit IFN- 
y secretion [32], is a product of monocyte/macro- 
phages, B cells, and a subset of T cells. IL-10 has po- 
tent immunoregulatory properties, including inhibition 
of proinflammatory cytokine secretion [33], macro- 
phage function [34], Thl cell function [35], and che- 
mokine secretion by polymorphonuclear leukocytes 
[36]. IL-10 inhibits monocyte TNFa secretion and the 

expression of cell surface p75 TNFa receptor. IL-10 
also increases secretion of soluble p75 T N F a  receptor, 
a naturally occurring TNF inhibitor [37]. IL-10 stimu- 
lates B cells in vitro [38] and is associated with B- 
cell hyperactivity in patients with rheumatoid arthritis, 
Sjogren’s syndrome, and systemic lupus erythematosus 
[39]. In addition to its immunological effects in vitro, 
IL-10 has significant immunosuppressive properties in 
vivo. IL-10 administered to mice immune to Leish- 
mania resulted in a reduced DTH to Leishmania, and 
also reduced IFN-y secretion by draining lymph node 
cells in Leishmania-inoculated mice [40]. IL- 1 O-defi- 
cient mice generated by gene targeting spontaneously 
developed intestinal mucosal hyperplasia, inflammatory 
infiltrates, and aberrant expression of major histocom- 
patibility complex (MHC) class I1 molecules on muco- 
sal epithelia, suggesting prominent in vivo antiin- 
flammatory properties in the mouse [41]. The effects 
of IL-10 expression in vivo are likely to be complex, 
however, as suggested by reports that pancreatic islet 
cell expression of IL-10 in transgenic mice resulted in 
spontaneous pancreatic inflammation [42] and failed 
to abrogate development of autoimmune diabetes fol- 
lowing LCMV infection [43]. 

The studies reported here leave a number of issues 
unresolved. First, the immunological significance of IL- 
10 induction by IFN-P in vivo is not clear, as it is 
known that IFN-P has complex biological effects and 
is likely to influence the immune response at multiple 
levels. For example, IFN-P has been shown to inhibit 
inducible class I1 MHC expression [44, 451, probably 
by inhibiting the principal promotor of class I1 gene 
expression, class I1 transactivator [46, 471, an effect 
that would be expected to downregulate cellular immu- 
nity. On  the other hand, type I IFN has been reported 
to stimulate IFN-y secretion 148, 491 and to induce 
the secretion of IL-2 [50] and soluble IL-2 receptor 
[50, 511, effects that might augment in vivo cellular 
immune responses. Efficacy of IFN-P in MS patients 
can most easily be understood by downregulation of 
the cellular immune response, however. In this regard, 
MS patients exhibit deficient nonspecific concanavalin 
A-inducible immune suppression [52], which is nor- 
malized by IFN-P [53]. The study results reported here 
raise the possibility that IL-I0 induction may underlie 
increased nonspecific concanavalin A-induced immune 
suppression induced by exogenously administered IFN- 
p. Despite this possibility, it remains to be established 
that IL-10 induction by IFN-P has an overall favorable 
net effect on the cellular immune response in MS pa- 
tients receiving the drug. 

Second, the study did not address the mechanisms 
by which IFN-P induces IL-10 expression or the cellu- 
lar target of IFN-P in the response. IFN-P may directly 
induce IL-10 gene transcription, or may act through 
an intermediate gene product, as has been shown for 
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certain other biological effects of IFN [54]. The vari- - 
ability we observed in monocyte- and T cell-enriched 
cultures (see Table 1) suggests that the effects are com- 
plex and influenced by currently unidentified factors. 
Results from MS Patient 1 suggested that monocytes 
suppressed IL-10 induction by IFN-P-la, in that T 
cells were much more sensitive to the IFN-P effect than 
were either PBMCs or monocytes. Our results are con- 
sistent with a prior report documenting upregulation 
by IFN-P-lb of IL-10 in cultured monocytes [ 5 5 ] ,  but 
extend these findings to show upregulation in cultured 
T cells. 

Finally, we have not yet determined the relationship 
between IL-10 induction by IFN-P treatment and clin- 
ical efficacy in MS patients. Demonstrating this rela- 
tionship will require carefully designed studies relating 
upregulation of IL-10 expression in vivo with clinical 
and MRI-evaluated responses to therapy. If a relation- 
ship between IL-10 induction and efficacy were estab- 
lished, IL-10 could represent a practical monitoring 
tool for optimizing IFN-P treatment in future clinical 
trials and for individual patient therapy. The studies 
reported here support the hypothesis that induction of 
IL-10 by IFN-P represents one mechanism of its thera- 
peutic effect in MS patients. 

This work was supported by National Multiple Sclerosis Research 
Grant RG2019-B-2 and Biogen, Inc. 
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