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Abstract

 

IL-12 is a cytokine detected in active lesions in multiple
sclerosis (MS) and promotes the acquisition of a Th1 cytokine
profile by CD4

 

1

 

 T cells. Autoreactive T cells recovered from
the central nervous system of animals with experimental
autoimmune encephalomyelitis (EAE), a disease model for
MS, display this phenotype. We demonstrate that human
central nervous system–derived microglia, but not astroglia,
can produced IL-12 in vitro. Under basal culture conditions,
human adult microglia do not express detectable levels of IL-
12, although these cells show some degree of activation as
assessed by expression of the immunoregulatory surface
molecules HLA-DR and B7 as well as low levels of TNF-

 

a

 

mRNA. Following activation with LPS, IL-12 p40 mRNA
and p70 protein can be readily detected. IL-12 production is
preceded by TNF-

 

a

 

 production and is inhibited by recombi-
nant soluble human TNF receptor (II)-IgG1 fusion protein
(shu-TNF-R). These data indicate regulation of IL-12 by an
autocrine-dependent feedback loop, providing an additional
mechanism whereby shu-TNF-R, now used in clinical trials
in MS, may be exerting its effect. (

 

J. Clin. Invest.

 

 1996. 98:
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Introduction

 

Microglial cells are a resident cell population within the central
nervous system (CNS). During the course of inflammatory dis-
eases of the CNS, including multiple sclerosis (MS)

 

1

 

 and HIV-
encephalopathy, the cells undergo a morphologic change into
an activated phenotype (1). In this state, these cells are demon-
strated to express an array of cell surface molecules and cyto-

kines which can participate in regulating immune reactivity or
effecting tissue injury within the CNS (2).

The cytokine IL-12 can be detected in active lesions in
cases of MS (3). This cytokine, a heterodimeric 70-kD protein
consisting of a 35- and a 40-kD subunit is known to be pro-
duced by activated macrophages and B cells (4). IL-12 pro-
motes the acquisition of a Th1- cytokine secreting profile by
CD4

 

1

 

 T cells (5–7). Such cells secrete IFN-

 

g

 

, TNF-

 

a/b

 

, and IL-2
and are associated with a cell-mediated immune response. In
contrast, Th2 cells secrete the regulatory cytokines IL-4 and
IL-10 and promote humoral immune responses. Myelin reac-
tive T cells of the Th1 phenotype are the required cells for
adoptive transfer of disease in experimental autoimmune en-
cephalomyelitis (EAE) (8, 9). Simultaneous administration of
myelin reactive Th2 cells inhibits disease development (8).
CD4

 

1

 

 T cells, recovered from the CNS of animals in the acute
phase of EAE induced by immunization with myelin antigens,
show predominantly a Th1 cytokine profile (8, 10). Whether
only Th1 primed cells infiltrate the CNS or whether brain resi-
dent cells such as the microglia induce such a transition is a
matter of speculation.

We have shown that adult human microglial cells undergo
morphologic changes, indicative of an activated phenotype
closely resembling that seen in the inflamed CNS, when kept
in dissociated cell culture. Furthermore, these cells upregulate
expression of various surface molecules, such as CD14, HLA-
DR, and B7-2, involved in immune regulation (2). In this
study, we determined whether microglia were the human glial
cells which could be induced to secrete IL-12 and the cytokine
mechanisms regulating such production. We specifically fo-
cused on the role of TNF-

 

a

 

, a cytokine detected in acute le-
sions in EAE and MS, as an autocrine regulator of IL-12. Mi-
croglia are shown to express both p55 and p75 TNF receptors
(11). We report that by blocking the action of autocrine TNF-

 

a

 

,
with shu-TNF-R, we can inhibit LPS-induced production of
IL-12 by human adult microglia.

 

Methods

 

Reagents.

 

IFN-

 

g

 

 (100 U/ml) and TNF-

 

a

 

 (100 U/ml) were obtained
from Genzyme (Cambridge, MA). LPS (10 

 

m

 

g/ml) was from Sigma
(Mississauga, ON). shu-TNF-R (6.3 

 

3

 

 10

 

5

 

 U/ml) was a generous gift
from A. Troutt (Immunex Corp., Seattle, WA). IL-12 and TNF-

 

a

 

ELISA kits were obtained from R&D Systems (Minneapolis, MN)
and Immunocorp (Montréal, QC), respectively. Preliminary studies
established that the above concentrations were optimal for our studies.

 

Source and preparation of human adult glial cells.

 

Primary adult
human glial cells were obtained from surgical resections performed
for treatment of non–tumor-related intractable epilepsy. Tissues were
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from regions requiring resection to reach the precise epileptic focus
and were distant from the main electrically active site. Our method
for isolating and culturing adult human microglial cells for use in dis-
sociated cell culture has been described previously (12). Briefly, 1–3-
mm

 

3

 

 tissues were treated with 0.025% collagenase A and DNase (50
mg/ml) (both obtained from Boehringer Mannheim, Laval, QC) for
45 min, followed by mechanical dissociation by passage through a 130-

 

m

 

m nylon mesh. Cells were further separated on a linear 30% Percoll
gradient (Pharmacia, Montréal, QC) (15,000 rpm for 30 min). The
cells recovered from the interface contained a mixed glial cell popula-
tion consisting of 

 

z

 

 65% oligodendroglia, 30% microglia, and 5% as-
troglia. To enrich for microglia, the mixed cell population was sus-
pended in Eagle’s MEM, supplemented with 5% FCS, 2.5 U/ml
penicillin, 2.5 mg/ml streptomycin, 2 mM glutamine, and 0.1% glu-
cose (all from GIBCO, Burlington, ON) and left overnight in 25-cm

 

2

 

tissue culture flasks or 48-well plates (FALCON, Fisher Scientific,
Montréal, QC) in a humid atmosphere at 37

 

8

 

C with 5% CO

 

2

 

. The less
adherent oligodendroglia were removed by gentle shaking. Remain-
ing adherent cells, consisting of astroglia and microglia, were allowed
to develop morphologically for 3 d. At this time, the less adherent as-
troglia were then floated off by rotary shaking for 5 h at 150 rpm. Re-
maining microglia (1.2 

 

3

 

 10

 

5

 

 cells/cm

 

2

 

) are of 95% purity, as assessed
by immunocytochemistry (12).

 

Source and preparation of fetal human glial cells.

 

These studies used
12–14-wk-old fetal specimens obtained following Medical Research
Council of Canada approved guidelines. The central CNS tissues
were stripped of meninges and blood vessels, mechanically dissoci-
ated with scalpel blades, and then treated with trypsin (0.25%) and

DNase (50 mg/ml) at 37

 

8

 

C for 45 min. Dissociated tissue was passed
through a 130-

 

m

 

m mesh, washed twice in PBS, and cells, initially con-
sisting of astroglia, neurons, and sparse microglia, were plated di-
rectly onto poly-

 

L

 

-lysine–coated 35-cm

 

2

 

 plastic culture dishes in
MEM (see above). Cultures were split when confluent. These cul-
tures were found to be highly enriched for astroglia, the main prolif-
erating cells in these cultures, as determined by glial fibrillary acidic
protein immunoreactivity.

 

Isolation of peripheral blood–derived cells.

 

PBMC were isolated
from healthy adult volunteer donors by density gradient centrifuga-
tion using Ficoll-Hypaque (Pharmacia). The cells were then washed
twice with PBS and cultured for 1 h in RPMI 1640 medium (GIBCO)
supplemented with 10% FCS, 2.5 mg/ml penicillin, 2.5 mg/ml strepto-
mycin, and 2 mM glutamine in 75-cm

 

2

 

 tissue culture flasks (FAL-
CON, Fisher). The nonadherent cells were removed by gentle shak-
ing. The adherent monocytes were of 95% purity.

 

Semiquantitative PCR analysis.

 

Total RNA was isolated using
TRIZOL reagent (GIBCO). To transcribe into cDNA, 3 

 

m

 

g RNA,
3.3 mM random hexamer primers (Boehringer, Mannheim, Ger-
many), RT buffer, 3 mM dNTPs, 400 U MMLV-reverse transcriptase
(all from GIBCO), 0.6 

 

m

 

l RNA guard, and 3 mM DTT (both from
Pharmacia) were added to a total volume of 32 

 

m

 

l. The reaction mix-
ture was incubated for 1 h at 42

 

8

 

C followed by a 10-min incubation at
75

 

8

 

C. Primers used for PCR reaction were obtained from the Sheldon
Biotech Center (Montréal, QC) and had the following sequences:
IL-12 p40 forward 5

 

9

 

-GCCATGTGTCACCAGCAGTT-3

 

9

 

, reverse 5

 

9

 

-
CCAGCAGGTGACGTCCAG-3

 

9

 

, and 

 

b

 

-actin forward 5

 

9

 

-ATGC-
CATCCTGCGTCTGGACCTGGC-3

 

9

 

, reverse 5

 

9

 

-AGCATTTGCG-
GTGCACGATGGAGGG-3

 

9

 

. The primers for IL-12 p40 and 

 

b

 

-actin
were constructed to generate fragments of 363 and 606 bp, respec-
tively. 200 ng cDNA was added to the reaction mixture containing
PCR buffer, 0.5 mM dNTPs (GIBCO), 50 pmol of either primer set
for IL-12 p40 or 

 

b

 

-actin, and 0.5 

 

m

 

l 

 

Taq

 

 polymerase (GIBCO). The
reaction mixture was completed with H

 

2

 

O to a total volume of 50 

 

m

 

l
and was then overlaid with 100 

 

m

 

l of heavy mineral oil. Samples were
placed in a thermocycler (Perkin Elmer Cetus Corp., Norwalk, CT)
for 28 cycles of 94

 

8

 

C for 1 min, 60

 

8

 

C for 2 min, and 72

 

8

 

C for 3 min.
Following amplification, 20 

 

m

 

l of each sample was electrophoresed on
a 1.5% agarose gel (GIBCO). The bands were visualized with ethid-
ium bromide. For quantification purposes 2.5 

 

m

 

Ci of [

 

32

 

P]dCTP
(NEN Du Pont, Mississauga, ON) was added to the reaction mixture
prior to PCR and the bands were analyzed using phosphorimaging
and Image Quant software (Molecular Dynamics, Sunnyvale, CA).
Results were presented as x-fold increase or decrease 

 

5

 

 

 

D

 

treated

 

/

 

D

 

ctrl

 

 (

 

D

 

 

 

5

 

Phosphorimager units [PIU] IL-12 or TNF-

 

a

 

/PIU 

 

b

 

-actin 

 

3

 

 100).

 

Results

 

IL-12 production by microglia as a function of activation state.

 

For these studies human adult microglia were allowed to de-
velop morphologically in culture for 3 d after isolation. Fig. 1

Figure 1. IL-12 p40 mRNA 
expression by activated micro-
glial cells. Microglial and as-
troglial cells were analyzed un-
der basal culture conditions or 
after stimulation for 24 h with 
LPS/IFN-g. RNA was ex-
tracted for semiquantitative 
PCR analysis. The products 
were resolved on a 1.5% aga-
rose gel and visualized by 
ethidium bromide. PCR for
a-actin is used as an internal 
control. IL-12 p40 mRNA was 
not detected in nonstimulated 
microglia (mGl), but was de-
tected in IFN-g/LPS–treated 

microglia (mGl 1 IFN-g/LPS). IL-12 p40 mRNA could not be de-
tected in fetal human astroglia under either basal (HFA) or activated 
(HFA 1 IFN-g/LPS) culture conditions. Data shown are from one of 
three representative experiments.

Figure 2. IL-12 p70 production by activated 
microglia. Microglia cells (mGl) were ana-
lyzed under basal culture conditions or af-
ter stimulation for 24 h either with LPS and 
IFN-g or LPS and carrier buffer. The super-
natants were harvested from cultures con-
taining 1.2 3 105 cells/cm2. Production of 
IL-12 p70 was assessed by ELISA. Super-
natant derived from IFN-g/LPS–stimulated 
monocytes (MF) was used as a positive 
control. 7.8 pg/ml was the lowest level of 
detectability. Results are expressed as 
6SEM of duplicate experiments.
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indicates that microglia maintained under basal culture condi-
tions do not express detectable levels of IL-12 p40 mRNA. Af-
ter 24 h of activation with IFN-

 

g

 

/LPS, expression can be
readily detected. Subsequent studies (see Fig. 5) indicated that
LPS alone induces expression, although to a lesser extent. In-
cubation with IFN-

 

g

 

 alone was insufficient to induce such a re-
sponse. We could not detect IL-12 p40 mRNA in human fetal
astroglia, even when stimulated with IFN-

 

g

 

/LPS, either at 24 h
or at earlier time points (6 and 12 h; data not shown).

Secretion of IL-12 p70 heterodimer by microglia was as-
sessed by ELISA (Fig. 2). IL-12 p70 could not be detected in
microglial cultures maintained under basal conditions. Super-
natants of microglial cultures (1.2 

 

3

 

 10

 

5

 

 cells/cm

 

2

 

) stimulated
for 24 h with IFN-

 

g

 

/LPS contain a mean 24 pg/ml of IL-12. Mi-
croglia stimulated with LPS alone produced a mean of 16 pg/
ml. Activated monocytes, used as a positive control, were
found to express higher levels of IL-12 p70 than did the micro-
glia. These results show that microglia are the resident cells
within the CNS with the ability to produce IL-12.

 

Kinetics of TNF-

 

a

 

 and IL-12 expression by human adult mi-
croglia.

 

To establish that TNF-

 

a

 

 is produced prior to IL-12 by
microglia, we used semiquantitative PCR analysis and visual-
ization with ethidium bromide. TNF-

 

a

 

 mRNA was undetect-
able in immediately ex vivo microglia (data not shown). How-
ever, as shown in Fig. 3 

 

a

 

, microglia maintained under basal
culture conditions express low levels of TNF-

 

a

 

 mRNA. After
incubation with 10 

 

m

 

g/ml LPS, the cells rapidly upregulate
TNF-

 

a

 

 production (15 min). In contrast to TNF-

 

a

 

 mRNA, IL-
12 mRNA was first detected 1 h after stimulation with LPS.
IL-12 message gradually increases over the 6-h time period

studied. Fig. 3 

 

b

 

 shows quantification of the PCR products as
described in Methods.

To quantify the increased TNF-

 

a

 

 and IL-12 protein pro-
duction by activated microglia, microglial cultured in 48-well
plates were treated with LPS and the supernatant was har-
vested at different time points after treatment. The results are
expressed as x-fold increase compared with values derived
from microglia cultured in the presence of carrier buffer. As
shown in Fig. 4, a 12-fold increase of TNF-

 

a

 

 can be first de-
tected by ELISA in the supernatants of LPS-activated micro-
glia, 3 h after stimulation. Detectability of TNF-

 

a

 

 protein pro-
duction peaks between 12 and 18 h. IL-12 p70 first becomes
detectable after 12 h. 18 h after LPS treatment there is a 21-
fold increase. These data show that TNF-

 

a

 

 is expressed prior
to IL-12.

 

Regulation of IL-12 production by endogenous TNF-

 

a

 

.

 

To determine whether autocrine-derived TNF-

 

a

 

 is necessary
to induce IL-12 production as a response to the bacterial endo-
toxin LPS, we added 6.3 

 

3

 

 10

 

5

 

 U/ml of shu-TNF-R to the cul-
tures simultaneously with the addition of LPS. Human IgGl
and carrier buffer was used as a control. After 24 h, cells were
collected for RNA extraction and the supernatant was har-
vested for the protein assay. In cultures containing LPS and
shu-TNF-receptor, IL-12 p40 mRNA levels were decreased
compared with control cultures (Fig. 5). Addition of TNF-

 

a

 

(100 U/ml) without LPS to the cultures did not induce IL-12
production. A 3-fold increase of IL-12 p70 could be detected in
shu-TNF-receptor–treated cultures compared with a 10-fold
increase by microglia treated with LPS alone (LPS/CTRL)
(Fig. 6). Results could be reproduced using a polyclonal anti–

Figure 3. Kinetics of IL-12 p40 
and TNF-a mRNA expression 
by LPS-activated microglia. Mi-
croglial cells were treated with 10 
mg/ml LPS and the RNA was ex-
tracted at times ranging from 15 
min to 6 h. Control cultures 
(CTRL) are nonstimulated mi-
croglia. RNA was extracted for 
semiquantitative PCR analysis. 
PCR for b-actin is used as an in-
ternal control. The PCR prod-
ucts were resolved on a 1.5% 
agarose gel and visualized by 

ethidium bromide (a). b shows quantification of the PCR products by Phosphorimager scanning. For quantification purposes, [32P]dCTP was 
added to the PCR reaction (TNF-a, u; IL-12 p40, r). Data shown are from one of three representative experiments.

Figure 4. Kinetics of IL-12 and TNF-a 
protein production by LPS-activated mi-
croglial cells. Microglial cells were treated 
with 10 mg/ml LPS and the culture medium 
was harvested at times ranging from 15 min 
to 24 h. Control cultures (CTRL) are non-
stimulated microglia. Protein concentra-
tions were analyzed by specific ELISA. Ki-
netics of TNF-a (u) and IL-12 p70 (r) 
production is presented as fold increase 
(6SEM) compared with control values of 
duplicate experiments.
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TNF-a rabbit serum (data not shown). Depletion of TNF-a in
the microglial cultures by use of shu-TNF-R did not have any
impact on morphology or viability within 2 wk of observation.
Addition of shu-TNF-R to LPS/IFN-g activated microglia did
not alter IL-12 expression (data not shown).

Discussion

The results of our in vitro studies of microglia and astroglia
suggest that microglia are the apparent endogenous cell source
of IL-12 in the CNS. Since human adult astroglia have not yet
been successfully purified, we used fetal astroglia as a replace-
ment for adult astroglia in our studies. Human fetal astroglia
have been shown to produce an array of cytokines. In compar-
ative studies fetal astroglia have been indicated as a more po-
tent source of proinflammatory cytokines than adult astroglia
(13). We could not detect IL-12 in fetal human stroglia even
after activation with IFN-g/LPS. IL-12 production by micro-
glia is dependent on the activation state of the cell. We could
not detect IL-12 mRNA in microglia under basal culture con-
ditions even though these cells show some degree of activation
compared with immediately ex vivo microglia as determined

by upregulation of MHC class II, B7-2, and CD14 molecules
and by TNF-a mRNA production (2). We could detect IL-12
mRNA and protein following LPS stimulation. IFN-g, a cyto-
kine released by T cells, augments LPS-induced IL-12 produc-
tion but does not induce detectable levels of IL-12 mRNA.
IFN-g can induce upregulation of other molecules, such as
MHC class II and B7-1. Differential regulation of immune reg-
ulatory molecules expressed by microglia could result in al-
tered functional properties of these cells in shaping the im-
mune response that occurs within the CNS. The synergistic
effect between IFN-g and LPS on IL-12 secretion exemplifies
how molecules likely to be present within the inflamed or in-
fected CNS can cooperate in modulating microglial function.

Our findings indicate that microglia-derived TNF-a acts as
an autocrine regulator of IL-12 production. TNF-a expression
by LPS-treated microglia precedes IL-12 expression. Deplet-
ing TNF-a from activated microglial cultures by use of shu-
TNF-R inhibits production of IL-12 p70 protein. The observa-
tion that TNF-a alone does not induce IL-12 production
suggests that TNF-a is acting in concert with an additional
event, triggered by LPS. Addition of shu-TNF-R to the LPS/
IFN-g activated microglia does not inhibit IL-12 production,
indicating that INF-g can bypass the TNF-dependent, LPS-
induced regulatory circuit. Endogenous TNF-a does not in-
crease IL-12 production by LPS/IFN-g activated microglia.
These data are in accordance with studies on murine bone
marrow–derived macrophages (14). Macrophages needed to
be primed with either IFN-g or TNF-a to produce IL-12 as a
response to LPS or Mycobacterium bovis infection. Macro-
phages derived from IFN-g as well as TNF-1 receptor knock-out
mice were not able to respond to a mycobacterial infection
with IL-12 production. These findings suggest that IL-12 ex-
pression by macrophages is controlled by at least two different
inducers: the endotoxins from the bacteria themselves and the
inflammatory cytokines TNF-a or IFN-g. These multiple con-
trol mechanisms are likely to be beneficial to the host, in that ac-
cidental triggering of IL-12 production via one of these path-
ways alone could result in a cytotoxic response and tissue
damage.

Production of IL-12 represents a further mechanism whereby
microglia can function as regulators of immune activity within
the CNS. Previous studies indicate that activated microglia ex-
press the crucial surface molecules required for their function
as competent antigen presenting cells for T cells which enter
the CNS (2). The constitutive expression of B7-2 but not B7-1
on microglia under noninflammatory conditions would repress

Figure 5. Effect of shu-
TNF-R on IL-12 p40 
mRNA expression by 
LPS-activated micro-
glial cells. Microglia 
(mGl) were treated 
with either LPS, LPS/
IFN-g, TNF-a, or IFN-g 
for 24 h. LPS-stimulated 
microglia were incu-
bated with either IgG1/
carrier buffer (CTRL) 
or shu-TNF-R (6.3 3 
105 U/ml). Monocytes 
(Mf) activated with 
IFN-g/LPS were used as 
a positive control. 

RNA from the cells were extracted for semiquantitative PCR analysis 
of IL-12 p40. The products were resolved on a 1.5% agarose gel and 
visualized by ethidium bromide. PCR for b-actin was used as an inter-
nal control. Data shown are from one of three representative experi-
ments.

Figure 6. Effect of shu-TNF-R 
on IL-12 p70 production by 
LPS-activated microglial cells. 
Microglial cells were cultured ei-
ther with IgG1/carrier buffer 
(CTRL) or stimulated for 24 h 
with either LPS and IgG1/car-
rier buffer (LPS/CTRL), LPS 
and IFN-g or LPS and shu-
TNF-R. The supernatants were 
harvested from cultures contain-
ing 1.2 3 105 cells/ml. Results 
are presented as x fold increase 
(6SEM) compared with control 
values of duplicate experiments.
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a Th1 response within the CNS. Upregulation of B7-1 on mi-
croglia treated in vitro with LPS/IFN-g, and in situ under in-
flammatory conditions, would favor a Th1 response. IL-12
production by microglia may be an even more potent factor
which modulates the cytokine repertoire of infiltrating T cells.
The identification of a cytokine network which regulates the
production of IL-12 by microglia provides a potential means to
manipulate its production. Administration of anti–IL-12 anti-
bodies has been used to block development of EAE (15). Solu-
ble TNF receptor is in use currently in clinical trials as a ther-
apy for MS. The TNF-dependent IL-12 regulatory network
described in this report represents a potential target for its ac-
tion.
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