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Introduction

Lymphotoxin-o [Lt-o; also known as tumour necrosis
factor-B (TNF-B)] is a member of the immediate major
histocompatibility complex-linked TNF family, which
consists of TNF-o,, Lt-ot and Lt-p."* It is known that Lt-o
plays an important role in the development of lymphoid
organs."” Several studies also indicate that Lt-o. promotes
inflammation in autoimmune diseases and that it is pres-

ent in multiple sclerosis (MS) brain lesions and cerebro-
/_

spinal fluid.>” Accordingly, Lt-o~

system (CNS) inflammation and demyelination compared
to Lt-B~~ and TNF-o/~ mice.*® It has been reported
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mice are quite
resistant to experimental allergic encephalomyelitis (EAE),
the animal model of MS, with negligible central nervous

Summary

Interleukin-12 (IL-12) p70 (p40:p35) is a bioactive cytokine and its bio-
logical functions are becoming clear. On the other hand, the IL-12 p40
homodimer (p40,) was considered an inactive or inhibitory molecule and
its functions are poorly understood. It has been reported that increased
expression of lymphotoxin-a (Lt-o) in the central nervous system as well
as in peripheral immune cells is associated with multiple sclerosis and
experimental allergic encephalomyelitis. Here we describe that p40,
induces the expression of Lt-o in primary mouse and human microglia,
BV-2 microglial cells, splenic macrophages, RAW 264.7 cells and splenic T
cells. Interestingly, IL-12 p70 was either unable to induce Lt-o. or was a
very weak inducer of Lt-a in these cell types. Consistently, p40,, but not
p70, induced Lt-o. promoter-driven luciferase activity in microglial cells.
Among various stimuli tested, p40, emerged as the most potent followed
by IL-16, lipopolyaccharide and double-stranded RNA in inducing the
activation of Lt-o. promoter in microglial cells. Furthermore, an increase
in Lt-o. messenger RNA expression by overexpression of p40, but not p35,
complementary DNA and induction of Lt-o expression by p40, in micro-
glia isolated from IL-12p35~~ mice confirm that p40, but not p35, is
responsible for the induction of Lt-o. Finally, by using primary microglia
from TUL-12 receptor P1 deficient (IL-12RP177) and IL-12RB2™"" mice,
we demonstrate that p40, induced the expression of Lt-o. in microglia and
macrophages via IL-12RPB1, but not IL-12RB2. These studies delineate a
novel biological function of p40, that is absent in IL-12.
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that Lt-o plays a critical role in the death of oligodendro-
cytes during MS.”® Similarly, another study demonstrates
that Lt-o deficiency protects C57BL/6 mice completely
from developing experimental autoimmune myasthenia
gravis.” Lymphocytes, macrophages and CNS major effec-
tor cell microglia express Lt-o in active MS lesions.”
Additionally, Lt-o. has been reported to have important,
yet distinct, roles in various infectious disease models.'™""
According to Engwerda et al.,'® Lt-o produced by micro-
glia or astrocytes is the principal mediator of murine
cerebral malaria. Although Lt-o is an important cytokine
playing many roles in physiology as well as pathophysio-
logy, mechanisms by which this cytokine is produced in
immune cells are poorly understood. Phorbol myristate
acetate is known to stimulate Lt-o production in T cells.
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Bacterial superantigens such as, toxic shock syndrome
toxin 1, staphylococcal enterotoxin B and streptococcal
pyrogenic exotoxin A, are also able to upregulate Lt-o
messenger RNA (mRNA) in murine splenocy‘(es.12 Inter-
estingly, proinflammatory cytokines [TNF-a, interleukin-
1B (IL-1B) and interferon-y (IFN-y)] are unable to
induce the expression of Lt-o in T cells.'* On the other
hand, it is also not known which factor induces the
expression of Lt-o0 in microglia and macrophages.

Interleukin-12 plays a critical role in the early inflam-
matory response to infection and in the generation of T
helper type 1 cells, which favour cell-mediated immu-
nity."”” It has been found that overproduction of IL-12
can be dangerous to the host because it is involved in the
pathogenesis of a number of autoimmune inflammatory
diseases (MS, arthritis, type 1 diabetes).'*" Interleukin-
12 consists of a heavy chain (p40) and a light chain (p35)
linked covalently by disulphide bonds to give rise to a
heterodimeric (p70) molecule.'®'” Recently, p40 has been
shown to pair with p19 to form a newly discovered cyto-
kine, IL-23. Either p19 or p35 is constitutively expressed
in many cell types. However, dendritic cells and macro-
phages, cells that are able to secrete heterodimeric IL-12
or IL-23, always produce an excess of p40 as homodimer
(p40,)."® Again, several reports'®'®'? indicate that the
level of p40 mRNA in the CNS of patients with MS is
much higher than in the CNS of control subjects whereas
the level of p35 mRNA is about the same or decreases
compared to that of controls. Similarly, in mice with
EAE, an animal model of MS, expression of p40 mRNA,
but not p35 mRNA, increases in brain and spinal cord.*
These studies suggest that p40 may have a key function as
a homodimer not just as part of either the p40 : p35
heterodimer forming IL-12 or the p40 : p19 heterodimer
forming IL-23. However, it was thought that p40, was
biologically inactive until we demonstrated the induction
of nitric oxide synthase (iNOS) and TNF-o by p40, in
microglia and macrophages.*"**

Here we describe how p40, is endowed with another
novel biological function. Interestingly, p40,, but not p70,
the so-called bioactive cytokine, induces the expression of
Lt-o in microglia and macrophages via IL-12RP1, the
binding receptor of the high-affinity IL-12 receptor com-
plex. These results further emphasize that p40, is biologi-
cally active and suggest that p40, may be considered as a
separate cytokine with biological functions distinct from
IL-12 p70.

Materials and methods

Reagents

Fetal bovine serum, Hanks balanced salt solution and
Dulbecco’s modified Eagle’s minimal essential medium
(DMEM)/F-12 were obtained from Mediatech, Valley
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Park, MO. Recombinant mouse IL-12 p70, p40, (the p40
homodimer), TNF-o, IL-1B and IFN-y were obtained
from R&D Systems, Minneapolis, MN. Antibodies against
Lt-o. were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). Human immunodeficiency virus type 1 glyco-
protein 120 (HIV-1 gp120) was obtained from US Bio-
logicals (Swampscott, MA). Poly inosinic : cytidilic acid
[poly(IC)] was purchased from Sigma (St Louis, MO).
IL-12p35~'7, IL-12RP17'~ and IL-12RA27'~ mice and lit-
termate controls were purchased from Jackson Laborato-
ries (Bar Harbor, ME).

Isolation of mouse primary microglia

Microglial cells were isolated from mixed glial cultures
according to the procedure of Giulian and Baker.”> Ani-
mal maintenance and experimental protocols were
approved by the Rush University Animal Care Commit-
tee. Briefly, mixed glial cells were prepared from 7- to
9-day-old mouse pups. On day 9, the mixed glial cultures
were washed three times with DMEM/F-12 and subjected
to shaking for 2 hr at 37° on a rotary shaker. The floating
cells were washed and seeded onto plastic tissue-culture
flasks and incubated at 37° for 1 hr. The attached cells
were removed by trypsinization and seeded onto new
plates for further studies. To monitor purity, cells were
immunostained with antibodies (BD Pharmingen, San
Diego, CA) against Mac-1 surface antigen, a marker for
microglia/macrophages. Ninety to ninety-five per cent of
this preparation was found to be positive for Mac-1. For
the induction of LT-o production, cells were stimulated
with p70, p40,, IL-12p23 or other stimuli in serum-free
DMEMY/E-12. Mouse BV-2 microglial cells (a gift from V.
Bocchini of the University of Perugia, Italy) were also
maintained and induced as indicated above.

Isolation of primary human microglia

Primary human microglia were isolated from mixed glial
cultures according to the procedure of Jana et al**
Briefly, 13- to 17-week-old human fetal brains were
obtained from the Human Embryology Laboratory (Uni-
versity of Washington, Seattle, WA). All of the experi-
mental protocols were reviewed and approved by the
Institutional Review Board of the Rush University Medi-
cal Center. The Human Embryology Laboratory of the
University of Washington received consent from donors.
These tissues were dissociated by trituration and trypsini-
zation. Cells were plated on poly-p-lysine precoated
75 cm? flasks and incubated at 37° with 5% CO, in air.
On the 9th day, the cultures were placed on a rotary
shaker at 37° for 2 hr to remove microglia. The cell sus-
pensions were placed on uncoated culture plates for
30 min followed by removal of non-adherent cells by
washing. Adherent cells were cultured in DMEM/F-12
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containing 10% fetal bovine serum (FBS). More than
98% of these cells stained for microglial marker
CD11b.** Twenty-four hours after plating, some of these
cells showed a well-spread amoeboid morphology and
the rest exhibited an elongated processed morphology.

Isolation of mouse primary macrophages

Macrophages were isolated by peritoneal lavage from mice
with sterile RPMI-1640 medium containing 1% FBS and
an antibiotic—antimycotic mixture (Sigma) as described
earlier.”"** Cells were washed three times with the same
medium at 4° and were maintained at 37° in a humidi-
fied incubator containing 5% CO, in air. Cells were pla-
ted in culture dishes in RPMI-1640 medium containing
1% FBS, 1-glutamine and antibiotic—antimycotic mixture.
After 1 hr, non-adherent cells were removed by washing,
and adherent cells were 95% pure according to immuno-
logical and morphological criteria.

Isolation of splenic T cells

Specific pathogen-free female SJL/J] mice (4—6 weeks old)
were purchased from Harlan Sprague-Dawley, Inc.
(Indianapolis, IN). Spleens were collected from these
mice, and a single-cell suspension was prepared in
RPMI-1640 medium containing 10% FBS, 2 mwm L-gluta-
mine, 50 um B;-mercaptoethanol, 100 units/ml penicillin
and 100 pg/ml streptomycin. Splenocytes were cultured
at a concentration of 0-5x 10° to 1-0 X 10° cells/ml in
12-well plates. After 24 hr, non-adherent cells were
passed through a mouse CD3" T-cell enrichment column
(R&D Systems) and eluted cells were more than 85%
pure CD3" T cells as observed by fluorescence-activated
cell sorting (data not shown). These cells were stimulated
with mouse recombinant p70 and p40,.

Immunostaining of Lt-o

- . L2426
Immunostaining was performed as described earlier.

Briefly, coverslips containing 200-300 cells/mm® were
fixed with 4% paraformaldehyde for 15 min, followed
by treatment with cold ethanol (-20°) for 5 min and
two rinses in phosphate-buffered saline (PBS). Samples
were blocked with 3% bovine serum albumin (BSA) in
PBS containing Tween-20 (PBST) for 30 min and incu-
bated in PBST containing 1% BSA and rabbit anti-Lt-o
(1:50). After three washes in PBST (15 min each),
slides were further incubated with Cy5 and Cy2 (Jack-
son ImmunoResearch, West Grove, PA). For negative
controls, a set of culture slides was incubated under
similar conditions without the primary antibodies. The
samples were mounted and observed under a Bio-Rad
(Hercules, CA) MRCI1024ES confocal laser-scanning
microscope.
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Immunoblotting assays

Cells were lysed in RIPA buffer [1XPBS, 1% nonidet-40,
0-5% sodium deoxycholate, 0-1% sodium dodecyl sul-
phate with freshly added 0-5% protease inhibitor cocktail
(Sigma)] in ice. Protein content was estimated using Pro-
tein assay dye reagent concentrate (Bio-Rad) using the
manufacturer’s protocol, and immunoblotting was perfor-
med as described previously.”” Immunoblots were probed
either by chemiluminescence (Perkin-Elmer, Waltham,
MA) or by fluorescence detection in the Odyssey infrared
imaging system (LI-COR Biosciences, Lincoln, NE).

Semi-quantitative reverse trasncription—polymerase chain
reaction analysis

The expression of different proinflammatory molecules
was analysed by semi-quantitative reverse trasncription
polymerase chain reaction (RT-PCR) using a RT-PCR kit
from BD Clontech (San Diego, CA) as described ear-
lier.268 Briefly, total RNA was isolated from stimulated or
unstimulated cells using the Qiagen mini kit (Valencia,
CA) followed by digestion with DNase to remove contam-
inating genomic DNA. Briefly, 1 ng DNase-digested RNA
was reverse transcribed using oligo-dT (12-18 mer) as
primer and Moloney murine leukaemia virus reverse
transcriptase (BD Clontech) in a 20-pl reaction mixture.
The resulting complementary DNA (cDNA) was appropri-
ately diluted, and diluted cDNA was amplified using Tita-
nium Taq DNA polymerase and the following primers.
The following primers were used to amplify mouse proin-
flammatory molecules: iNOS [497 base pairs (bp)]: sense:
5'-CCC TTC CGA AGT TTC TGG CAG CAG C-3/, anti-
sense: 5'-GGC TGT CAG AGC CTC GTG GCT TTG G-3';
TNF-a (354 bp): sense: 5'-TTC TGT CTA CTG AAC TTC
GGG GTG ATC GGT CC-3/, antisense: 5'-GTA TGA GAT
AGC AAA TCG GCT GAC GGT GTG GG-3; Lt-o
(202 bp): sense: 5'-TGG CTG GGA ACA GGG GAA GGT
TGA C-3; antisense: 5'-CGT GCT TTC TTC TAG AAC
CCC TTG G-3'; glyceraldehyde 3-phosphate dehydro-
genase (GAPDH; 276 bp): sense: 5'-GGT GAA GGT CGG
TGT GAA CG-3/, antisense: 5'-TTG GCT CCA CCC TTC
AAG TG-3'.

On the other hand, the following primers were used to
amplify human Lt-o.

Lt-o (293 bp): sense: 5-ACC ACG CTC TTC TGC
CTG CTG CAC T-3', antisense: 5'-GCC CTT GAA GAG
GAC CTG GGA GTA-G-3'; GAPDH: sense: 5'-GGT GAA
GGT CGG SGT CAA CG-3'; antisense: 5-GTG AAG
ACG CCA GTG GAC TC-3'.

Amplified products were electrophoresed on 1-8% aga-
rose gels and visualized by ethidium bromide staining.
GAPDH was used to ascertain that an equivalent amount
of cDNA was synthesized from different samples. The rel-
ative expression of cytokines or Lt-oo (cytokines or Lt-o/
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GAPDH) was measured after scanning the bands with a
Fluor Chem 8800 Imaging System (Alpha Innotech, San
Leandro, CA).

Real-time PCR analysis

Real-time PCR analysis was performed using the ABI-
Prism7700 sequence detection system (Applied Biosystems,
Foster City, CA) as described earlier’®*® using forward
and reverse primers and FAM-labelled probes (Applied
Biosystems). The mRNA expression of Lt-o0 was normalized
to the level of GAPDH mRNA. Data were processed by
the ABI Sequence DETECTION SysTEM 1.6 software (Applied
Biosystems) and analysed by analysis of variance.

Construction of mouse Lt-o promoter-driven luciferase
construct

Mouse genomic DNA isolated from mouse BV-2 micro-
glial cells was used as template during PCR. The 5'-flank-
ing sequence of mouse Lt-oo (—1180/+561) gene was
isolated by PCR. Primers were designed from GenBank
sequences.

Lt-o:: sense: 5'-acgegt CCC TCT GTA CAG AGC ATT
GGA AGC C-3'

antisense: 5'-agatct TGG AGA CGG CCG AGC AGT
GTC ATG T-3'

The sense primer was tagged with Mlul restriction
enzyme while the antisense primer was tagged with Bg/II.
The PCR was performed using an Advantage-2 PCR kit
(Clontech) according to the manufacturer’s instructions.
The resulting fragments were gel purified and ligated
into the PGEM-TEasy vector (Promega, Madison, WI).
These fragments were further subcloned into the PGL-3
Enhancer vector after digestion with corresponding
restriction enzymes and verification by sequencing in the
automated sequencer of the University of Nebraska at
Lincoln Biotechnology Center.

Assay of Lt-o promoter-driven reporter activity

Cells plated at 50-60% confluence in 12-well plates were
cotransfected with 0-25 pg of pLt-o-Luc and 25 ng of
PRL-TK (a plasmid encoding Renilla luciferase, used as
transfection efficiency control; Promega) using Lipofecta-
mine Plus (Invitrogen, Carlsbad, CA). After 24 hr of
transfection, cells were stimulated with different stimuli
under serum-free conditions for 6 hr. Firefly and Renilla
luciferase activities were analysed in cell extracts using the
Dual Luciferase kit (Promega) in a TD-20/20 Lumino-
meter (Turner Designs, Sunnyvale, CA) as described ear-
lier.””*” Relative luciferase activity of cell extracts was
typically represented as the ratio of firefly luciferase
value : Renilla luciferase value x 107°.

© 2008 Blackwell Publishing Ltd, /mmunology, 127, 312-325
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Expression of mouse p35 and p40 cDNA in BV-2
microglial cells

Cells at 50-60% confluence were transfected with different
amounts of p35 and p40 cDNA expression construct®” by
Lipofect AMINE Plus (Invitrogen) as described in several
previous studies.”>**° Twenty-four hours after transfec-
tion, cells were incubated with serum-free media. After
6 hr of incubation, cells were harvested and RNA was anal-
ysed by semi-quantitative and real-time PCR.

Results

IL-12 p40 homodimer (p40,), but not IL-12 p70,
induces the expression of Lt-o in BV-2 microglial cells

Consistent with our previous studies,””** both p40, and
p70 induced the expression of iINOS and TNF-o in
BV-2 microglial cells (Fig. 1a). Next to determine
whether p40, and p70 play any role in the induction of
Lt-o in microglia, we treated the mouse BV-2 microglial
cells with 10 ng/ml p40, and p70 for different times. It
is clearly evident from Fig. 1b that p40, markedly
induced the mRNA expression of Lt-o in microglial cells
at different times of stimulation. Although the mRNA
level of Lt-o increased significantly within 30 min of
stimulation, the maximum increase was observed within
2-4 hr of challenge followed by a gradual decrease
(Fig. 1b). However, the expression of Lt-oo sharply
decreased at 24 hr of stimulation by p40, (Fig. 1b). On
the other hand, p70 was either unable to induce or was
a very weak inducer of Lt-o at different periods of stim-
ulation (Fig. 1b). The real-time PCR results shown in
Fig. 1(c) also confirm that p40, markedly induced the
expression of Lt-o mRNA in BV-2 microglial cells at
different stimulation times, exhibiting the maximum
induction at 4 hr. In contrast, p70-mediated induction
of Lt-o. was very weak (Fig. 1c).

The dose-dependent studies illustrated in Fig. 1(d,e)
also show that p40,, but not p70, induced the expression
of Lt-o mRNA in BV-2 microglial cells. Although the
induction of Lt-o. mRNA was very weak at a concentra-
tion of 2-5ng/ml p40,, the maximum increase was
recorded at 10 ng/ml followed by a gradual decrease at a
higher concentration of p40, (Fig. 1d,e). Similar to that
observed during time-dependent studies (Fig. 1b,c), p70,
at the different doses tested, was unable to induce the
expression of Lt-oo mRNA (Fig. 1d,e). Very weak induc-
tion of Lt-oo mRNA was noted at a concentration of either
7-5 or 10 ng/ml of p70 (Fig. 1d,e). Next we examined the
protein level of Lt-o by Western blot and immunofluores-
cence analysis. Western blot analysis (Fig. 1f; upper panel)
and its quantification (Fig. 1f; lower panel) demonstrated
that the protein level of LT-o was markedly increased by
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Figure 1. Time- and dose-dependent induction of lymphotoxin-a (Lt-0) expression by interleukin-12 (IL-12) p40 homodimer (p40,) and p70 in
mouse BV-2 microglial cells. Cells were stimulated with different concentrations of p40, and p70 under serum-free conditions. After 6 hr of stim-
ulation, total RNA was analysed for the expression of inducible nitric oxide synthase (iNOS) and tumour necrosis factor-o. (TNF-o) by semi-
quantitative reverse transcription—polymerase chain reaction (RT-PCR) (a). Cells were stimulated with p40, (10 ng/ml) and p70 (10 ng/ml) under
serum-free conditions. At different time-points of stimulation, total RNA was analysed for the expression of Lt-o by semi-quantitative RT-PCR
(b) and quantitative real-time PCR (c). Cells were stimulated with different concentrations of p40, and p70 under serum-free conditions. After
6 hr of stimulation, the messenger RNA expression of Lt-oo was monitored by semi-quantitative RT-PCR (d) and quantitative real-time PCR (e).
Results are means + SD of three different experiments. “P < 0-001 versus control for p40,; P < 0-001 versus control for p70. (f) After 18 hr of
stimulation, the expression of Lt-o protein was monitored by Western blot analysis. Actin was used as loading control. The relative expression of
Lt-o (Lt-o//Actin) was measured after scanning the bands (lower panel). Results represent mean + SD of three separate experiments. “P < 0-001
and P < 0-05 versus control. (g) After 18 hr of stimulation, the level of Lt-o protein was monitored by immunofluorescence. DAPI was used to
visualize nucleus. Results represent three independent experiments.

p40,. Although p70-mediated induction of Lt-o was
statistically significant, the magnitude of induction was
much lower than that by p40, (Fig. 1f; lower panel). Sim-
ilarly, the immunofluorescence analysis shown in Fig. 1(g)
also confirmed the finding that p40,, but not p70, was

and TNF-o, only p40,, but not p70, induced the expres-
sion of Lt-o. in BV-2 microglial cells (Fig. 1).

IL-12p40,, but not IL-12p70, induces the expression

. . . o of Lt-o in primary mouse microglia
capable of inducing the expression of Lt-a protein in BV- P vy &

2 microglial cells. Taken together, although both p40,
and p70 were capable of inducing the expression of iNOS
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Next, to investigate whether p40, induces the expres-
sion of Lt-o in primary cells, primary microglia isolated
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Figure 2. Effect of p40, and p70 on the expression of lymphotoxin-
o (Lt-o) messenger RNA in different cell types. Microglia isolated
from 7- to 9-day-old mouse pups (a), microglia isolated from
13- to 17-week-old human fetal brains (b), mouse peritoneal macro-
phages (c), RAW 264.7 cells (d), and splenic T cells (e) were stimu-
lated with different concentrations of p40, and p70 under
serum-free condition. After 6 hr of stimulation, the messenger RNA
expression of Lt-o. was monitored by semi-quantitative reverse
transcription—polymerase chain reaction. Results represent three
independent experiments.

from 7- to 9-day-old mouse pups, were stimulated
with different concentrations of p40, and p70 for
6 hr and the expression of Lt-o was analysed. The
semi-quantitative RT-PCR results in Fig. 2(a) clearly
show that p40,, at the different doses tested, mark-
edly increased the mRNA expression of Lt-oo whereas
p70 was unable to stimulate the mRNA expression of
Lt-o. as compared with control. Immunofluores-
cence analysis in Fig. 3(a,d) also shows that p40,
markedly increased the expression of Lt-oo protein
in primary microglia. On the other hand, p70 was
unable to induce the level of Lt-o0 protein in microglia
compared with untreated controls (Fig. 3a,d). These
results show that p40,, but not p70, is capable of
inducing the expression of Lt-o in primary mouse
microglia.

© 2008 Blackwell Publishing Ltd, /Immunology, 127, 312-325
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IL-12p40,, but not IL-12p70, induces the expression
of Lt-o in primary human microglia

Results from mouse cells are not often replicated in the
human system. Therefore, next we examined the effects of
p40, and p70 on the expression of Lt-o in primary
human microglia. Because human recombinant p40, is
not available commercially, microglia isolated from 13- to
17-week-old human fetal brains were stimulated with
10 ng/ml mouse recombinant p40, and p70 separately. As
evident from the semi-quantitative RT-PCR results in
Fig. 2(b), mouse p40, markedly increased the expression
of Lt-oo mRNA in human fetal microglia suggesting that
mouse recombinant p40, was able to transduce signals in
human microglia. On the other hand, under similar con-
ditions, p70 was a very weak inducer of Lt-ao (Fig. 2b).
Next we examined the protein level of Lt-o by immuno-
fluorescence analysis. Similar to that found in mouse
microglia, Fig. 3(b,d) show that p40,, but not p70,
stimulated the expression of Lt-o protein in human
microglia.

IL-12p40,, but not IL-12p70, induces the expression
of Lt-o in mouse macrophages and T cells

Results described above clearly indicate that p40,, but not
P70, induces the expression of Lt-oo mRNA and protein in
CNS microglia. In addition to controlling CNS inflamma-
tory disease, Lt-o is also known to be involved in the
development of several peripheral inflammatory and auto-
immune disorders. Peripheral macrophages are also an
important producer of Lt-o. Therefore, we investigated
whether p40, was also capable of increasing the expres-
sion of Lt-o. in macrophages. Mouse peritoneal macro-
phages and RAW 264.7 cells were treated with p40, and
p70 for 6 hr under serum-free conditions and the expres-
sion of Lt-o mRNA was analysed by semi-quantitative
RT-PCR. Similar to observations in microglia, the mRNA
expression of Lt-oo was stimulated by p40,, but not p70,
in mouse peritoneal macrophages (Fig. 2c) and
RAW?264.7 macrophages (Fig. 2d). Immunofluorescence
analysis also demonstrates marked increase in Lt-o
protein expression by p40,, but not p70, in RAW264.7
macrophages (Fig. 3¢,d).

Lymphotoxin-o was originally discovered from super-
natants of T lymphocytes after either immunization by
specific antigens or by stimulation with T-cell mitogens
such as phytohaemagglutinin.>** In fact, T cells are
considered as major producers of Lt-o.>>** Therefore, we
examined the effect of p40, and p70 on the expression
of Lt-o in T cells. Splenic T cells were stimulated with
different doses of p40, and p70 for 6 hr followed by
analysis of Lt-o. mRNA by semi-quantitative RT-PCR. It
is clearly evident from Fig. 2(e) that p40, dose-depen-
dently induced the expression of Lt-a in T cells. On the
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Figure 3. Effect of p40, and p70 on the expression of lymphotoxin-o (Lt-o) protein in different cell types. Microglia (PMM) isolated from 7- to
9-day-old mouse pups (a), microglia (PHM) isolated from 13- to 17-week-old human fetal brains (b) and RAW 264.7 cells (c) were stimulated
with 10 ng/ml p40, and p70 separately under the serum-free condition. After 18 hr of stimulation, the expression of Lt-o protein was monitored
by immunofluorescence. DAPI was used to visualize the nucleus. Figures show merged images of DAPI and Lt-o. (d) Lt-o-positive cells were
counted in three different slides of each of three different experiments in an Olympus IX81 fluorescence microscope using the MICROSUITE imag-
ing software and are expressed as % total DAPI-positive cells. “P < 0-001 versus control for PMM; bp < 0001 versus control for PHM;
P < 0-001 versus control for RAW cells.
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other hand, consistent with that observed in microglia
and macrophages, very faint expression of Lt-o was
observed in p70-stimulated T cells (Fig. 2e). Taken
together, these results suggest that p40,, but not p70, is
capable of inducing the expression of Lt-o in various cell

types.

Effect of different proinflammatory molecules on the
activation of Lt-o. promoter in BV-2 microglial cells

To understand the mechanism of p40,-mediated stimula-
tion of Lt-oo mRNA, we examined the effect of p40, on the
activation of Lt-o. promoter in BV-2 microglial cells. Cells
were transfected with the reporter plasmid PGL3-1641
containing Lt-o promoter fragment (—1180/+561) relative
to the transcription start site. As evident from Fig. 4a,
p40, dose-dependently increased Lt-oo promoter-driven
luciferase activity in microglial cells. Although p40,
induced the activation of Lt-ot promoter significantly at a
concentration of 2-5 ng/ml, the activation of Lt-o pro-
moter was maximum at a dose of 10 ng/ml p40, (Fig. 4a).
Next we examined the effect of other proinflammatory
stimuli on the activation of the Lt-o promoter. Similar to
the regulation of Lt-o mRNA and protein, p70 did not
induce Lt-o promoter-driven luciferase activity in micro-
glial cells (Fig. 4b). Interleukin-23, another bioactive cyto-
kine of the IL-12 family, also remained ineffective in
inducing the activation of Lt-o. promoter (Fig. 4b). Sur-
prisingly, most common proinflammatory cytokines such
as, TNF-a, IL-1B and IFN-y were also unable to induce
the activation of Lt-o promoter in microglial cells
(Fig. 4b). HIV-1 gp120 is known to induce inflammatory
reactions in many cell types including glial cells. However,
this virotoxin (gp120) also had no effect on the activation
of the Lt-o promoter in microglia (Fig. 4b). Double-
stranded RNA (dsRNA), the active component of viral
infection, is known to trigger many inflammatory pro-
cesses. Out of various proinflammatory stimuli tested,
only p40,, lipopolysaccharide (LPS), IL-16 and double-
stranded RNA [poly (IC)] were capable of inducing Lt-a
promoter-driven luciferase activity (Fig. 4b). Incidentally,
p40, has been found to be the strongest inducer of Lt-o
promoter activation in microglia (Fig. 4b).

Expression of mouse p40 cDNA induces the
expression of Lt-o in BV-2 microglial cells

We used recombinant mouse p40, for the stimulation of
microglia and macrophages. It is possible that any con-
taminant in p40, preparation, but not p40, itself, is actu-
ally inducing the expression of Lt-o. To investigate the
validity of this possibility, we examined the effect of tran-
sient expression of mouse p40 and p35 cDNA** on the
expression of Lt-oo in BV-2 microglial cells. As evident
from semi-quantitative RT-PCR analysis in Fig. 5(a) and
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Figure 4. Effect of different proinflammatory molecules on lympho-
toxin-o¢ (Lt-o) promoter-driven luciferase activity in mouse BV-2
microglial cells. Cells plated at 50-60% confluence in 12-well plates
were transfected with 0-25 pg pLt-a-Luc and 25 ng pRL-TK (Renilla
luciferase control) by Lipofectamine Plus (Invitrogen) as described is
Materials and methods. Twenty-four hours after transfection, cells
were stimulated with different concentrations of p40, (a) or with
different stimuli (b) for 6 hr under serum-free conditions. Firefly and
Renilla luciferase activities were determined using a Dual Luciferase
Kit (Promega) following the manufacturer’s protocol. Data are
mean * SD of three separate experiments. “P < 0-001 versus control.
Concentrations of different stimuli are as follows: p40,, 10 ng/ml; lipo-
polysaccharide (LPS), 1 pg/ml; p70, 10 ng/ml; interleukin-23 (IL-23),
10 ng/ml; tumour necrosis factor-o. (TNF-o), 20 ng/ml; interferon-y
(IFN-v), 12-5 mU/ml; gp120, 200 pg/ml; IL-16, 10 ng/ml; poly(IC),
100 pg/ml; IL-1B, 10 ng/ml.

quantitative real-time PCR analysis in Fig. 5(b), expres-
sion of p40 cDNA, but of neither p35 nor an empty vec-
tor, induced the expression of Lt-o mRNA. These results
confirm that p40, but not p35, is responsible for the
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Figure 5. Expression of p40, but not p35, complementary DNA
(cDNA) induces the expression of lymphotoxin-a (Lt-o) in BV2
microglial cells: Microglial cells plated in 12-well plates were trans-
fected with different amounts of either p40 or p35 cDNA by Lipofec-
tAMINE Plus (Invitrogen). Empty vector (pCIneo mammalian
expression vector from Promega) was used as control. After 24 hr of
transfection, cells were incubated in serum-free media. After 6 hr,
the messenger RNA expression of Lt-o. was monitored by semi-quan-
titative reverse transcription—polymerase chain reaction (PCR) (a)
and quantitative real-time PCR (b). Results are means + SD of three
different experiments. “P < 0-001 versus control.

induction of Lt-oo mRNA in microglia and that the induc-
tion of Lt-o by p40, is real, not the result of any contam-
ination.

IL-12 p40, induces the expression of Lt-o in mouse
primary microglia independent of p35

It is known that biologically active p70 is comprised of
35 000 molecular weight (p35) and 40 000 (p40) subun-
its.'® Therefore, one may envision that p40 of p40, may
interact with p35 of microglia and that the resulting mole-
cule is involved in the induction of Lt-a. To sign off on
this possibility, we examined the effect of mouse p40, on
the induction of Lt-o in primary microglia isolated from
p35~"" mice. Cells were treated with p40, and p70 for 6 hr
and mRNA expression was analysed both by semi-quanti-
tative RT-PCR and real-time PCR. As expected, similar to
observations in wild-type microglia, p70 remained ineffec-
tive in inducing the expression of Lt-oo mRNA (Fig. 6a,b)
and protein (Fig. 6¢,d) expression in p357/ ~ microglia. On
the other hand, marked increase in Lt-o. mRNA (Fig. 6a,b)
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and protein (Fig. 6¢,d) expression by p40, in p357'~
microglia suggest that p40, does not need any co-operation
from p35 for the induction of Lt-o in microglia.

IL-12 p40, induces the expression of Lt-o via
IL-12RP1 but not IL-12RP2

Next we investigated mechanisms by which p40, induces
the expression of Lt-o. Previous studies have demon-
strated that p40, binds to IL-12RP1 whereas p70 interacts
with both IL-12RP1 and IL-12RP2 in T cells,'® and
microglia/macrophages express both IL-12RB1 and
IL-12RB2.>° However, it is not known if p70 and p40,
are utilizing any of these two receptors to induce the
expression of Lt-a in microglia and macrophages.

Therefore, primary microglia and peritoneal macro-
phages isolated from wild-type, IL-12RP1™~ and
IL-12RB2™" mice were challenged with p70 and p40,.
The mRNA expression of Lt-o mRNA expression was
examined by semi-quantitative RT-PCR and quantitative
real-time PCR. As expected, p40,, but not p70, induced
the expression of Lt-oo mRNA in microglia (Fig. 7a,b) and
macrophages (Fig. 7c,d) isolated from wild-type mice.
However, p40, was unable to induce the expression of
Lt-o. mRNA in microglia (Fig. 7a,b) and macrophages
(Fig. 7c,d) isolated from IL—IZRBI_/_ mice. In contrast,
p40, induced the expression of Lt-oo mRNA in microglia
(Fig. 7a,b) and macrophages (Fig. 7c,d) isolated from
IL-12RB2™" mice. To confirm these findings, we moni-
tored the protein expression of Lt-oo by immunofluores-
cence analysis. Consistent with mRNA results, p40,
induced the expression of Lt-o. protein in macrophages
(Fig. 7e) and microglia (Fig. 7f) isolated from wild-type
and IL-12RP2™~ mice, but not IL-12RB1™"" mice. These
results clearly suggest that p40, requires IL-12RB1, but
not IL-12RB2, for the expression of Lt-o. On the other
hand, p70 was unable to induce the expression of Lt-o in
microglia (Fig. 7a,b) and macrophages (Fig. 7c,d) isolated
from wild-type, IL-12RB1™"~ and IL-12RP2™/" mice.

Discussion

Several reports indicate that Lt-o plays an important role
during chronic inflammation in MS. It has been shown
that plaques and cerebrospinal fluid from MS patients
contain increased levels of LT-oo mRNA and protein com-
pared with age-matched controls.”® Suen et al® have
demonstrated that LT-o~'~ mice, but not LT—B_/_ mice,
exhibit a significant reduction in symptoms upon myelin
oligodendrocytes in glycoprotein-induced EAE. In another
study, Plant et al.’® have shown that LT-o is detrimental
during inflammation and demyelination and that Lt-o is
not necessary for remyelination and repair. On the other
hand, TNF-a is involved both in demyelination and
remyelination processes.’® It has also been reported that
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Figure 6. Effect of p40, and p70 on the
expression of lymphotoxin-o (Lt-o0) in p357/7
microglia. Microglia isolated from wild-type
and p35~'~ mice were stimulated with different
concentrations of p40, under serum-free con-
ditions. After 6 hr of stimulation, the messen-
ger RNA expression of Lt-o. was monitored by
reverse transcription—polymerase chain reaction
(PCR) (a) and real-time PCR (b). Results are
means = SD of three different experiments.
“P < 0-001 versus control. After 18 hr of stim-
ulation, cells were immunostained with anti-
bodies against Lt-o. DAPI was used to
visualize nucleus (c). Lt-o-positive cells were
counted in three different slides of each of
three different experiments in an Olympus
IX81 fluorescence microscope using the
MICROSUITE  imaging software and are
expressed as % total DAPI-positive cells (d).
“P < 0-001 versus control.

mice lacking LT-o exhibit a delay in demyelination that is
greater than that exhibited by TNF-o/~ mice.*® Both
Lt-o. and TNF-o may exert cytotoxic effects on oligoden-
drocytes through their receptors and cause the death of oli-
godendrocytes. Lymphotoxin-a is known to be extremely
cytotoxic to oligodendrocytes in vitro.””*®* Mature oligo-
dendrocytes express TNFR1 and possibly LtBR and are
directly effected by LT-0.’® Taken together, LT-o plays a
critical role in the development of EAE and MS.

Lt-o is mainly produced by T cells, B cells and natural
killer cells.”® Additionally, antigen-presenting cells such
as, macrophages and microglia, also express Lt-o. Several
reports have indicated that only resident activated micro-
glia in the CNS express LT-o.**™* Although LPS is capa-
ble of stimulating Lt-a, it is not involved in EAE and MS.

© 2008 Blackwell Publishing Ltd, /mmunology, 127, 312-325
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Proinflammatory cytokines (TNF-o, IL-1B and IFN-y)
which play an important role in EAE and MS do not
induce Lt-o..'? Therefore, stimuli that could produce Lt-o
in immune cells in MS and EAE are not well character-
ized and identifying such stimuli and understanding

underlying mechanisms for the regulation of Lt-o are
important areas of investigation. The IL-12 family of
cytokines consists of six cytokines: IL-12, IL-12p40 mono-
mer, IL-12p40 homodimer (p40,), IL-23, IL-27 and
IL-35.*7*¢ Although p40 is a component of bioactive
cytokines IL-12 and IL-23, either p40 or p40, is not con-
sidered as an intrinsically functional cytokine. Earlier we
have demonstrated that both p40,, the so-called inactive
molecule, and IL-12p70, the biologically active cytokine,
are capable of inducing the expression of iNOS and
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Figure 7. Effect of p40, and p70 on the expres-
sion of lymphotoxin-o (Lt-ot) in primary micro-
glia and peritoneal macrophages isolated from
wild-type, interleukin-12 receptor Pl deficient
(IL-12RB17"7) and IL-12RB2™"~ mice: Microglia
(a and b) and macrophages (¢ and d) iso-
lated from B6.129 wild-type, IL—IZRBI’/’
and IL-12RB27"" mice were stimulated with
10 ng/ml of p40, and p70 under serum-free
conditions. After 6 hr of stimulation, the mes-
senger RNA expression of Lt-o. was monitored
by semi-quantitative reverse transcription—poly-
merase chain reaction (RT-PCR) (a and ¢) and
quantitative real-time PCR (b and d). Results
are means = SD of three different experiments.
Microglia (e) and macrophages (f) isolated
from B6.129 wild-type, IL-12 RBlf/f and
IL-12RP27~  mice were stimulated with
10 ng/ml of p40, and p70 under serum-free
conditions. After 18 hr of stimulation, cells were
immunostained with antibodies against Lt-o.
DAPI was used to visualize the nucleus. Figures
show merged images of DAPI and Lt-o. Results
represent three independent experiments.

TNF-o in microglia and macrophages.?'** Several lines of treatment conditions, p70 was either unable to induce the
evidence presented in this study clearly support the expression of Lt-o. or was a very weak inducer of Lt-o.
conclusion that p40,, but not p70, induces the expression Second, p40, markedly induced the activation of Lt-o
of Lt-o in microglia, macrophages and T cells. This con- promoter as monitored by Lt-o. promoter-driven lucifer-
clusion was based on the following observations. First, ase activity. On the other hand, common inflammatory
p40, markedly induced the expression of Lt-oo mRNA and stimuli (TNF-a,, IL-18, IFN-v, IL-12 p70, IL-23 and HIV-1
protein in human and mouse microglia and mouse mac- gp120) were unable to induce the activation of Lt-a pro-
rophages and T cells. On the other hand, under similar moter. Apart from p40,, only three other stimuli [LPS,
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poly(IC) and IL-16] were capable of stimulating the
activation of Lt-o. promoter. However, among all inducers
tested, p40, emerged as the most potent. Third, the
expression of mouse p40, but not mouse p35, cDNA
induced the expression of Lt-o, suggesting that the p40,
but not the p35, subunit of IL-12 is involved in the
induction of Lt-o in microglia. Fourth, p40, was capable
of inducing the expression of Lt-o. in microglia isolated
from p35~'" mice, suggesting that p40, does not need any
involvement from p35 for the induction of Lt-o in micro-
glia.

Lymphotoxin-a plays a critical role in lymphoid organ
development and chronic inflammation.® For example,
signalling through the Lt-f receptor (LtpR) by the Lto/p
heterotrimer is critical during lymphoid development. It
has been demonstrated that Lto”™~ and LtBr™~ mice have
associated loss of lymph nodes, Peyer’s patches and
changes of the lymphoid architecture of the spleen.*”** A
number of human inflammatory and autoimmune dis-
orders are associated with the formation of ectopic lym-
phoid structures at the site of the inflamed organ that
actually resemble secondary lymphoid organs.® It has been
suggested that Lt-o plays a crucial role in the formation
of this type of secondary lymphoid organs. It is likely that
immune responses to self antigens expand in these
de novo lymphoid organs, as they allow colocalization of
antigen-specific T cells with antigen-presenting cells.>*®
Therefore, our results suggest that p40, may facilitate the
formation of secondary lymphoid organs during auto-
immune disorders by increasing the production of Lt-o
in microglia, macrophages and T cells.

Intracellular signalling events that lead to the expres-
sion of Lt-o. have been poorly defined. IL-12 p40, has
been shown to antagonize bioactive IL-12 p70 by binding
to the IL-12 receptor complex.'® The high-affinity IL-12
receptor is composed of a low affinity IL-12RB1 com-
bined with a low-affinity IL-12RB2. It appears that p40,
binds to IL-12RB1 rather than IL-12RB2 whereas bio-
active IL-12 binds both the receptors on T cells with high
affinity.'® Therefore, it is possible that p40, may engage
IL-12 receptors for the expression of Lt-o in microglia
and macrophages. Here we present evidence that p40,
induces the expression of Lt-o via IL-12RPB1, but not
IL-12RPB2. While p40, was unable to induce the expression
of Lt-o in primary microglia and macrophages isolated
from IL-12RP1~" mice, IL-12RP2 knockdown had no
effect on p40,-induced expression of Lt-o in these cells.
This is an interesting observation because only the
IL-12RPB2 subunit has been reported to function as the sig-
nal transducing component of the high-affinity receptor
complex.'® This has been suggested because of the absence
of tyrosine residues in the cytoplasmic domain of IL-12R31
and the presence of conserved tyrosine residues in the
cytoplasmic domain of IL-12RB2.'"® Therefore, the ques-
tion remains: how does the non signal-transducing recep-
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Functional difference between IL-12 p40, and IL-12

tor IL-12RB1 engage itself for the transcription of Lt-o. by
p40,2 Probably, one could foresee the engagement of
another putative signal-transducing receptor with the
binding receptor IL-12RB1. In addition to having IL-12
and IL-23, the IL-12 family comprises of IL-27 and a
recently discovered heterodimeric cytokine IL-35.*"°
While Epstein—Barr virus-induced gene 3 (EBI3) associ-
ates with a p28 protein to form IL-27, EBI3 has been
shown to associate with IL-12p35 to form IL-35.%>%°
Therefore, during p40, stimulation, IL-12RB1 may associ-
ate itself with IL-23R, IL-27R (WSX-1), putative IL-35R,
or the putative p40, receptor. Studies are underway in
this laboratory to investigate these possibilities.

Studies on the characterization of the Lt-o gene pro-
moter suggest a general role for nuclear factor-xB
(NF-xB) in the transcriptional upregulation of Lt-o in
T cells.’™> In contrast, the combination of phorbol
myristate acetate and ionomycin markedly induced the
expression of Lt-o0 mRNA in human peripheral blood
mononuclear cells independent of NF-kB activation.™
However, in peripheral blood mononuclear cells, nuclear
factor of activated T cells (NFAT) plays an important role
in transcriptional upregulation of the Lt-or gene.”* Besides
NF-kB and NFAT, several other functional elements have
also been identified in LT-o. promoter in T cells.>*>>°
Earlier Pahan et al.** demonstrated the requirement of
NF-kB activation in p40,-induced expression of iNOS in
microglia. Recently, we have also observed that p40,
induces the activation of NF-xB in mouse microglia via
IL-12RP1, but not IL-12RB2 (Jana and Pahan, unpub-
lished observation). Therefore, it is possible that p40, is
inducing the activation of NF-kB and NFAT in microglia/
macrophages and/or T cells via IL-12Rf1. However, at
present, we do not know why p70, which is capable of
binding both IL-12RP1 and IL-12RP2, does not induce
Lt-o? We wondered if IL-12R32 was transducing a nega-
tive regulatory signal for the expression of LT-o. However,
p70 remained ineffective in inducing the expression of
Lt-o in IL-12RB2™~ microglia shooting down our hypo-
thesis. Therefore, it is likely that besides the involvement
of IL-12RPB1 in the expression of Lt-0, the engagement of
both IL-12RB1 and IL-12 RB2 by p70 transduces putative
negative regulatory signal(s) for the expression of LT-a.

Microglia are considered as CNS-resident professional
macrophages and sensor cells that function as the princi-
pal immune effectors cells of the CNS responding to any
pathological event. Activation of microglia has been
implicated in the pathogenesis of a variety of neurodegen-
erative diseases, including MS.””*® It has been found that
activated microglia accumulate at sites of demyelination
in MS patients. Although the in vitro situation of mouse
and human microglia and mouse macrophages in culture
and its treatment with p40, may not truly resemble the
in vivo situation of microglia and macrophages in patients
with MS, our results identify p40, as a possible candidate
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for controlling the lymphoid organ-developing factor
Lt-oL.
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