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Induction of interleukin-12 production in mouse macrophages by
berberine, a benzodioxoloquinolizine alkaloid, deviates CD4"
T cells from a Th2 to a Thl response
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SUMMARY

In this study we investigated whether berberine-mediated induction of interleukin-12 (IL-12)
production in antigen-presenting cells could regulate a cytokine profile of antigen-primed CD4" T
helper (Th) cells. Pretreatment with berberine induced IL-12 production in both macrophages and
dendritic cells, and significantly increased the levels of IL-12 production in lipopolysaccharide-
stimulated macrophages and in CD40 ligand-stimulated dendritic cells. Importantly, berberine
pretreatment of macrophages increased their ability to induce interferon-y (IFN-y) and reduced
their ability to induce IL-4 in antigen-primed CD4" T cells. Berberine did not influence the
macrophage cell surface expression of the class II major histocompatibility complex molecule, the
co-stimulatory molecules CD80 and CD86, and intracellular adhesion molecule-1. Addition of
neutralizing anti-IL-12p40 monoclonal antibody to cultures of berberine-pretreated macrophages
and CD4" T cells restored IL-4 production in antigen-primed CD4" T cells. The in vivo
administration of berberine resulted in the enhanced induction of IL-12 production by macrophages
when stimulated in vitro with lipopolysaccharide or heat-killed Listeria monocytogenes, leading to
the inhibition of the Th type 2 cytokine profile (decreased IL-4 and increased IFN-y production) in
antigen-primed CD4 " T cells. These findings may point to a possible therapeutic use of berberine or
medicinal plants containing berberine in the Th type 2 cell-mediated immune diseases such as

allergic diseases.

INTRODUCTION

The existence of T helper type 1 (Th1)/Th2 subsets in Th
lymphocytes that differ in their cytokine secretion patterns
and effector functions provides a framework for understanding
normal and pathological immune responses.' Recent studies
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indicate that the ratio of these two Th cell types, Th1 and Th2, is
closely correlated with the outcome of many diseases™* and
controlling this Thl : Th2 ratio has been demonstrated as a
therapeutic strategy of these diseases.” Induction of Thl
immune responses plays a critical role in protecting against
various intracellular micro-organisms and tumours,®” and also
in reversing Th2 cell-facilitating diseases such as allergic
inflammation.® However, the nature of Th1 polarizing signals
is not yet fully understood. The cytokines that are present in the
environment of the CD4" T cell at the time it encounters the
antigen significantly regulate the differentiation of Th cells into
Thi cells.’

Interleukin-12 (IL-12), a heterodimeric cytokine secreted by
macrophages and other antigen-presenting cells (APC), is cri-
tical for the development of Th1 cells and the initiation of the
cell-mediated immune response.'® Recent evidence showed that
the administration of exogenous recombinant IL-12 may be a
key strategy in the treatment of Th2-dominated diseases such
as infectious diseases and allergic diseases.'"'> Rempel and
colleagues reported that administration in vivo of recombinant
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IL-12 induced profound but transient commitment to Thl-
associated patterns of cytokine and antibody production.'?
Repeated injections of recombinant IL-12 at relatively high
doses showed severe toxicities, including increase in transami-
nase concentration, pulmonary toxicity, and leucopenia.'* As an
alternative method of IL-12 administration, a number of micro-
bial products, including endotoxin, superantigen exotoxins, and
microbial DNA with CpG oligonucleotide motifs (CpG ODN),
have been reported to induce the endogenous production of Th1
cytokines such as IL-12 and IL-18 by macrophages, resulting in
down-regulation of Th2 responses in various allergic mouse
models.'> Recently, the imidazoquinolines also augmented Th1
cytokine production and inhibited Th2 cytokine production, and
they have been considered as attractive candidates of Thl-
inducing adjuvants because they are chemically defined, low-
molecular weight compounds.'® Therefore, pharmacological
modulation of IL-12 may be a therapeutic target in immune-
mediated and inflammatory diseases.'”

The mechanism by which these immunomodulators act as
adjuvants for inducing Th1 immune responses and suppressing
Th2 responses is in part mediated by cytokines produced
following stimulation of APC. For example, the ability of
polyinosinic acid : polycytidylic acid to skew the response
toward a Thl response seems to be mediated through the
production of the cytokines interferon-y (IFN-y) and IL-12.'8
A similar mechanism is probably involved in the ability of CpG
ODN to promote a Thl response.'

Berberine is a benzodioxoloquinolizine alkaloid that has been
isolated from Hydrastis canadensis (goldenseal), Coptis chinensis
(Coptis or goldenthread), Berberis aquifolium (Oregon grape),
Berberis vulgaris (barberry), and Berberis aristata (tree tur-
meric).2° Berberine has shown a number of beneficial effects
including immunostimulation and macrophage activation.
Recently, we reported that berberine induced the production of
IL-12p40, a larger subunit of IL-12, in mouse macrophages via
activation of p38 mitogen-activated protein kinase.>!

In this study we have demonstrated that pretreatment with
berberine induced IL-12 production in both macrophages and
dendritic cells (DCs), and strongly enhanced IL-12 production
when subsequently stimulated with either lipopolysaccharide
(LPS) or heat-killed Listeria monocytogenes (HKL), two well-
known inducers of IL-12 production. Importantly, the increased
levels of IL-12 production in berberine-treated macrophages
deviated CD4" T cells from the Th2 to the Thl pathway.

MATERIALS AND METHODS

Materials, cell culture and mice

Berberine and LPS (from Escherichia coli 0111:B4) were
purchased from Sigma (Sigma Chemical Co., St. Louis,
MO), and keyhole limpet haemocyanin (KLH) was purchased
from Calbiochem (San Diego, CA). Anti-murine IL-4 (BVD4
and BVD6) and anti-murine IFN-y monoclonal antibodies
(mAbs) (R46A2 and XMG1.2) were purified from ascitic fluids
by ammonium sulphate precipitation followed by diethylami-
noethyl-Sephacel chromatography (Sigma). Anti-mouse IL-12
(p35/p70) (Red-T/G297-289), anti-CD80, anti-CD86, anti-
intracellular adhesion moelcule-1 (ICAM-1) and anti-H-2I-A¢
mAbs were obtained from PharMingen (San Diego, CA), and rat

anti-mouse IL-12p40 mAbs C17.8 and 15.6 were kindly
donated by Dr G. Trinchieri (Wistar Institute, Philadelphia,
PA). Chinese hamster ovary cells transfected with murine CD40
ligand (CD40L-CHO)** were kindly provided by Dr H. Yagita
(Tokyo, Japan), and used after fixation with 1% paraformalde-
hyde in phosphate-buffered saline (PBS). The cells were main-
tained at 37° in humidified 5% CO, in RPMI-1640 or
Dulbecco’s modified Eagle’s medium (DMEM) containing
10% fetal bovine serum and antibiotics (Gibco BRL, Grand
Island, NY). Six- to eight-week-old female DBA/2 mice were
obtained from SLC Japan (Tokyo, Japan), and maintained in
pathogen-limited conditions. The mice were maintained and
treated according to National Institutes of Health Guidelines for
the Care and Use of Laboratory Animals.

Preparation of splenic macrophages stimulated with

either LPS or HKL

Splenic macrophages were isolated from DBA/2 mice and
stimulated, as previously described.*? In brief, spleen cells were
cultured at 10° cells/ml for approximately 3 hr in DMEM
containing 10% fetal bovine serum at 37° in a 5% CO,
humidified air atmosphere. The non-adherent cells were
removed by washing with warm DMEM until visual inspection
revealed a lack of lymphocytes (>98% of the cell population).
The adherent cells were removed from plates by incubating for
15 min with ice-cold PBS and rinsing repeatedly. The isolated
adherent cell population was treated with varying concentra-
tions of berberine at 1 x 10’ cells per well in 96-well culture
plates for 648 hr. For some experiments, the cells were further
stimulated in vitro with either 5 pg/ml LPS or HKL at 2 x 10°
bacteria per well.

Preparation of splenic DCs stimulated with CD40L-CHO
Mouse DCs were prepared from spleens, as previously des-
cribed.>*In brief, the isolated adherent cells as mentioned above
were incubated for an additional 18 hr to allow the DCs to detach.
After this incubation, floating cells were collected, and DCs
were positively purified using anti-CD11c MicroBeads and a
MACS column (Miltenyi Biotech, Bergisch Gladbach, Germany).
Purified cells were routinely >95% CDI11c™. Freshly isolated
DCs were induced to mature by cultivation in the culture
medium overnight. The isolated DCs (1 X 10° cells) were
stimulated with 3 x 10* fixed CD40L—CHO cells per well in
the absence or presence of varying concentrations of berberine
at 1 x 10° cells per well in 96-well culture plates for 24 hr.

Purification and induction of cytokine synthesis in
antigen-primed CD4" T cells

Draining axillary, popliteal, and inguinal lymph nodes were
removed from mice 9 days after priming with 100 pg KLH in
complete Freund’s adjuvant in the footpads, as previously
described.”> Lymph node cells were depleted of B cells by
adherence to goat anti-mouse immunoglobulin-coated dishes
for 1 hr at 4°. Non-adherent cells were depleted of CD8™ T cells
and other APCs by treating the cells with a mixture of anti-CDS§
and anti-class II mAbs on ice for 30 min, followed by addition
of low-toxicity rabbit complement (Pel Freeze, Rogers, AR) and
incubation at 37° for 45 min. More than 95% of the cells were
CD4" T cells, as demonstrated by cytofluorometric analysis
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using anti-CD4 mAb (PharMingen). Purified CD4™" T cells were
incubated in 96-well plates at 4 x 10° cells per well with
macrophages (1 x 10° cells per well) and KLH (10 pg/ml).
Culture supernatants were harvested after 2 days (for IL-12
p70) or after 4 days (for IFN-y and IL-4), and assayed by an
enzyme-linked immunosorbent assay (ELISA).

Cytokine assays

The quantities of IFN-y, IL-4, IL-12p40 and IL-12 p70 in
culture supernatants were determined by a sandwich ELISA
using mAbs specific for each cytokine as previously des-
cribed.?® The mAbs for coating the plates and the biotinylated
second mAbs were as follows: for IFN-y, HB170 and XMG1.2;
for IL-4, BVD4-1D11 and BVD6; for IL-12p40, C17.8 and
C15.6; for IL-12 p70, anti-mouse IL-12 (p35/p70) (Red-T/
G297-289) and rat anti-mouse IL-12p40 (C17.8). Standard
curves were generated using recombinant cytokines (purchased
from PharMingen). The lower limits of detection were 125 pg/
ml for IFN-y, 3 pg/ml for IL-4, 30 pg/ml for IL-12p40 and
25 pg/ml for IL-12 p70, respectively.

Reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was prepared from the cells and reverse-transcribed
into cDNA, and then PCR amplification of the cDNA was
performed. The sequences of PCR primers are as follows:
mouse IL-12p40 (sense, 5'-CAGAAGCTAACCATCTCCTGG-
TTTG-3'; anti-sense, 5'-TCCGGAGTAATTTGGTG CTTCA-
CAC-3'), IL-10 (sense, 5'-ATGCAGGACTTTAAGGGTTAC-
TTGGGT-3'; anti-sense, 5'-ATTTCGGAGAGAGGTACAAA-
CGAGGTTT-3'), tumour necrosis factor-o. (sense, 5'-GGCA-
GGTCTACTTTGGAGTCATTG-3'; anti-sense, 5'-ACATTCG-
AGGCTCCAGTGAATTCGG-3') and B-actin (sense, 5'-TGG-
AATCCTGTGGCATCCATGAAAC-3'; anti-sense, 5'-TAAA-
ACGCAGCTCAGTAACAGTCCG-3'). The PCR reactions were
run for 35 cycles of 94° (30 seconds), 58° (45 seconds), and 72°
(30 seconds)usinganMJ Thermal Cycler (Watertown, MA). After
the amplification, 6 pl of the RT-PCR products was separated in
1-5% (w/v) agarose gels and stained with ethidium bromide.

Immunofluorescent staining and cytofluorometric
measurements

Quantitative immunofluorescence measurements were per-
formed in an Epic V flow cytofluorograph equipped with a
multiparameter data acquisition and display system as pre-
viously described.?” Briefly, single-cell suspensions were col-
lected from the various cultures and washed twice with ice-cold
PBS (pH 7-4). Afterwards, fluorescein isothiocyanate-conju-
gated anti-H-2I-AY, anti-CD80, anti-CD86, or anti-ICAM-1
mAbs were added and incubated at 4° for 1 hr. After incubation,
the cells were washed with PBS and were fixed in PBS contain-
ing 1% paraformaldehyde, and cytofluorometric analysis was
performed. Background staining was determined by staining
cells with fluorescein isothiocyanate-conjugated isotype control
mAbs. One parameter fluorescence histograms were generated
by analysing at least 1 x 10* cells.

Statistical analysis

Student’s z-test and one-way analysis of variance (ANOVA) were
used to determine the statistical differences between values for
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various experimental and control groups. P values <0-05 were
considered statistically significant.

RESULTS

Pretreatment with berberine induced IL-12 production
from mouse macrophages and CD40L-stimulated DCs

To determine whether berberine could affect the production of
T-cell cytokine indirectly via an effect on IL-12 production by
APCs such as macrophages and DCs, we first investigated the
effect of berberine on IL-12 production in mouse macrophages
and DCs. As shown in Fig. 1(a), pretreatment of macrophages
with berberine induced IL-12 production in a dose-dependent
manner and, furthermore, significantly enhanced IL-12 produc-
tion when subsequently stimulated in vitro with LPS, a well-
known inducer of IL-12 production.

We also investigated whether IL-12 production by in vitro-
generated DCs is affected by berberine. DCs are the profes-
sional effective APCs and their secretion of immunoregulatory
and pro-inflammatory cytokines plays a crucial role during T-
cell priming.”® As shown in Fig. 1(b), pretreatment of DCs with
berberine resulted in the induction of IL-12 production, which
was significantly enhanced by the stimulation with CD40L—
CHO cells. The stimulation with untransfected CHO as a
control cell-line did not induce detectable amounts of IL-12
production. Furthermore, berberine significantly increased
mRNA levels of the IL-12 gene in a dose-dependent manner,
indicating that the induction of IL-12 production by berberine
occurred at the transcriptional level. In contrast, pretreatment
with berberine did not influence mRNA levels of IL-10 and
tumour necrosis factor-o in macrophages, suggesting that the
induction of IL-12 production by berberine was not the result of
a general activation of cells (data not shown).
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Figure 1. Pretreatment with berberine stimulates IL-12 production in
mouse macrophages and dendritic cells. Mouse macrophages (a) or
dendritic cells (b) were pretreated with berberine (0-1, 0-5, and 1-0 pg/
ml) or untreated. After 6 hr, the cells were washed and stimulated in
vitro with medium alone, or with either LPS (5 pg/ml) or CD40L-CHO
cells for 48 hr. The culture supernatants were harvested, and the levels
of IL-12 were evaluated by ELISA. The results are presented as the
means £ SEM (n = 3). *P < 0-01, relative to groups which were not
pretreated with berberine. **P < 0.05, relative to groups which were
not pretreated with berberine.
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Pretreatment of macrophages with berberine enhanced
IFN-y production and inhibited IL-4 production by
antigen-primed CD4™ T cells

Since IL-12 has been known to enhance IFN-y strongly and to
inhibit IL-4 in CD4™ T cells, we asked if the cytokine profiles of
CD4% T cells responding to antigen presented by berberine-
treated macrophages would be altered. Direct effects of berber-
ine on CD4" T cells were eliminated by pretreatment of
macrophages in vitro with berberine for 6 hr and washing them
to remove the berberine, before culture with syngeneic CD4" T
cells purified from lymph nodes of KLH-primed mice and the
antigen KLH. Figure 2(a) shows that IL-12 production in
cultures of berberine-treated macrophages was significantly
increased in comparison with that in untreated macrophages.
In the absence of berberine treatment, stimulation with KLH
resulted in the development of T cells producing relatively low
levels of IFN-y. However, pretreatment of macrophages with
berberine for 6 hr greatly increased their capacity to induce
IFN-y production by KLH-primed CD4" T cells (Fig. 2b) and
significantly decreased IL-4 production (Fig. 2c). No cytokine
production by CD4" T cells was detected in the absence of
macrophages, demonstrating that the berberine-treated macro-
phages regulated the cytokine production by KLH-primed
CD4" T cells. Thus, pretreatment of macrophages with berber-
ine enhances their capacity to inhibit Th2 and enhance Thl
cytokine synthesis.

Pretreatment with berberine does not affect the expression
of surface molecules on macrophages

To determine whether pretreatment of macrophages with ber-
berine affects their cell surface expression of the class II major
histocompatibility complex (MHC) molecule H-2I-AY, the co-
stimulatory molecules CD80 and CDS86, and the adhesion
molecule ICAM-1, mouse macrophages were treated with
medium alone (control) or 1-0 pg/ml berberine for 24 hr and
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Figure 2. Macrophages pretreated with berberine enhance IFN-y and
inhibit IL-4 production by antigen-primed CD4" T cells. Macrophages
(1 x 10° cells/well) were pretreated with medium alone or 1-0 pg/ml
berberine. After 6 hr, the cells were washed and incubated with KLH-
primed CD4" T cells (5 x 10° cells/well) and KLH (10 pg/ml). Super-
natants were harvested after 2 days for IL-12 (a) or after 4 days for [FN-
v (b) and IL-4 (c), and assayed by cytokine-specific ELISA. The results
are presented as the means = SEM (n = 3). *P < 0-01, relative to an
untreated group.
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Figure 3. Cytofluorometric analysis of cell surface molecules on ber-
berine-treated macrophages. Mouse macrophages were treated for 24 hr
with medium alone or 1-0 pg/ml berberine and analysed for the
expression of cell surface molecules by flow cytometry. Data are
representative of three independent experiments.

the expression of the cell surface molecules was determined
by cytofluorometric analysis. As shown in Fig. 3, treatment
with berberine did not affect the expression of surface mole-
cules on mouse macrophages, compared with that of the control
cells.

Addition of neutralizing IL-12 mAb to cultures of
berberine-pretreated macrophages and CD4" T cells
restored the levels of IL-4 production in CD4" T cells

To determine whether the reduced ability of berberine-pre-
treated macrophages to induce IL-4 synthesis in CD4" T cells
was a result of their increased production of IL-12, we added
neutralizing anti-IL-12p40 mAb (10 pg/ml) into the cultures of
berberine-pretreated macrophages and CD4 " T cells. As shown
in Fig. 4, addition of anti-IL-12p40 mAb to the cultures of
berberine-pretreated macrophage and CD4% T cells signifi-
cantly increased IL-4 production and reduced that of IFN-y.
These results suggest that induction of IL-12 synthesis by
berberine-treated macrophages was a major effect that affected
the ability of macrophages to regulate cytokine synthesis in
CD4" T cells.

© 2003 Blackwell Publishing Ltd, Immunology, 109, 407-414
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Figure 4. Addition of neutralizing IL-12p40 mAb restores the
decreased IL-4 production of T cells in cultures of berberine-pretreated
macrophages and antigen-primed CD4 " T cells. KLH-primed CD4™" T
cells were cultured with berberine (1-0 pg/ml)-pretreated macrophages
in the presence of anti-IL-12p40 (10 pg/ml) and KLH (10 pg/ml).
Culture supernatants were harvested 4 days later and assayed for
IFN-y (a) and IL-4 (b) by ELISA. The results are presented as the
means = SEM (n = 3). *P < 0:-01, relative to each berberine-treated
group in the absence of anti-IL-12p40.

Macrophages from mice treated in vivo with berberine
inhibited the Th2 cytokine profile of antigen-primed
CD4" T cells

To demonstrate that berberine had a consequential effect on
macrophages in an in vivo system, mice were injected intraper-
itoneally (i.p.) with 200 pg berberine per mouse. After 24 hr,
splenic macrophages were purified from the berberine-treated
mice, or from saline-injected control mice. As shown in Fig. 5,
macrophages from berberine-treated mice significantly enhan-
ced the levels of IL-12 production in response to either LPS or
HKL compared with macrophages from the control mice.
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Figure 5. Macrophages exposed to berberine in vivo increase levels of
IL-12 production. Mice were injected in vivo with berberine (200 pg per
mouse, i.p.). After 24 hr, macrophages were purified and stimulated
with medium only, or with either LPS (5 pg/ml) or HKL (2 x 10°
bacteria per well). Culture supernatants were harvested 48 hr later and
IL-12 levels were determined by ELISA. The results are presented as the
means £ SEM (n = 3). *P < 0-05, relative to a saline-injected group.
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Figure 6. Macrophages purified from mice treated in vivo with ber-
berine regulate cytokine production in antigen-primed CD4" T cells.
DBA/2 mice were injected in vivo with either berberine (200 pg per
mouse, i.p.) or saline. After 24 hr, macrophages were purified and
incubated with KLH-primed CD4" T cells and KLH (10 pg/ml). After
4 days, culture supernatants were harvested and assayed for IL-12 (a),
IFN-v (b) and IL-4 (c) levels by ELISA. The results are presented as the
means £ SEM (n = 3). *P < 0-05, relative to a saline-injected group.

To determine whether cytokine production by antigen-
primed CD4" T cells would differ in the presence of antigen
presented by macrophages from mice treated in vivo with
berberine, splenic macrophages from DBA/2 mice were purified
24 hr following i.p. injection with berberine (200 ng per
mouse), and cultured with CD4" T cells from KLH-primed
mice, and KLH. As shown in Fig. 6, production of IL-12 in
cultures containing KLH-primed CD4" T cells and macro-
phages from berberine-treated mice was greatly increased
compared with those from saline-injected control mice. More-
over, macrophages from mice injected with berberine signifi-
cantly induced lower amounts of IL-4 and higher amounts of
IFN-y than macrophages from the control mice. These results
show that in vivo treatment with berberine regulates the ability
of macrophages to control IFN-y and IL-4 production in CD4"
T cells.

DISCUSSION

In this study we have demonstrated that treatment of macro-
phages and DCs with berberine, a benzodioxoloquinolizine
alkaloid present in medicinal plants, significantly induced IL-
12 production and, furthermore, strongly enhanced the levels of
IL-12 production when subsequently treated with either LPS or
KLH. Importantly, enhanced IL-12 production in berberine-
treated macrophages resulted in an increased ability to induce
IFN-vy and a decreased ability to induce IL-4 in antigen-primed
CD4" T cells. These results suggest that berberine-mediated
induction of IL-12 production led to the inhibition of Th2 and
enhancement of Th1 cytokine synthesis in CD4™" T cells. Since
the cytokine profile of Th cells plays an important role in
determining the outcome of many diseases, berberine may have
therapeutic potential to treat Th2-mediated diseases including
allergic diseases.

In allergic diseases, there is a polarization of T-lymphocyte
responses into Th2 predominance and enhanced secretion of
Th2 cytokines, ultimately leading to inflammation and dis-
ease.”” Th1 responses tend to antagonize the allergic responses.
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The microenvironment in which the DCs and macrophages
prevail is an important determinant of the balance between
IFN-v-secreting Th1 cells and pro-allergic Th2 cells.*® IL-12
is a cytokine which induces preferential induction of Thl
cells. IL-12 may play an important role in inhibiting inap-
propriate immunoglobulin E (IgE) synthesis and allergic
inflammation as a result of allergen exposure.>' Indeed, treat-
ment of mice with IL-12 during the active sensitization period
reduced the antigen-induced influx of eosinophils in bronch-
oalveolar lavage fluid, inhibited IgE synthesis, and abolished
antigen-induced bronchial hyperresponsiveness.*> Furthermore,
the production of IL-12 and IL-12-induced IFN-y release is
reduced in whole blood cultures from patients with atopic
asthma compared with normal subjects.®® Allergen immu-
notherapy results in an increase in IL-12 expression.** These
studies strongly suggest that IL-12 and the resultant Thl cell
response are importantly involved in the immunotherapy of
atopic asthma.

The use of systemically administered IL-12 in patients
with asthma has been limited because of cytokine toxicity.>
Another treatment option that has the potential to induce a Thl
cytokine response is the use of endogenous inducers of 1L-12
with encouraging results in both mice and humans. Chitin
(polymers of N-acetyl-D-glucosamine) particles, which are
recognized and ingested by macrophages through the mannose
receptor, strongly down-regulated Th2-facilitated IgE produc-
tion and lung eosinophilia in the allergic mouse by inducing
the production of Thl Cytokines.36 Similar studies showed
that the imidazoquinoline family such as imiquimod and
resiquimod inhibited IgE production and Th2 responses by
inducing Th1 cytokines in mouse spleen cells or human per-
ipheral mononuclear cells.'®*”*® CpG ODN inhibited the
development of Th2-mediated allergic asthma in mice by
stimulation of IL-12 production through a p38 MAPK-depen-
dent process.* In this report, we added berberine to the lists
of compounds that induce IL-12 production in macrophages
and DCs.

Although berberine may affect cytokine production in CD4*
T cells in several ways, we believe that induction of IL-12
production in macrophages and DCs is a major mechanism by
which berberine affects cytokine production in CD4™ T cells,
particularly since IL-12 is extremely potent in enhancing IFN-y
and inhibiting IL-4 in CD4™ T cells.***" In our cultures, the
effect of berberine on cytokine production in CD4 " T cells was
indirect since the CD4" T cells in these cultures were never
directly exposed to the berberine.

Induction of IL-12 production in berberine-treated macro-
phages may be accompanied by an enhancement of their
maturation and antigen-presenting capacity. Resiquimod, an
inducer of IL-12 production, is known to increase the cell
surface expression of molecules involved in co-stimulation
and antigen presentation.*> However, our data show that the
expression of the class Il MHC molecule H-2I-A¢ and the co-
stimulatory molecules CD80 and CD86 remained unaffected
after the preincubation of macrophages with berberine. In
alveolar macrophages, LPS induced IL-12 but did not increase
the cell surface expression of MHC class II, CD80 and CD86
molecules. In the presence of IFN-vy, LPS strongly enhanced IL-
12 production and also increased the expression of the cell

surface molecules, suggesting that [FN-y secretion from natural
killer cells and T cells might be important in enhancing the cell
maturation and antigen-presenting capacity.*?

In addition, berberine may indirectly induce IL-12 produc-
tion via the down-regulation of IL-10, which is known to
reduce IL-12 synthesis.** Although this inductive pathway
may be relevant, the levels of IL-10 expression in both
berberine-treated and untreated macrophages were very low
(data not shown), suggesting that the inductive effect of
berberine on IL-12 production by mouse macrophages
cannot be explained by the indirect effect of down-regulation
of IL-10.

In the inhibition experiment of berberine-treated macro-
phages with anti-IL-12 mAb, neutralizing anti-IL-12 mAb
could effectively reverse cytokine production by the activated
CD47 T cells if present at the initiation of cultures. Addition of
anti-IL-12 mAb to cultures of mannose-binding lectin-treated
macrophages restored the induction of IL-4 and inhibited the
induction of IFN-y synthesis by T cells.*> Delayed addition of
anti-IL-12 mAD to the cultures or animal might be significantly
less effective because the corresponding T cells became more
activated and the capacity to produce IL-4 or IFN-y became
more established in vitro. Early Th2 cells maintain the ability to
signal for some time after they have acquired high IL-4 synth-
esis, and addition or induction of IL-12 can reverse the devel-
opment of the Th2 phenotype. Fully mature Th2 effectors
appear to be irreversibly committed and cannot be switched
away from the Th2 phenotype.46 The apparent irreversibility of
the Th phenotype at the clonal level does not necessarily,
however, spell this down for immunotherapy approaches aimed
at reversing the phenotype of the response at the population
level. Numerous studies have established that the cytokine
milieu can direct the development of newly recruited autoim-
mune cells to a nonpathogenic phenotype. In chronic autoim-
mune disease new clones continue to be primed and recruited
into the antigen-specific effector pool, and those newly emer-
ging effectors could conceivably be shifted away from the
pathogenic phenotype by immunotherapy designed to provide
an appropriate cytokine milieu.

Addition of anti-IL-12 mAb might inhibit IL-4 production in
CD4™" T cells by decreasing IL-10 production in the cultures of
the berberine-treated macrophages and T cells. IL-12 has been
reported to increase IL-10 production by T cells in systems
using established T-cell lines.*” However, IL-10 production
increased by IL-12 appears to occur mainly when very high
concentrations of IL-12 (10 ng/ml, significantly higher than
the amounts produced by berberine-treated macrophages,
200-300 pg/ml) are used.*® Therefore, induction of IL-12
production by berberine was a major immunoregulatory
mechanism that led to the inhibition of the Th2 cytokine profile
in CD4™ T cells.

In conclusion, we have shown that treatment of macrophages
with berberine induced IL-12 production in a dose-dependent
manner, leading to the inhibition of the Th2 cytokine profile in
CD4" T cells. These results suggest that berberine-mediated
induction of IL-12 production in APC may explain some known
biological effects of berberine, including its anti-tumour effect
and berberine may also be useful in the treatment of Th2-
mediated immunological disorders.

© 2003 Blackwell Publishing Ltd, Immunology, 109, 407-414
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