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IFN-␥ and T-bet Expression in Human Dendritic Cells from
Normal Donors and Cancer Patients Is Controlled through
Mechanisms Involving ERK-1/2-Dependent and
IL-12-Independent Pathways
Huifen Li, Wojciech Wojciechowski, Chiara Dell’Agnola, Natalia E. Lopez, and
Igor Espinoza-Delgado1
Dendritic cells (DC) play a major role in priming naive T cells and modulating the immune response. We have previously reported
that bryostatin-1, a potent immune modulator with antitumor activity, activates monocytes and lymphocytes to produce cytokines.
Studies have shown that tumor-bearing hosts have a Th1/Th2 cytokine pattern that is associated with decreased production of
IFN-␥. We investigated the expression of IFN-␥ in bryostatin-1-treated human DC. Bryostatin-1 induced both IFN-␥ and T-bet
mRNA expression in a dose- and time-dependent manner. As little as 1 ng/ml bryostatin-1 induced IFN-␥ and T-bet transcripts
within 3 h and protein at 12 h. Treatment of DC with cycloheximide revealed that bryostatin-1-induced T-bet expression requires
de novo protein synthesis, but bryostatin-1-induced IFN-␥ expression is independent of protein synthesis. Furthermore, dexamethasone inhibits bryostatin-1-induced IFN-␥ mRNA expression but increases bryostatin-1-induced T-bet mRNA expression.
Experiments with ERK-1/2 inhibitors demonstrated that bryostatin-1 induction of IFN- ␥ and T-bet was ERK-dependent and
IL-12-independent. Similar results were obtained from both normal donors and cancer patients. In summary, our results suggest
that bryostatin-1-induced IFN-␥ expression is T-bet independent. They also suggest for the first time that IFN- ␥ and T-bet can
be induced in human DC through an ERK-dependent pathway. Bryostatin-1-induced IFN- ␥ may play a crucial role in the
initiation of the immune response, before specific recognition by T cells that could be beneficial in the treatment of cancer. The
Journal of Immunology, 2006, 177: 3554 –3563.

B

ryostatin-1, a nontumor-promoting protein kinase C
(PKC)2 modulator, is a naturally occurring macrocyclic
lactone derived from the marine bryozoan, Bugula
neritina (1). Bryostatin-1 exhibits a unique pattern of biological
activities and has received considerable attention in the past few
years because of its antineoplastic and immunomodulatory effects
both in vitro and in vivo (2). Bryostatin-1 inhibits the in vitro
growth of a variety of tumor cell lines and also acts as a cytotoxic
and/or differentiating agent on several tumor types (3, 4). The potential clinical value of bryostatin-1 as an antineoplastic agent is
being evaluated in clinical trials (5, 6), yet the mechanisms responsible for the antitumoral activity of bryostatin-1 are poorly
understood. The wide ranges of tumors that respond to bryostatin-1
in vitro suggest a direct mechanism of action. However, bryostatin-1 may also exert tumoricidal activity in vivo by indirect mechanisms that are related to its immunomodulatory activity (5, 7). We
and others (7–10) have reported that bryostatin-1 activates several
types of immune cells in vitro, including monocytes, lymphocytes,
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granulocytes, and NK cells. Furthermore, increased levels of IL-6 and
TNF-␣ have been reported in patients receiving bryostatin-1 (5).
IFN-␥ influences all aspects of the immune system, including
the development, maturation, and activation of monocytes, macrophages, NK cells, B cells, and dendritic cells (DC) (11, 12).
Consequently, IFN-␥ plays a pivotal role in the generation of an
effective and potent immune response against a variety of targets,
including pathogens and tumor cells (11, 13, 14). The importance
of IFN-␥ is underscored by the fact that several mechanisms of
cellular immunity are disrupted in both IFN-␥⫺/⫺ and in IFN␥R⫺/⫺ mice (15, 16) and also in animals with targeted disruption
of STAT-1, a pivotal target of IFN-␥ signaling (17). It is widely
recognized that IFN-␥ and IL-12 are key to the development of
Th1 cells (18, 19), and several studies have indicated that type 1
immune responses are strongly correlated with antitumor activity
(20 –22). These reports clearly underscore the importance of IFN-␥
in the immune response against tumor.
IFN-␥ was originally described as a product of either T cells or
NK cells. More recently, the cellular source of IFN-␥ has expanded and now includes DC. The notion that DC are capable of
producing IFN-␥ was initially taken with enormous reservations;
however, several independent groups demonstrated unequivocally
that DC are capable of producing IFN-␥ (23–26). The vast majority of these reports involved IFN-␥ production by murine DC.
Information regarding the mechanisms controlling both IFN-␥ expression and production by human DC is either limited or absent.
We have previously reported that bryostatin-1 activates human
monocytes to produce proinflammatory cytokines (9). We also reported that T cells treated with bryostatin-1 in combination with
IL-2 produce IFN-␥ (7). The present study was designed to investigate 1) whether bryostatin-1-treated human monocyte-derived
0022-1767/06/$02.00
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DC produce IFN-␥ mRNA and protein, and if so, 2) to elucidate
the mechanisms controlling IFN-␥ mRNA expression. Our results
demonstrate that bryostatin-1, through ERK-dependent and IL-12independent mechanisms, induces expression of IFN-␥ mRNA in
human DC. Induction of IFN-␥ mRNA occurs rapidly and through
mechanisms that do not require de novo protein synthesis. IFN-␥
mRNA induced by bryostatin-1 leads to IFN-␥ production. Furthermore, bryostatin-1 induces T-bet mRNA expression with doseresponse kinetics similar to that of bryostatin-1-induced IFN-␥.
Comparable results were observed in DC obtained from normal
donors and patients with cancer. These data demonstrate for the
first time that the ERK-1/2 pathway is involved in the induction of
both IFN-␥ and T-bet mRNA in primary human DC. It is tempting
to speculate that bryostatin-1-induced IFN-␥ might play a role in
the initial stages of the antitumor response before specific recognition of tumor-associated Ags by T cells.

(Hybrizol; Oncor), followed by overnight hybridization with 0.5 ⫻ 106
cpm/ml of specific cDNA probe labeled with 32P using High Prime DNA
labeling reagent (Roche Diagnostics). The membranes were then washed
and exposed to x-ray film (Biomax-MR; Eastman Kodak) and phosphor
storage screens. The phosphor screens were scanned using a Storm 840
PhosphorImager and analyzed using ImageQuant image analysis software
(Amersham Biosciences). The membranes were stripped and rehybridized
with a 18S rRNA probe. The values for IFN-␥ and T-bet mRNA levels
were normalized with respect to 18S rRNA levels, and ratios were plotted.
Human T-bet cDNA and human IFN-␥ cDNA were provided by Dr. L. H.
Glimcher (Harvard School of Public Health, Boston, MA) and Dr. H.
Young (National Cancer Institute, Frederick, MD), respectively. The
1.6-kb EcoRI-XholI fragment of T-bet cDNA and 1.0-kb AvaI-HincII fragment of IFN-␥ cDNA were used as probes for Northern blot analysis. The
pBR322 plasmid containing human 18S rRNA sequence was provided by
Dr. D. Radzioch (McGill University, Montreal, Quebec, Canada). The
BamHI-EcoRI 1.1-kb DNA fragment of the sequence was used as a probe.

Materials and Methods

Analysis of surface expression Ags by flow cytometry was performed as
described previously (7). Following 12 h of treatment with 1 ng/ml bryostatin-1 or medium alone, DC were washed once at 4°C with PBS. Next,
the cells were resuspended in FACS buffer (0.5% BSA, 1% heat-inactivated human AB serum, and 0.1% sodium azide in PBS (pH 7.2)) and
incubated on ice for 15 min to reduce nonspecific binding. One million
cells were resuspended in 100 l of FACS buffer and incubated for 15 min
on ice with anti-human Abs conjugated with fluorescein (FITC) or PE.
After two washes with FACS buffer, the cells were analyzed using FACScan flow cytometry equipment (BD Biosciences). The data obtained were
processed using the WinMDI version. 2.8 flow cytometry application
(具http://facs.scripps.edu典). Dead cells and cellular debris were gated out
from the analysis using forward and side scatter.
For IFN-␥ intracellular staining, cells were permeabilized with Cytofix/
Cytoperm solution (BD Biosciences) and stained with FITC-mouse-antihuman-IFN-␥ mAb (BD Pharmingen) according to the manufacturer’s instructions. Stained cells were analyzed for two-color immunofluorescence
with FACScan flow cytometry equipment (BD Biosciences). A minimum
of 104 cells were analyzed for each sample. Specificity of IFN-␥ binding
was confirmed by using negative staining controls, including isotype control and ligand blocking controls, as per the manufacturer’s instructions.

Human monocyte-derived DC
Peripheral blood leukocytes were obtained from normal healthy volunteers
and patients with cancer by leukapheresis using a Fenwall CS-3000 blood
cell separator (Fenwell Laboratories). The leukapheresis protocol was approved by the Institutional Review Board of our Institution. Mononuclear
cells were separated by density gradient centrifugation on Ficoll-Paque
(Amersham Biosciences) and then purified in suspension from the unfractionated mononuclear leukocyte preparation by countercurrent centrifugal
elutriation in a Beckman JE-6 elutriation chamber and rotor system (Beckman Instruments) as described elsewhere (7). Cell purity was assessed by
flow cytometry using mAbs against CD3, CD14, CD 11c, CD16, CD15,
CD56, and CD19 (BD Pharmingen). The purity of the monocyte preparation was 94 ⫾ 3%. Other cells present in the monocyte preparation were as
follows: 1–3% large granular lymphocytes (LGL), 2– 4% lymphocytes, and
⬍1% granulocytes. The purity of the DC preparation was 95 ⫾ 4%. Other
cells present in the DC preparation were as follows: 1–2% LGL, ⬍2%
lymphocytes, and ⬍1% granulocytes. Viability, as determined by the
trypan blue exclusion test, was ⬎99%. Monocytes were cultured in RPMI
1640 (BioWhittaker), supplemented with 100 U/ml penicillin, 100 U/ml
streptomycin, 2 mM glutamine, 20 mM HEPES (Invitrogen Life Technologies), and 10% heat-inactivated FBS (HyClone), hereafter referred to as
complete medium. Cells were cultured in a Nunc 150 ⫻ 15-mm tissue
culture plate (Nalge Nunc International) at 1 ⫻ 106 cells/ml in complete
medium supplemented with recombinant human 500 U/ml GM-CSF and
500 U/ml IL-4 (sp. act. of GM-CSF and IL-4 were 10 ⫻ 106 and 5 ⫻ 106
U/mg, respectively; PeproTech) for 5–7 days, and depending on specific
experiments, TNF-␣ (sp. act. of ⬎2 ⫻ 107 U/mg, PeproTech) was added
for the indicated periods of time. In selected experiments, CD40L (PeproTech) and LPS from Escherichia coli (Sigma-Aldrich) were used, after
GM-CSF and IL-4, for 48 h.

Reagents
Clinical grade bryostatin-1 was obtained from Cancer Therapy Evaluation
Program, Division of Cancer Treatment, Diagnosis, and Centers, National
Cancer Institute, National Institutes of Health. The molar equivalent for
bryostatin-1 is 1.0 ng/ml ⫽ 0.904 nM. Recombinant human IL-12 was
purchased from PeproTech, with a specific activity of 1 ⫻ 106 U/mg. The
inhibitors U0126, bisindolylmaleimide I (GF 109203X, BI), cycloheximide
(CHX), and dexamethasone (DEX) were purchased from EMD Biosciences/Calbiochem and dissolved in DMSO. Anti-human IL-12 Ab was
purchased from R&D Systems. Anti-human ERK-2 polyclonal Ab and
anti-human phospho-ERK-1/2 mAb were obtained from Santa Cruz Biotechnology, HRP-conjugated anti-rabbit and anti-mouse IgG Abs were purchased from Sigma-Aldrich, ECL detection reagent was obtained from
Amersham Biosciences, and [␥-32P]dCTP was obtained from PerkinElmer.

Flow cytometry analysis

Western blot analysis
Cells were incubated in the presence or absence of bryostatin-1 at the
indicated concentrations and times. Where indicated, inhibitors were added
to the cell culture 30 min before bryostatin-1. Cells were harvested and
washed twice with cold PBS, and the pellets were collected by centrifugation and resuspended in 100 l of lysis buffer (1% Nonidet P-40, 0.1%
SDS, 0.5% sodium deoxycholate, and PBS), containing PMSF (100 g/ml)
and protease inhibitor mixture (500 g/ml) (Roche Diagnostics). The total
protein concentration was measured by bicinchoninic acid assay reagent
(Pierce). Samples containing 30 g of total protein were heated at 100°C
for 5 min in the presence of DTT and then separated on 8 –16% gradient
Tris-glycine precast gels (Invitrogen Life Technologies). Following electrophoresis, the proteins were electrotransferred (XCell II; Invitrogen Life
Technologies) onto polyvinylidene difluoride membranes (Millipore), according to the procedure recommended by the manufacturer. Following
overnight blocking at 4°C with 5% nonfat milk in TBS-T buffer (20 mM
Tris-HCl (pH 7.5), 0.14 M sodium chloride, and 0.1% Tween 20), the
membranes were incubated for 1 h at room temperature with T-bet or
phopho-ERK-1/2 primary Abs. Following three 10-min washes with
TBS-T, the membranes were incubated for 1 h at room temperature with
HRP-conjugated secondary Ab. The signal was visualized using ECL reagent (Amersham Biosciences), and the membranes were exposed to x-ray
film. To test the levels of total ERK-2, membranes were stripped with 0.2
N sodium hydroxide and reprobed using anti-ERK-2 Ab.

Northern blot analysis

Blood myeloid BDCA1 DC isolation

Northern blotting was performed as described previously (7). Briefly, DC
were cultured in medium alone or supplemented with the indicated reagents. Total RNA was extracted with TRIzol (Invitrogen Life Technologies) and purified according to the manufacturer’s specifications. Fifteen
micrograms of total RNA from each sample was electrophoresed under
denaturing conditions on 1.2% formaldehyde gel, blotted onto Nytran
membrane (Schleicher & Schuell), and cross-linked by UV irradiation. The
membranes were prehybridized for 8 –10 h at 43°C in hybridization buffer

PBMC were purified as described above, and peripheral blood myeloid DC
were magnetically sorted with blood DC Ag (BDCA)-1 DC isolation kits
(Miltenyi Biotec), according to the manufacturer’s instructions. Typically,
a total of 1 ⫻ 107 BDCA-1 DC was isolated from 2 ⫻ 109 PBMC. The
cells were stained with mAbs against BDCA-1, CD3, CD11c, CD14,
CD19, CD56, and MHC class II to determine purity, which always was
ⱖ95%. Other cells present in the BDCA1 DC preparation were as follows:
⬍2% lymphocyte, ⬍1% LGL, and ⬍1% monocyte.
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FIGURE 1. A, Bryostatin-1 induces IFN-␥ and T-bet
mRNA expression in human iDC. iDC were stimulated
in the absence or presence bryostatin-1 for the indicated
dose and times. Total cellular RNA was isolated, and
Northern blot analysis for IFN-␥ and T-bet mRNA expression was performed. The same membrane was rehybridized with 18S template probe to ensure that equal
amounts of RNA were loaded in each lane. Data shown
are from one representative experiment of four performed. B, Monocytes were cultured in complete medium supplemented with 500 U/ml GM-CSF and 500
U/ml IL-4 for 5 days (iDC). mDC were obtained by
culturing iDC with 10 ng/ml TNF-␣ for 2 days. Cells
were labeled with PE-CD11c and FITC-MHC class II
Abs, and cells were analyzed on a FACScan flow cytometer. Data shown are from one representative experiment of five performed. C, iDC were cultured with either bryostatin-1 for 6 h or with TNF-␣ for 48 h,
followed by bryostatin-1 for 6 h. iDC (1 ⫻ 106) were
harvested, washed, and double stained with FITC-conjugated anti-CD11c and PE-conjugated anti-CD40,
-CD80, -CD83, and -CD86 mAbs. The CD11c-positive
cells, which represent ⬎95% of the entire cell population, was gated, and the expression of CD40, CD80,
CD83, and CD86 was investigated. D, iDC cultured in
the presence or absence of bryostatin-1 were observed
under a phase contrast microscopy with a magnification
of ⫻40.

Real-time quantitative PCR (RT-qPCR) analysis
⫹

BDCA-1 myeloid blood DC were cultured for 6 h at 1 ⫻ 10 /ml in the
presence or absence of 1 ng/ml bryostatin-1. Cells were then lysed in
TRIzol (Invitrogen Life Technologies), and total RNA was purified according to the manufacturer’s instructions. Following DNase I (Ambion)
treatment, first-strand cDNA synthesis was conducted using the iScript
cDNA synthesis kit (Bio-Rad) in a total volume of 20 l containing 0.5 g
of total RNA. IFN-␥ and RLP13A were amplified using specific primers
(catalog no. PPH00380A and PPH01020A, respectively) purchased from
SuperArray Bioscience. iQ SYBR Green Supermix kit (Bio-Rad) and the
Mini Opticon Real-Time PCR System Detector (Bio-Rad) were used to
amplify IFN-␥ and RLP13A cDNA. Protocol for amplification of target
genes was performed according to the manufacturer’s instructions (SuperArray Bioscience). The cycle was performed as follows: 15 min at 95°C,
followed by 40 cycles of 30 s at 95°C, 30 s at 55°C, and 30 s at 72°C. All
samples were run in triplicate. The relative amounts of IFN-␥ transcripts
were normalized to RLP13A, and the difference fold among samples was
calculated as described in detail in the Real-Time PCR Application Guide
(Bio-Rad).
6

IFN-␥ detection
Cell-free supernatant was collected from DC in the presence or absence of
1 ng/ml bryostatin-1 for 18 h, and IFN-␥ secretion was evaluated using a

commercially available solid phase sandwich ELISA kits (BioSource International) in accordance with the manufacturer’s instructions.

IL-12 neutralization
To neutralize endogenous IL-12 in vitro, DC at 1 ⫻ 106/ml were incubated
with a single dose of 25 g/ml anti-human IL-12 Ab for 1 h (R&D Systems) at 37°C. After incubation, cells were treated with 1 ng/ml bryostatin-1 or medium alone for 6 h. For neutralizing rhIL-12, 25 g/ml anti-h
IL-12 Ab was incubated with either 1.5 ng/ml recombinant human IL-12 or
medium alone in a total volume of 100 l at 37°C. After 1 h, the mixture
of cytokine and Ab was added to the cells for 6 h. Cells were harvested, and
total RNA was extracted with TRIzol (Invitrogen Life Technologies) and
purified according to the manufacturer’s directions.

Results
Bryostatin-1 induces both IFN-␥ mRNA and T-bet mRNA
expression in human monocyte-derived DC
To determine whether bryostatin-1 may induce the expression of
IFN-␥ mRNA in human monocyte-derived DC, monocytes were
cultured for 5 days with IL-4 and GM-CSF (immature DC (iDC))
and then treated with TNF-␣ (mature DC (mDC)). Both iDC and
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To investigate whether the enhanced expression of IFN-␥
mRNA and T-bet led to an increased protein production, iDC were
cultured in the absence or presence of 1 ng/ml bryostatin-1 and
analyzed by either flow cytometry for IFN-␥ production or Western blot analysis for T-bet protein expression. Bryostatin-1-treated
cells but not medium-treated cells displayed a major increase in
intracellular expression of IFN-␥ (Fig. 2A) and T-bet total protein
expression (Fig. 2B). Similar results were obtained with mDC
(data not shown). To evaluate whether the increased intracellular
expression of IFN-␥ caused protein secretion, supernatants were
assayed for the presence of IFN-␥. iDC were cultured in the presence or absence of bryostatin-1 for 18 h, and their supernatants
were analyzed by ELISA. As shown in Table I, iDC treated with
medium do not secrete detectable levels of IFN-␥, whereas iDC
from five donors secreted IFN-␥ after bryostatin-1 treatment.
These experiments indicate that bryostatin-1 induces expression of
both T-bet mRNA and IFN-␥ mRNA, resulting in increased protein expression in human DC.

FIGURE 2. A, Bryostatin-1 induces IFN-␥ protein expression in human
iDC. iDC were cultured in the absence or presence 1 ng/ml bryostatin-1 for
12 h. CD11c cell surface and IFN-␥ intracellular staining were performed,
and cells were analyzed on a FACScan flow cytometer. B, iDC were cultured as above for 6 h, and total protein was extracted. The levels of T-bet
were assayed by Western blot analysis (upper panel), and the levels of
GAPDH were obtained after stripping and reprobing the membrane (lower
panel). Data shown are from one of four representative experiments
performed.

mDC were treated with increasing concentrations of bryostatin-1
for 3–24 h. Total RNA was extracted, and Northern blot analysis
was performed. As shown in Fig. 1A, no expression or very low
expression of IFN-␥ mRNA was detected in medium-treated cells,
whereas treatment of DC with bryostatin-1 led to a major induction
of IFN-␥ mRNA. The effect of bryostatin-1 on IFN-␥ mRNA expression was dose dependent, and as little as 1 ng/ml was sufficient
to induce a moderate increase in IFN-␥ mRNA expression by 6 h
while doses of 10 ng/ml were required for maximum expression.
The induction of IFN-␥ mRNA was detected as early as 3 h after
bryostatin-1 treatment. Maximum induction of IFN-␥ mRNA occurred at 6 h and remained elevated for up to 24 h, the last time
point tested.
The T-box transcription factor, T-bet, has been shown to play a
critical role in the regulation and expression of IFN-␥ (27). Mice
lacking T-bet fail to develop Th-1 cells, and they have a major
reduction in IFN-␥ production (26, 28). To ascertain whether bryostatin-1 affects the expression of T-bet in DC, the blot shown in
Fig. 1A was rehybridized with a T-bet probe. As depicted in the
middle panel, T-bet mRNA expression mimics the expression of
IFN-␥ mRNA but shows a slightly different dose-response pattern.
Similar results were observed in mDC (data not shown). The purity
of the monocyte-derived DC population was 95 ⫾ 4% (Fig. 1B).
The phenotype of iDC treated with bryostatin-1 alone, TNF-␣
alone, or the combination of bryostatin-1 and TNF-␣ are shown in
Fig. 1C. The experiments demonstrate that bryostatin-1 enhances
the expression of CD86 but does not appreciably affect the expression of CD40, CD80, or CD83. On the other hand, TNF-␣-treated
iDC display an increased expression of CD80, CD83, and CD86.
Typically, we noticed a larger proportion of cells with dendrites in
iDC cells treated with bryostatin-1 compared with control iDC
(Fig. 1D). The data suggest that, under our experimental conditions, bryostatin-1 alone is a weak inducer of DC maturation.

Protein synthesis is differentially required for IFN-␥ and T-bet
mRNA induction by bryostatin-1
To establish whether active protein synthesis is needed for the
induction of IFN-␥ and/or T-bet mRNA by bryostatin-1, iDC and
mDC were incubated for 6 h in the absence or presence of 1.0
ng/ml bryostatin-1 and in the absence or presence of increasing
concentrations of the protein synthesis inhibitor CHX. As shown in
Fig. 3A, the addition of CHX to bryostatin-1-treated cells caused a
major decrease in the expression of T-bet mRNA. On the other
hand, CHX induced only a mild decrease in the expression of
IFN-␥. These results suggest three things: 1) bryostatin-1-induced
T-bet mRNA is dependent on de novo protein synthesis; 2) bryostatin-1-induced IFN-␥ mRNA is minimally dependent on de novo
protein synthesis; and 3) bryostatin-1 induces IFN-␥ mRNA
through a T-bet independent pathway.
Enhanced expression of both T-bet and IFN-␥ mRNA is PKC
and ERK dependent
Activation of PKC by bryostatin-1 appears to play a significant
role in cellular responses to this agent. To ascertain the role of
PKC in the induction of either IFN-␥ mRNA or T-bet mRNA by
bryostatin-1, iDC were treated with either medium or bryostatin-1
in the presence of increasing concentrations of the specific PKC
inhibitor BI, and the expression of IFN-␥ mRNA or T-bet mRNA
was evaluated. As shown in Fig. 3B, BI inhibits both T-bet and
IFN-␥ mRNA induced by bryostatin-1. The inhibitory effect of BI
was more pronounced on T-bet mRNA (56 and 95% inhibition at
the doses of 0.1 and 1 M, respectively) than in IFN-␥ mRNA (20
and 40% inhibition).
Glucocorticoids regulate the expression of several genes (29).
Specifically, DEX has been shown to block both NF-B nuclear
translocation and AP-1/CREB interaction with the IFN-␥ promoter
(30). These two nuclear transcriptional complexes are known to
Table I. Bryostatin-1 induces IFN-␥ secretion in iDCa
IFN-␥ (pg/ml)
Treatment

Medium
Bryostatin-1 (1 ng/ml)

Donor 1
b

ND
81

Donor 2

Donor 3

Donor 4

Donor 5

ND
180

ND
190

ND
201

ND
195

a
Monocyte-derived DC from five normal donors were cultured for 18 h in the
presence or absence of 1 ng/ml bryostatin-1. Cell-free supernatants were tested by
ELISA for the presence of IFN-␥.
b
ND, not detectable.
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FIGURE 3. A, CHX differentially regulates IFN-␥
and T-bet mRNA expression. iDC were preincubated for
30 min in either medium or CHX and then cultured for
6 h in the absence or presence of 1 ng/ml bryostatin-1.
Total cellular RNA was extracted and analyzed by
Northern blot for both IFN-␥ and T-bet mRNA expression. The same membrane was rehybridized with 18S
template probe to ensure that equal amounts of RNA
were loaded in each lane. Data shown are from one of
four representative experiments performed. B, PKC inhibitor decreases IFN-␥ and T-bet mRNA expression
induced by bryostatin-1. iDC were preincubated for 30
min in medium or increasing concentrations of BI and
then cultured as above for 6 h. Northern blot analysis for
IFN-␥ and T-bet mRNA expression was performed.
Data shown are from one representative experiment of
four performed. C, DEX differentially regulates IFN-␥
and T-bet mRNA expression. iDC were preincubated for
30 min in the absence or presence of DEX and then
cultured as above for 6 h. Northern blot analysis for
IFN-␥ and T-bet mRNA expression was performed.
Data shown are from one of five representative experiments performed.

play a major role in IFN-␥ gene transcription. To ascertain the
effects of DEX on bryostatin-1-induced expression of IFN-␥ and
T-bet, human DC were cultured with DEX in the presence or the
absence of bryostatin-1 for 6 h. As shown in Fig. 3C, DEX inhibits
bryostatin-1-induced IFN-␥ mRNA. In contrast, DEX increases
bryostatin-1-induced T-bet mRNA expression. These results suggest that the intracellular events leading to both IFN-␥ and T-bet
mRNA expression in human DC in response to bryostatin-1 occur
through different pathways. We and others (31, 32) have previously reported that bryostatin-1 can signal through the ERK-1/2dependent pathway in tumor cells. To ascertain whether bryostatin-1 could also induce ERK-1/2 phosphorylation in primary cells,
human iDC were treated with bryostatin-1 for the indicated times,
and Western blot analysis was performed. As shown in Fig. 4A,
medium-treated iDC expressed very low basal levels of phosphorylated ERK-1/2. In contrast, bryostatin-1-treated cells displayed
high levels of the phosphorylated forms of ERK-1/2. The bryostatin-1-induced ERK-1/2 phosphorylation was blocked by the MEK1/2 inhibitor U1026. The induction of ERK-1/2 phosphorylation
was also observed in mDC. To determine the role of the MEK/
ERK pathway in the induction of both T-bet and IFN-␥ mRNA, we
investigated the effects of the U0126 on bryostatin-1-treated DC.
iDC were incubated for 30 min with the indicated concentrations
of U0126, and then 1 ng/ml bryostatin-1 was added for 6 h and
Northern blot analysis was performed. As shown in Fig. 4B,
U0126 inhibited the induction of IFN-␥ mRNA and T-bet mRNA
in a dose-dependent manner. As little as 0.1 M U0126 was sufficient to produce a moderate decrease of both transcripts, and a
major suppression was observed with 1 M U0126. The decreased
expression of IFN-␥ mRNA and T-bet mRNA was also observed
in mDC (data not shown).

Bryostatin-1 induces IFN-␥ through IL-12-independent pathways
IL-12 is directly involved in the production of IFN-␥ by T cells
and NK cells (33, 34). It was recently reported that IL-12 may
activate murine DC to produce IFN-␥; therefore, it is conceivable
that IL-12 could be responsible for bryostatin-1-induced IFN-␥
mRNA. To ascertain a potential role of IL-12 in the present system, we studied the effects of IL-12 in the phosphorylation status
of ERK 1/2 that we previously demonstrated is required for the
induction of IFN-␥ by bryostatin-1. Cells were treated for the indicated periods of time with bryostatin-1 or IL-12 in the presence
or absence of U0126, and Western blot analysis was performed. As
shown in Fig. 5A, iDC expressed very low levels of phosphorylated ERK 1/2. Bryostatin-1, as expected, induced a major phosphorylation of ERK 1/2. In contrast, IL-12 did not affect the basal
levels of phosphorylated ERK 1/2. To further evaluate the role of
IL-12, iDC cells were treated with either bryostatin-1 or IL-12 for
6 h in the presence or absence of U0126, and Northern blot analysis was performed. As shown in Fig. 5B, both bryostatin-1 and
IL-12 induced IFN-␥ mRNA. U0126 almost completely blocked
bryostatin-1-induced IFN-␥ mRNA, but it did not inhibit IL-12induced IFN-␥ mRNA. Interestingly, bryostatin-1 but not IL-12
induced T-bet mRNA. Finally, we investigated the effects of antiIL-12 on bryostatin-1-induced IFN-␥ mRNA. iDC were cultured
with either IL-12 or bryostatin-1 in the presence or absence of
anti-IL-12 mAb, and Northern blot assay for IFN-␥ mRNA was
performed. As shown in Fig. 5C, IL-12-induced IFN-␥ mRNA was
completely blocked in the presence of anti-IL-12 mAb. On the
contrary, anti-IL-12 mAb did not affect the expression of IFN-␥
mRNA induced by bryostatin-1. These results suggest that IL-12
and bryostatin-1 induce IFN-␥ mRNA through different pathways.
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Peripheral blood DC and CD40 plus LPS-treated monocytederived DC express IFN-␥ mRNA in response to bryostatin-1
To investigate whether bryostatin-1 induces IFN-␥ expression in
circulating blood DC, myeloid DC were purified directly from peripheral blood and treated with either medium or bryostatin-1. After 6 h, total RNA was extracted, and RT-qPCR was performed. As
shown in Fig. 7A, myeloid blood DC express very low, if any,
levels of IFN-␥ mRNA. In contrast, bryostatin-1-treated cells displayed a 9-fold increase in IFN-␥ mRNA expression compared
with their medium-treated counterpart. The data suggest two
things: 1) bryostatin-1 induces IFN-␥ mRNA in circulating blood
DC; and 2) bryostatin-1-induced IFN-␥ mRNA in monocyte-derived DC is unlikely due to the cytokine pressure that these cells
have been subjected in vitro.
TNF-␣ is not an optimal stimulus for DC maturation. To ascertain whether bryostatin-1 was capable of inducing IFN-␥ in fully
mDC, iDC were cultured in the presence or absence of CD40
ligand plus LPS. After 48 h, medium or bryostatin-1 was added to
the cells. As shown in Fig. 7B, iDC did not express IFN-␥ mRNA.
On the other hand, both bryostatin-1 and, at a lesser degree, CD40
plus LPS-treated cells displayed an increased expression of IFN-␥
mRNA. Interestingly, bryostatin-1 in combination with CD40 plus
LPS synergistically induce the expression of IFN-␥ mRNA. Overall, the data suggest that bryostatin-1 induces IFN-␥ in circulating
DC and also in monocyte-derived DC independently of their maturation status.

Discussion
FIGURE 4. A, MEK-1/2 inhibitor suppresses ERK-1/2 activation induced by bryostain-1. DC were preincubated for 30 min in the absence or
presence of 10 M U0126 and then cultured for 1 h in the absence or
presence of 1 ng/ml bryostatin-1. Total cellular protein was extracted and
analyzed by Western blot for ERK-1/2 activation. The same membrane was
reprobed with anti-ERK-2 Ab to detect the total ERK level. Data shown are
from one of four representative experiments performed. B, MEK-1/MEK-2
inhibitor decreases IFN-␥ and T-bet mRNA expression induced by bryostatin-1. DC were preincubated for 30 min in the absence or presence of
increasing concentrations of U0126 and then cultured for 6 h in medium or
1 ng/ml bryostatin-1. Northern blot analysis for IFN-␥ and T-bet mRNA
expression was performed. Data shown are from one of four representative
experiments performed.

Bryostatin-1-induced IFN-␥ mRNA in DC is not compromised in
cancer patients
Cancer patients have been reported to display several immune alterations (35–38). To explore whether bryostatin-1 effects on
IFN-␥ mRNA expression could be compromised in patients with
cancer, iDC were obtained from cancer patients and treated with
bryostatin-1 in vitro. Cells were cultured for 6 h in the presence or
absence of bryostatin-1, RNA was extracted, and Northern blot
analysis was performed. As shown in Fig. 6A, bryostatin-1-treated
iDC or mDC displayed a major induction of IFN-␥ mRNA. In
terms of the ERK-1/2 phosphorylation (Fig. 6B), bryostatin-1treated iDC or mDC displayed an ERK-1/2 phosphorylation pattern similar to that observed in normal donors. Overall, these results demonstrate that bryostatin-1 is fully capable of inducing
IFN-␥ mRNA in DC obtained from cancer patients. It also suggests that, to the extent the tumor-bearing state may produce functional defects based on inadequate IFN-␥ levels, bryostatin-1 may
overcome some of the functional alterations observed in DC obtained from cancer patients.

While the contribution of APC in producing IFN-␥ is well established in murine models (24, 25), data regarding expression and
production of IFN-␥ by human DC are limited and the mechanisms
poorly understood. In this investigation, we report for the first time
that the antineoplastic and immunomodulating agent bryostatin-1
induces the expression of both T-bet and IFN-␥ mRNA expression
in human monocyte-derived DC. In contrast with T cells, in which
bryostatin-1 alone has been reported to be insufficient to induce
IFN-␥ (7, 39), DC produce IFN-␥ in response to bryostatin-1
alone, suggesting that the mechanisms leading to IFN-␥ production
by these cells are different. Induction of IFN-␥ mRNA was dose
dependent with as little as 0.1 ng/ml bryostatin-1 needed to induce
IFN-␥ expression. Maximum expression was achieved with 10
ng/ml bryostatin-1. The induction of IFN-␥ occurred within 3 h of
treatment was further augmented at 12 h and declined thereafter.
The rapid induction of IFN-␥ mRNA expression suggests a direct
response independent of de novo protein synthesis. Indeed, the
data demonstrate that CHX treatment did not produce a major
effect in the early induction of IFN-␥ by bryostatin-1. This is in
sharp contrast with T cells in which CHX up-regulates the expression of IFN-␥ mRNA in response to treatment with either bryostatin-1 and IL-2 or IL-12 and PHA (7, 40). Bryostatin-1-induced
IFN-␥ mRNA led to protein production and secretion, suggesting
that bryostatin-1-driven IFN-␥ production is, at least in part, controlled at the gene level (Fig. 3A). Interestingly, bryostatin-1-induced IFN-␥ mRNA levels were consistently higher than those
obtained with the potent IFN-␥ mRNA inducer IL-12.
To gain insights into the biochemical mechanisms leading to the
expression of IFN-␥ by DC in response to bryostatin-1, experiments were designed to investigate whether bryostatin-1-induced
IFN-␥ mRNA expression was affected by either PKC or ERK inhibitors. Bryostatin-1 is a potent PKC modulator, and many of its
biological effects are mediated through the activation of PKC (1,
41). However, bryostatin-1 can antagonize several PKC-mediated
effects (1, 42, 43), and recent reports suggest that some biological
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FIGURE 5. A, Bryostatin-1 but not IL-12 induces
ERK-1/2 activation. iDC were cultured in the absence or
presence of 1 ng/ml bryostatin-1 or 1.5 ng/ml IL-12 for
1 h. Total cellular protein was extracted and analyzed by
Western blot for ERK-1/ERK-2 activation. The same
membrane was rehybridized with anti-ERK-2 Ab to detect total ERK level. B, Bryostatin-1 but not IL-12 induces T-bet mRNA expression. DC were preincubated
for 20 min in presence or absence of increasing concentrations of U0126 and then cultured for 6 h in 1 ng/ml
bryostatin-1 or 1.5 ng/ml IL-12. Northern blot analysis
for both IFN-␥ and T-bet mRNA expression was performed. Data shown are from one of four representative
experiments performed. C, Bryostatin-1 induces IFN-␥
mRNA through an IL-12-independent pathway. DC
were preincubated with either anti-h IL-12 Ab alone or
with a premixed combination of IL-12 and anti-human
IL-12 Ab for 1 h in the presence or absence of bryostatin-1 for 6 h. Northern blot analysis for both IFN-␥ and
T-bet mRNA expression was performed. Data shown
are from one of two representative experiments
performed.

effects of bryostatin-1 might be PKC independent (44). In the
present study, the specific PKC inhibitor BI, at a dose of 0.1 M,
induced a moderate inhibitory effect (33%) on bryostatin-1-induced IFN-␥ mRNA. These data suggest that other kinases are also
involved in the signal transduction pathway leading to IFN-␥
mRNA expression. We and others (31, 32) have reported that
bryostatin-1 induces ERK-1/2 phosphorylation in tumor cells.
Confirming and expanding these observations, we demonstrate for
the first time that bryostatin-1 can induce ERK-1/2 phosphorylation in primary human DC. Using a specific MEK kinase inhibitor,
we also provide evidence that the induction of IFN-␥ mRNA by
bryostatin-1 is MEK/ERK dependent. Using the online-based
Genomatrix suite (具www.genomatrix.de典), we identified elements
in the promoter of the IFN-␥ gene capable of binding transcription
factors belonging to the Ets family. Some members of this family
are activated in an ERK-1/2 dependent fashion (45). Future work
in our laboratory will attempt to further define the transcriptional
events induced by bryostatin-1 in DC. In contrast with the present
results, Do et al. reported that bryostatin-1 enhances the maturation
of DC without involving ERK phosphorylation (46). There are
several differences between the two experimental systems, most
notably: 1) the species used and the source of DC, murine bone
marrow cells vs human monocytes; 2) the stimuli used, bryostatin-1 in combination with calcium ionophore vs bryostatin-1 alone;
and 3) kinetics, the earliest point at which that Do et al. evaluated
ERK-1/2 phosphorylation was 2 h. We found that bryostatin-1
induced ERK-1/2 phosphorylation within 20 min (data not shown).
Any of these factors may account for the observed differences.
In an attempt to further explore the molecular mechanisms leading to the induction of IFN-␥ and T-bet mRNA expression, the

glucocorticoid DEX was used. We demonstrated that DEX differentially regulates the expression of IFN-␥ and T-bet in response to
bryostatin-1. Indeed, DEX strongly inhibits bryostatin-1-induced
IFN-␥ mRNA while it increases bryostatin-1-induced T-bet
mRNA expression. Taken together these results suggest that the
pathways leading to both IFN- ␥ and T-bet mRNA expression in
human DC in response to bryostatin-1 are different. T-bet was
initially reported to be expressed mainly in NK cells and T cells.
More recently, T-bet has been reported to be expressed in myeloid
cells where it is required for optimal production of IFN-␥ (26, 28).
Although the rapid induction of IFN-␥ mRNA in human DC suggests a direct effect of bryostatin-1 rather than a secondary effect
mediated by another bryostatin-1-inducible gene, we investigated
the role of T-bet in our experimental system. Similarly to IFN-␥
mRNA, no basal or very low basal expression of T-bet mRNA was
detected in medium-treated cells. Treatment of DC with bryostatin-1 led to a major induction of T-bet mRNA. Dose-response and
kinetics of T-bet transcript, as well as protein expression, mimicked that of IFN-␥ mRNA (Fig. 1). Notably, in our experimental
system, bryostatin-1 seems to induce IFN-␥ and T-bet through
different mechanisms. This hypothesis is supported by the following facts: 1) in contrast with IFN-␥ mRNA, induction of T-bet
mRNA is dependent on de novo protein synthesis as CHX completely blocked the induction of T-bet mRNA in DC treated with
bryostatin-1 (Fig. 3A); 2) the role of PKC in the induction of T-bet
by bryostatin-1 seems to be more prominent than in bryostatin-1induced IFN-␥ mRNA (Fig. 3B); and 3) DEX blocked bryostatin1-induced IFN-␥ mRNA but not bryostatin-1-induced T-bet
mRNA expression. Taken together, our results suggest that in human DC, bryostatin-1 may induce IFN-␥mRNA expression
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FIGURE 6. A, Bryostatin-1 induces IFN-␥ and T-bet mRNA expression
in cancer patients. DC from cancer patients were cultured in the absence or
presence of 1 ng/ml bryostatin-1 for 6 h. Total cellular RNA was isolated,
and Northern blot analysis for IFN-␥ and T-bet mRNA expression was
performed. Data shown are from one of three representative experiments
performed. B, MEK-1/2 inhibitor suppresses ERK-1/2 activation induced
by bryostatin-1 in DC derived from a cancer patient. DC obtained from a
cancer patient were preincubated for 30 min in the absence or presence of
10 M U0126 and then cultured for 1 h in medium or 1 ng/ml bryostatin-1.
Total cellular protein was extracted and analyzed by Western blot for ERK1/ERK-2 activation. The same membrane was reprobed with anti-ERK2
Ab to detect the total ERK level. Data shown are from one of three representative experiments performed.

through a T-bet-independent mechanism. These observations confirm and expand previous reports that IFN-␥ can be induced without T-bet involvement (26). Future work in our laboratory will
include the targeting of T-bet with small interfering RNA to provide further insights into the mechanisms leading to IFN-␥ expression in human DC.
IL-12 produced by DC is a major inducer of IFN-␥, so we investigated whether bryostatin-1-induced IFN-␥ was IL-12 dependent. Having previously shown that phosphorylation of ERK-1/2
plays a pivotal role in the induction of IFN-␥ mRNA by bryostatin-1, we first examined whether IL-12 could induce phosphorylation of ERK-1/2. In agreement with previous reports (47, 48),
IL-12 failed to induce ERK-1/2 phosphorylation (Fig. 5A). Second,
bryostatin-1, but not IL-12-induced IFN-␥ mRNA, was blocked by
U0126. Third, bryostatin-1 did not induce IL-12 production by
iDC (data not shown). Finally, anti-IL-12 mAb blocked IL-12induced IFN-␥ mRNA but not bryostatin-1-induced IFN-␥ mRNA.
Overall, the results strongly suggest that bryostatin-1 induces
IFN-␥ mRNA through an IL-12-independent mechanism. We have
not ruled out that other IFN-␥ inducers such as IL-18 and/or IL-23
(49, 50) could be involved in bryostatin-1-induced IFN-␥. It was
recently reported that human DC do not produce IFN-␥ in response
to IL-18 (51). Further work will be required to determine whether
IL-18 and/or IL-23 are involved in this process.
The generation of effective antitumor immunity involves the
production of Th-1 cytokines such as IL-2 and IFN-␥ that might
facilitate the induction and/or activation of tumor Ag-specific CD4
and CD8 cells (52, 53). A fundamental step in the generation of a
Th1 type response is the early production of IFN-␥ by NK and
CD4⫹ T cells.

FIGURE 7. Bryostatin-1 induces IFN-␥ mRNA expression in both peripheral blood DC and CD40 plus LPS-treated human monocyte-derived
DC. A, Myeloid DC were directly purified from blood and cultured in the
presence or absence of 1 ng/ml bryostatin-1 for 6 h. Total RNA was isolated, and RT-qPCR for IFN-␥ expression was performed. Data shown are
from one of two representative experiments performed. B, iDC were cultured in the absence or presence of 500 ng/ml CD40 ligand and 100 ng/ml
LPS. After 48 h, mDC were treated with either medium or 1 ng/ml bryostatin-1 for 6 h. Total cellular RNA was isolated, and Northern blot analysis for IFN-␥ mRNA expression was performed. Data shown are from one
of two representative experiments performed.

In the present study, we provide evidence that human DC produce IFN-␥ in response to the antineoplastic agent-bryostatin-1.
The effect was observed in DC derived from both normal donors
and cancer patients, which may be important because patients with
cancer have impaired cell-mediated immunity associated with a
switch from Th1 to Th2 (38, 54, 55). It is plausible that the production of IFN-␥ by DC at the time of Ag presentation could
rapidly facilitate the creation of a microenvironment conducive to
the generation of a potent cellular antitumor response before the
recognition of tumor-associated Ags by T cells. Furthermore, production of IFN-␥ by DC could facilitate DC maturation through an
autocrine loop (56), which in turn might render DC better APC.
Our results with DC obtained from cancer patients suggest that
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bryostatin-1 may be able to overcome some of the immune alterations described in patients with cancer. They also suggest that
bryostatin-1 may have a role in the design of DC-based cancer
vaccines.
Several recent reports have substantiated that the optimal response of T cells to DC requires T-bet expression and that sustained T-bet expression facilitates Th2 responses conversion to
Th1 responses (26, 57). It is tempting to speculate that bryostatin-1, by inducing both IFN-␥ and T-bet in DC at the time of Ag
presentation, may facilitate the generation of a potent Th1 type of
response. Moreover, the production of IFN-␥ by DC could result
not only in enhanced innate immunity, but also it might aid in
establishing a link between innate immunity and the evolving
adaptive immune response. Further work will be required to determine the functional consequences of such induction.
In summary, we have demonstrated that at doses potentially
achievable in a clinical setting, bryostatin-1 induces high levels of
both T-bet and IFN-␥ mRNA and protein secretion by primary
human DC. This study is also the first report documenting the
involvement of the ERK-1/2 pathway in controlling both T-bet and
IFN-␥ expression in human DC.
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