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Abstract

The members of the TGF-β superfamily play a key role in regulating developmental and 

homeostasis programs by controlling differentiation, proliferation, polarization and survival of 

different cell types. Although the role of TGF-β1 in inflammation and immunity is well evident, 

the contribution of other TGF-β family cytokines in the modulation of the antitumor immune 

response remains less documented. Here we show that activin A triggers SMAD2 and ERK1/2 

pathways in dendritic cells (DC) expressing type I and II activin receptors, and up-regulates 

production of the TNF-α family cytokines BAFF (TALL-1, TNFSF13B) and APRIL (TALL-2, 

TNFSF13A), which is blocked by SMAD2 and ERK1/2 inhibitors, respectively. BAFF and APRIL 

derived from activin A-treated DC up-regulate proliferation and survival of T cells expressing the 

corresponding receptors - BAFF-R and TACI. In vivo, activin A stimulated DC demonstrate a 

significantly increased ability to induce tumor-specific CTL and inhibit the growth of melanoma 

and lung carcinoma, which relays on DC-derived BAFF and APRIL since knockdown of the 

BAFF and APRIL gene expression in activin A-treated DC blocks augmentation of their antitumor 

potential. Though systemic administration of activin A, BAFF or APRIL for the therapeutic 

purposes is not likely due to the pluripotent effects on malignant and non-malignant cells, our data 

open a novel opportunity for improving the efficacy of DC vaccines. In fact, a significant 

augmentation of the antitumor activity of DC pre-treated with activin A and the proven role of 

DC-derived BAFF and APRIL in the induction of antitumor immunity in vivo support this 

direction.
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Introduction

The TGF-β superfamily is a group of ~30 structurally related polypeptides: TGF-β, bone 

morphogenetic proteins, activins, inhibins, nodals, growth differentiation factors and glial-

derived neurotrophic factors. They are expressed in different tissues and function during the 

early development and in adults regulating stem cell differentiation, organ morphogenesis, 

tissue remodeling and reproduction (1). The TGF-β family members act as the dimeric 

ligands by binding to type I and II receptors, forming hetero-tetrameric complexes and 

signaling via a cytoplasmic Ser/Thr kinase domain in the canonical SMAD and non-

canonical SMAD-independent pathways (2). TGF-β1 is a well-known immunomodulatory 

cytokine that, in the tumor microenvironment, inhibits the antitumor activity of NK cells, 

cytotoxic T-cells, macrophages and dendritic cells (DC) and up-regulates the tumor-

promoting activity of regulatory T (Treg) cells and myeloid-derived suppressor cells (3–10). 

However, significantly less is known about the immunomodulatory activity of other 

members of the TGF-β family.

Activin A (ActA), a member of the TGF-β superfamily sharing the SMAD signaling 

pathway with TGF-β, was identified as gonadal protein that stimulated FSH release from 

pituitary (11), but now known to be involved in neuroprotection, wound healing, apoptosis, 

tissue repair and inflammation (12–14). ActA is a key regulator of B-cell development and, 

similar to TGF-β, can induce apoptosis in B lymphoid cells. It inhibits NK cells by 

suppressing cell proliferation, IFN-γ production and chemokine expression (15). ActA can 

induce the synthesis of prostanoids, NO and IL-1β in resting macrophages, but in the 

presence of LPS, ActA down-regulates iNOS and release of IL-1β (14). ActA can also 

function as a Th2 cytokine promoting the alternative activation of M2 macrophages (16).

Less is known about the effect of ActA on functioning of DC, the most powerful antigen-

presenting cells responsible for initiating adaptive immunity. ActA affects the generation of 

human DC and impairs the induction of T-cell proliferation, similar to the effect of TGF-β 
and dexamethasone (17). Under inflammatory conditions, ActA promotes differentiation of 

human monocyte into DC and Langerhans cells similarly to TGF-β (18,19). It can also 

counteract the expression of HLA-DR on human DC induced by IL-1β, IL-6 and TNF-α 
(17). However, neither the effect nor the mechanism of ActA action on the hematopoietic 

precursor-derived DC and the ability of DC to induce antitumor immune responses have 

been investigated.

Here we show that bone marrow-derived DC express type I and II ActA receptors and upon 

treatment with ActA produce and release the TNF family ligands APRIL and BAFF, which 

is mediated by ERK1/2 and SMAD2 signaling, respectively. DC-derived APRIL via TACI 

receptors up-regulates proliferation of T-cells while DC-derived BAFF via TACI and BAFF 

receptors up-regulates survival of activated T-cells. In both melanoma and lung carcinoma 

models, administration of ActA-treated DC significantly inhibits tumor growth and prolongs 

animal survival, which is blocked if BAFF and APRIL production in DC is precluded by 

specific shRNA. These findings provide the first evidence for a novel role of ActA in 

augmenting the immunoprotective and immunostimulating effects of DC on T-cells in vitro 
and in vivo via the TNF family ligands, as well as the antitumor potential of DC.
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MATERIAL AND METHODS

Animals

6–8-week old male C57BL/6 mice (Taconic) were housed under the standard controlled 

conditions with food and water available at libitum. All animal experiments were approved 

by the Institutional Animal Care and Use Committee and performed in accordance with the 

U.S. Public Health Service policy.

Cell cultures and treatments

Murine 3LL Lewis lung carcinoma and B16 melanoma cell lines (ATCC) were received in 

2015. For cell line authentication, ATCC utilizes Short Tandem Repeat (STR) profiling by 

amplifying 17 STR loci plus Amelogenin using Promega’s PowerPlex 18D System. Tumor 

cells were maintained in a complete RPMI 1640 medium (CM) (GIBCO BRL) 

supplemented with non-essential amino acids, 10% FBS, 2 mM L-glutamine, 100 IU/ml 

penicillin and 100 μg/ml streptomycin.

DC were generated from bone marrow hematopoietic precursors isolated from femur and 

tibia after depletion of erythrocytes, T and B lymphocytes and monocytes/macrophages. The 

enriched population of DC precursors (1×106 cells/ml) was cultured in CM containing 

rmGM-CSF and rmIL-4 (1000 U/ml, Miltenyi Biotec). Day5 DC were treated for 48h with 

ActA (100 and 500 nM, R&D Systems) and a solvent (control). DC were harvested on Day7 

and used in other experiments.

For phenotyping, DC were washed in FACS medium (HBSS containing 0.1% BSA and 

0.1% NaN3), stained with appropriately diluted antibodies and fixed in 2% 

paraformaldehyde. The following antibodies were used: anti-mouse MHC class II, CD80, 

CD86, F4/80, CD40 and CD11c (PharMingen).

Cytokines, chemokines and growth factors were measured in control and treated DC cultures 

using Luminex-based Multiplexed assay. BAFF and APRIL secretion by DC was determined 

by specific ELISA (MyBioSource).

T-cell analysis

T-cells were enriched from splenocytes by passage through the nylon wool columns 

(Polyscience) (pilot experiments) or cell sorted by CD3-based negative selection (Miltenyi 

Biotec kits) followed by the 48h treatment with: (i) control DC or DC/ActA, (ii) 20, 100 and 

500 ng/ml rmBAFF (R&D Systems), (iii) 20, 100 and 500 ng/ml rmAPRIL (R&D Systems). 

The purity of cell sorted T cells, analyzed by flow cytometry, was >98%. T-cell phenotype, 

function, proliferation and apoptosis were then assessed. B-cells, used as a control in 

receptor expression experiments, were cell sorted from splenocytes using Miltenyi Biotec 

kits.

APC-labeled anti-mouse CD25, FITC-labeled CD4 and CD8 antibody and PE FoxP3 flow 

Kit (BioLegend) were used to determine Treg cells. APC-labeled anti-BAFFR and anti-

TACI antibody (BioLegend) were used to determine the expression of BAFF and APRIL 

receptor on T cells. APC and FITC RatIgG1 isotype controls were used at the concentrations 
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(1μg/1×106T cells/100μl). For apoptosis studies, Con A (2.5μg/ml, 5h, Sigma) pre-activated 

T-cells were washed and treated with DC, BAFF and APRIL and double stained with FITC-

Annexin V (PharMingen) and APC-conjugated CD3, CD4 or CD8 (Biolegend). Early 

apoptosis was determined as the percentage of Annexin V+APC+ cells by FACScan with 

Cell Quest software package (Becton Dickinson).

T-cell proliferation was assessed after the treatment with DC, BAFF and APRIL and 

activation with Con A. T-cells were seeded at 2×105/100μl in 96-well U-bottom plates. DC 

were added in triplicates at 1:30 and 1:100 DC:T cell ratio to the total volume of 200 μl. To 

neutralize APRIL and BAFF, rmBAFF R/TNFRSF13C Fc chimera (R&D Systems) and 

rmTACI-Fc chimera (Biolegend) were used (2.5 and 10 ng/ml). T-cell proliferation was 

measured by uptake of 3H-thymidine (1 μCi/well, 5 Ci/mmol; DuPont-NEN) pulsed for 16–

18h after two days in cultures. Cells were harvested on GF/C glass fiber filters (Whatman 

Intl. Ltd) using MACH III harvester (Tomtec). 3H-thymidine incorporation was determined 

on MicroBeta TRILUX scintillation counter (WALLAC) and expressed as count per minute 

(cpm).

RT-PCR

RNA was extracted from DC and T-cells using TRIzol LS reagent (Molecular Research 

Center). First-strand cDNA was reverse transcribed with MMLV reverse transcriptase 

(Gibco) and oligo d(T)16 (Roche Applied Science) from 1μg of total RNA. PCR was 

performed using specific primers (IDT Integrated DNA Technologies) for ALK2, ALK4, 

ACTRIIB (ActA receptors), SMAD2 and SMAD4 expression in DC. Specific primers for 

TACI and BAFF-R were used to measure the expression of BAFF and APRIL receptors in T 

and B-cells. GAPDH transcript was used as an internal control. The PCR products were 

analyzed in 1.2% agarose gel containing ethidium bromide. A DNA ladder II (GeneChoice, 

Inc.) was used as a size marker.

Western blot

The following primary antibodies were used: Total SMAD2 and Phospho-SMAD2 (1:1000, 

Cell Signaling), Total ERK1/2 and Phospho-ERK1/2 (1:1000, Cell Signaling), APRIL 

(2μg/ml, Cell Signaling), BAFF (0.5μg/ml, EMD Millipore), ALK2 (ActRIA) (1μg/ml), 

ALK4 (ActRIB) (1μg/ml), ActRIIB (1:200, Abcam) and β-actin (1:50000, Sigma). For 

detection of soluble BAFF and APRIL, DC culture medium was precipitated with 1.5% 

sodium desoxycholate/60% trichloracetic acid (Sigma) and re-suspended in lysis buffer and 

Laemmli sample buffer. Samples from 1×106 cells were normalized by protein 

concentration, resolved by electrophoresis on 4–12% SDS-PAGE and transferred to PVDF 

membranes (Invitrogen). For quantitation, gels were scanned and analyzed by UN-SCAN-IT 

Gel software (Silk Scientific, Inc.). The bands were quantified by pixel density using β-actin 

as a control.

Experimental design in vivo

B16 and 3LL cells (5×104/100μl) were inoculated s.c. in flank of mice in three groups: (i) 

control (tumor cells, Day1), (ii) tumor cells+control DC (1×106cells/mouse, s.c., Day1 and 

Day7), (iii) tumor cells+DC/ActA (1×106cells/mouse, s.c., Day1 and Day7). The tumor size 
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was expressed as the tumor area (mm2). Survival of animals was also determined. To 

evaluate the role of DC-derived APRIL and BAFF in vivo, the APRIL and BAFF genes were 

knockdown in DC with 1 and 5 MOI of APRIL/TALL-2 and BAFF/TALL-1 shRNA 

Lentiviral particles (Santa Cruz Biotechnology) and Polybrene (5 μg/ml) as a transfection 

agent. shRNA Lentiviral particles encoded a scrambled shRNA served as a control. 

Transfection was conducted according to the manufacturer’s protocol, and its efficacy was 

determined by Western blot. DC/ActA cells (1×106cells/mouse, s.c.) with the knockdown 

APRIL and BAFF genes were injected as described above (group four). All studies consisted 

of 5–7 mice per group and were repeated two times.

IFN-γ assay

For evaluation of tumor-specific CTL response, splenic T-cells (1×106/ml) from control and 

DC-vaccinated tumor-bearing mice were stimulated with irradiated (300 Gy) 3LL or B16 

cells (0.2×106/ml). Cell-free supernatants were collected 48h later, and IFN-γ levels were 

determined by ELISA (R&D Systems). Supernatants from non-stimulated T-cells were used 

for assessing spontaneous cytokine production.

Statistical analysis

For a standard comparison of two groups, the Student t-test was used after evaluation of 

normality. If data distribution was not normal, a Mann-Whitney rank sum test was 

performed. For the comparison of multiple groups, analysis of variance was applied. 

SigmaStat Software was used for data analysis (SyStat Software, Inc.). For all statistical 

analyzes, p<0.05 was considered significant. All experiments were repeated at least two 

times. Data are presented as mean±SEM.

RESULTS

DC express activin A receptors and respond to activin A stimulation

Analysis of ActA receptor expression during DC differentiation revealed the expression of 

both activin type I (ALK4 and ALK2) and type II (ACTRIIB) receptor mRNA on DC 

starting from Day3 in DC cultures (Fig. 1A). These results were confirmed by Western blot 

analysis showing expression of both types I and II receptor proteins in cultured DC (Fig. 

1B). Importantly, DC isolated from the spleen expressed compatible levels of ActA 

receptors (Fig. 1B). Next, treatment of DC with ActA significantly activated both SMAD2 

and ERK1/2 signaling determined by increased levels (up to 2–3 folds based on the 

densitometric enumeration, p<0.05) of phosphorylated SMAD2 and ERK1/2 proteins in 

treated DC (Fig. 1C).

These results demonstrate that bone marrow-derived DC express ActA receptors and 

respond to ActA treatment by increasing SMAD2 and ERK1/2 phosphorylation, which 

suggests that ActA may modulate functional activity of DC.

Activin A-treated DC up-regulate proliferation and survival of T-cells

To determine whether ActA-treated DC affect T-cells, pre-activated T-cells were mixed with 

control and treated DC for 48h. The results demonstrated that ActA-treated DC significantly 
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up to 40% (p<0.05) increased expression of the IL-2 receptor α-chain CD25 (MFI and the 

percent of positive cells) on CD8+ and CD4+ T-cells (Fig. 2A). This effect was not 

associated with up-regulation of CD25+FoxP3+ regulatory T-cells (Fig. 2B), as could be 

expected if the effect of ActA on DC is similar to the effect of TGF-β1. ActA added directly 

to T-cells did not change the expression of CD25 on CD8+ and CD4+ T-cells (supplemental 

Fig. S1).

Analysis of T-cells revealed that ActA-treated DC significantly increased proliferation of T-

cells (p<0.05; Fig. 2C). Examination of T-cell survival revealed that ActA-DC were 2-fold 

stronger protectors of T-cells from activation-induced cell death than control DC. Figure 2D 

shows that the percentage of Annexin V+CD3+ cells in the non-treated and ActA-treated T-

cells was the same and reached 63%. The addition of control DC decreased the level of 

apoptotic T-cells by 2.1-fold, while ActA-DC reduced T-cell death by 4-fold (DC:T ratio 

1:30, p<0.05, n=3). Importantly, phenotypic analysis of ActA-DC revealed no changes in the 

expression of CD80, CD86, CD40 or MHC class II molecules, suggesting no alterations in 

DC maturation; no changes in CD11c or F4/80 were detected, suggesting the absence of DC 

de-differentiation into macrophages (supplemental Fig. S2).

Thus, ActA enhances the ability of DC to stimulate proliferation and decrease apoptosis of 

T-cells in vitro, which raises the question about factors and mechanisms responsible for 

these effects.

Activin A stimulates DC to produce BAFF and APRIL via SMAD2 and ERK1/2 pathways

To determine DC-derived factors responsible for up-regulation of T-cell proliferation and 

survival, production of G-CSF, Eotaxin, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, IL-3, IL-4, 

IL-6, IL-7, IL-9, IL-10, IL-12, IL-13, IL-15, IL-17, IP-10, KC, LIF, LIX, MCP-1, M-CSF, 

MIG, MIP-1α, MIP-1β, MIP-2, RANTES, TNF-α and VEGF was assessed in control and 

ActA-DC. No significant differences in tested cytokine, chemokine or growth factor 

production between control and treated DC were detected (supplemental Table I).

However, analysis of control and ActA-treated DC revealed that ActA increased secretion of 

the TNF superfamily proteins BAFF (TALL-1, TNFSF13B) and APRIL (TALL-2, 

TNFSF13A) up to 3–4 folds (p<0.05), as was determined by Western blot and ELISA (Fig. 

3A,B). Importantly, pretreatment of DC with an inhibitor of SMAD2 phosphorylation 

SB431542 abrogated ActA-induced secretion of BAFF. An inhibitor of ERK1/2 activation 

UO126 blocked ActA-induced secretion of APRIL but did not change BAFF secretion from 

DC (Fig. 3C). These results suggest that ActA stimulates DC to release BAFF via SMAD2 

and APRIL via ERK1/2 pathways.

DC-derived BAFF and APRIL regulate T-cell activity

To test whether ActA-induced DC-derived BAFF and APRIL affect T-cells, expression of 

their receptors on T-cells was determined. Figure 4A shows that T-cells express two BAFF 

receptors (BAFF-R and transmembrane activator and calcium modulator ligand interactor 

(TACI)) and APRIL receptor (TACI) mRNA and protein. Next, treatment of T-cells with 

rBAFF and rAPRIL (20–500ng/ml, 48h) demonstrated that rAPRIL (500ng/ml), but not 

rBAFF, increased proliferation of T-cells up to 2-fold (p<0.05, supplemental Fig. S3). 
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However, rBAFF decreased apoptosis of both CD4+ and CD8+ T-cells by ~40% in low 

concentrations (20ng/ml), while rAPRIL only moderately decreased CD8+ T-cell apoptosis 

in significantly higher concentrations (500ng/ml) (supplemental Fig. S4). These data suggest 

that T-cells express BAFF and APRIL receptors, and APRIL stimulates T-cells proliferation 

while BAFF serves as a T-cell survival factor.

The role of ActA-induced DC-derived APRIL and BAFF in up-regulation of T-cell activity 

was tested in the neutralizing experiments. The addition of TACI fusion proteins (TACI-Fc, 

2.5–100ng/ml) to DC/T-cell co-cultures to neutralize secreted APRIL did not change the T-

cell stimulatory capacity of control DC, but dose-dependently decreased the effect of ActA-

DC on T-cell proliferation (p<0.05, Fig. 4B). This suggests that APRIL released from ActA-

DC is responsible for up-regulation of T-cell proliferation in vitro.

Furthermore, addition of BAFF-R-Fc (10ng/ml) to the same cultures to neutralize DC-

derived BAFF abrogated the ability of ActA-DC to further decrease activation-induced 

CD8+ T-cell apoptosis compared to control DC (Fig. 4C): 76.3±6.9% of AnnexinV+ cells in 

control T-cells, 24.8±4.6% in control DC/T-cells, 14.5±2.4% in ActA-DC/T-cells and 

25.3±4.1% in ActA-DC/T-cells in the presence of BAFF-R-Fc protein (p<0.05). Similar 

results were obtained with CD4+ T-cells (supplemental Fig. S5). This suggests that BAFF 

released from ActA-DC is responsible for up-regulation of T-cell survival in vitro.

Together, our data demonstrate that ActA stimulates DC to express APRIL and BAFF, which 

in turn increase proliferation and survival of T-cells in vitro, respectively. Because the 

biological role of DC-derived BAFF and APRIL induced by ActA is unknown, we next 

tested whether BAFF and APRIL released from ActA-DC may contribute to the 

immunostimulatory potential of DC in vivo.

BAFF and APRIL from ActA-treated DC enhance the antitumor potential of DC in vivo

Evaluation of the antitumor potential of ActA-treated DC revealed that ActA significantly 

augmented the ability of DC to inhibit tumor growth in melanoma and lung carcinoma 

models (Fig. 5A,D). For example, on Day24 after B16 cell injection, the mean tumor size 

was 233.7±31.4 mm2 in non-treated mice, 88.2±13.3 mm2 in mice receiving control DC and 

11.3±2.4 mm2 in animals injected with ActA-DC (p<0.05 vs all groups, n=3, Fig. 6A). 

Similar results were observed in the lung carcinoma model (Fig. 5D).

Importantly, the strongest inhibition of tumor growth by ActA-DC correlated with animal 

survival and the generation of tumor-specific IFN-γ producing T-cells (Fig. 5B,C,D,E). For 

instance, on Day24, the percent of live animals in B16- and 3LL-bearing mice treated with 

ActA-DC reached 75% and 50%, respectively, compared to 50% and 0% in B16- and 3LL-

bearing mice treated with control DC (p<0.05 for both models). 0% of mice were alive by 

Day 24 without DC injection (Fig. 5B,E). Similarly, Figures 5C,F show that splenic T-cells 

isolated from tumor-bearing mice treated with ActA-DC released the highest levels of IFN-γ 
upon stimulation with irradiated tumor cells: 162.5±8.4 pg/ml (B16) and 155.2±4.5 pg/ml 

(3LL) versus 62.5±6.2 pg/ml (B16) and 110.5±5.4 pg/ml (3LL) released by T-cells in mice 

treated with control DC (p<0.05 for both models). The level of IFN-γ production by T-cells 

isolated from tumor-bearing mice treated with saline was only 0.5±0.03 pg/ml/48h/106cells.
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Next, the role of DC-derived BAFF and APRIL in the increased antitumor activity of ActA-

DC was tested in B16 melanoma model using DC with blocked BAFF and APRIL 

expression. Figure 6A demonstrates four- and five-fold decrease in BAFF and APRIL 

protein expression, respectively, in ActA-DC after lentiviral transfection with BAFF and 

APRIL shRNA, but not after control shRNA transfection. Analysis of tumor growth revealed 

that transfection of ActA-DC with BAFF+APRIL shRNA completely abrogated their 

superior antitumor potential (Fig. 6B). For example, on Day24 after tumor cells injection, 

the mean tumor size in mice receiving saline was 261.2±38.5 mm2; in mice treated with 

ActA-DC/control shRNA the mean tumor size was 10-fold lower, but in mice treated with 

ActA-DC/BAFF+APRIL shRNA tumor size was 2.5 times higher than in the last group 

(p<0.05) and was similar to the tumor size in mice treated with control DC (Fig. 6B). 

Furthermore, BAFF and APRIL knockdown in injected ActA-DC resulted in 3-fold (p<0.05) 

decrease of tumor-specific CTL response (Fig. 6C). Thus, these data show that BAFF and 

APRIL gene silencing in ActA-DC blocks the ActA-induced up-regulation of the antitumor 

activity of DC in vivo in tumor-bearing animals.

In summary, the results of our in vitro and in vivo studies suggest that ActA via type I and II 

activin receptors on DC activates SMAD2 and ERK1/2 pathways resulting in up-regulated 

expression of BAFF and APRIL, which, in turn, up-regulate proliferation and survival of T-

cells expressing BAFF-R and TACI; in vivo, ActA-stimulated DC demonstrate a 

significantly increased ability to induce tumor-specific CTL and inhibit tumor growth, which 

relays on DC-derived BAFF and APRIL.

Discussion

Here, we uncover an unexpected role for the TNF family cytokines BAFF and APRIL 

derived from DC treated with the TGF-β family member ActA as crucial drivers of DC-

induced antitumor immune response in melanoma- and lung carcinoma-bearing hosts.

Two ligands, BAFF and APRIL, and three receptors, BAFF-R (TNFRS13C), BCMA 

(TNFRS17, only on B cells) and TACI (TNFRS13B) form the BAFF/APRIL system. BAFF/

BAFF-R interaction is essential for both survival and maturation of immature B-cells. 

BAFF-deficient mice lack mature B-cells and are immunodeficient (20), whereas mice 

transgenic for BAFF have high numbers of mature B-cells and antibodies, including 

autoantibodies (21). APRIL/BAFF/TACI interaction is critical for T-cell-independent 

responses of B-cells to type I and II antigens and class-switch recombination of B-cells (22). 

Altered expression of BAFF or APRIL or their receptors has been reported in various B-cell 

malignancies including non-Hodgkin’s and Hodgkin’s lymphoma, CLL and multiple 

myeloma (23). Overexpression of BAFF and APRIL has been reported in solid tumors, 

including breast, colon and pancreatic cancers (24–26). In contrary, in prostate cancer, 

epithelial cell-derived BAFF protects lymphocyte survival and limits tumor expansion (27).

BAFF and APRIL are produced by macrophages, neutrophils, DC, B-cells, activated T- and 

NK cells, and also by intestinal epithelial cells, keratinocytes and osteoclasts (28–31). 

Although stimulation of BAFF and APRIL expression by IFN-α and IFN-γ in DC has been 

reported (32–34), up-regulation of BAFF expression by ActA has been shown only in the 
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mouse macrophage and DC cell lines (35) and no data on the effect of ActA on APRIL 

expression in DC are available. Here we showed that bone marrow-derived DC express both 

types of ActA receptors and respond to ActA by producing BAFF and APRIL in SMAD2- 

and ERK1/2-dependent manner, respectively (Fig. 3). Our findings also revealed that DC-

derived BAFF and APRIL may target T-cells by up-regulating their proliferation and 

longevity via BAFF-R and TACI expressed on T-cells. These new data suggest that, in 

addition to B-cells, T-cells should be considered as important targets for BAFF and APRIL. 

However, molecular signaling downstream of BAFF-R and TACI are only partly 

characterized and signaling in T-cells has not been investigated. Survival seems to be 

mediated by upregulation of the Bcl-2 family members through NF-κB activation and 

degradation of the pro-apoptotic Bim protein (30,36). Nothing is known about other 

signaling events associated with receptor engagement by BAFF and APRIL that lead for 

example to CD8+ T-cell priming or CD4+ T-cell polarization.

Our in vivo data revealed that prevention of BAFF and APRIL production in ActA-DC 

completely abrogated up-regulation of the antitumor potential of DC, which suggests that 

the local delivery of these cytokines by DC, presumably to T-cells, may stimulate T-cell 

priming and activation leading to augmented antitumor immune response. It is possible that 

the antitumor potential of DC-derived BAFF and APRIL in vivo is not limited by a direct 

activation of effector T-cells. Because BAFF and APRIL share two receptors – TACI and 

BCMA, and BCMA is expressed on B-cells, but not T-cells, one can suggest a potential role 

for B-cells in the antitumor effect of ActA-treated DC. B-cells may be involved in CTL 

priming, as TACI or BCMA on B-cells can bind to membrane-bound BAFF expressed on 

DC, and through a postulated reverse BAFF signaling (37), DC may gain the ability to prime 

CD8+ T-cells.

Involvement of BAFF and APRIL in the antitumor activity of ActA-treated DC is a new 

finding suggesting a new approach to enhancing the efficacy of DC vaccines. Interestingly, 

ActA has both oncogenic and tumor suppressor roles in cancer. For instance, in prostate and 

breast cancer ActA demonstrated tumor suppressive effects, while in lung and HNSCC, 

ActA expression correlated with increased proliferation and poor prognosis (38). ActA is 

also an anti-lymphangiogenic factor in melanoma (39). Although ActA levels were reported 

to be increased in patients with breast cancer (40) and in some mouse tumor models (41), 

new data showed that ActA protein in lung adenocarcinoma tissue was significantly lower 

than in normal lung tissue (42) and ActA may inhibit proliferation of breast cancer cell lines 

(43,44). It is likely that ActA can activate autocrine and paracrine signaling affecting 

crosstalk between the epithelial compartment and the surrounding microenvironment (45) in 

a cell-type and context-dependent manner supporting or inhibiting tumor development (38). 

Without better understanding the controversial role of ActA in cancer, the use of ActA as a 

systemic pharmacological agent appears not suitable (39). At the same time, this justifies 

investigations into utilization of ActA potential to modulate cancer vaccines ex vivo for 

improving their efficacy. It will be important to test the effect of ActA on DC activation in 

the presence of DC-stimulating agents commonly used in pre-clinical and clinical trials, 

since the effect of ActA on immature and mature DC might be different.
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In summary, although inhibition of BAFF and APRIL or their receptors has been a strong 

focal point for therapeutic development, currently no data on the clinical activity in cancer 

are available (22). Systemic administration of ActA, BAFF or APRIL for the therapeutic 

purposes is not likely dues to a wide expression of their receptors on a variety of cells. 

However, as shown here, significant augmentation of the antitumor activity of DC treated 

with ActA and the proven role of DC-derived BAFF and APRIL in the induction of 

antitumor immunity open novel opportunity for improving the efficacy of DC vaccines.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. DC express activin A receptors and respond to activin A stimulation by up-regulating 
phosphorylation of SMAD2 and ERK1/2
DC cultures were initiated from the bone marrow precursors, and cells were harvested on 

Days 0,1,3,5 and 7. A. Expression of type I and II ActA receptor ALK2, ALK4 and 

ACTRIIB mRNA was measured by RT-PCR. GAPDH mRNA was used as an internal 

control. The results of a representative experiment are shown (n=3). B. Expression of type I 

and II ActA receptors were determined by Western blot (left panel) and evaluated by 

densitometric analysis (right panel). DC isolated from the spleen (c) served as a control. C. 
Total and phosphorylated SMAD2 and ERK1/2 proteins were analyzed by Western blot in 

non-treated Day0–7 DC and Day7 ActA-treated DC (100ng/ml, 48h) (left panel). Thirty μg 
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of cell lysate protein were used for each probe. Quantitative analysis of relative band density 

and relative alteration of the proportion of phosphorylated protein (right panel) was 

performed as described in M&M. β-actin served as a housekeeping control. The results of 

one representative experiment out of three independent experiments showing similar results 

are shown.
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Figure 2. Activin A-treated DC up-regulate activation (A), proliferation (C) and survival (D) of T 
cells in vitro
Bone marrow-derived Day5 DC were treated with ActA (100 ng/ml, 48h) and mixed with 

ConA (2.5μg/ml) pre-activated splenic T-cells for 48h. Expression of CD25 (A) on CD4+ 

and CD8+ T-cells and expression of FoxP3 (B) on gated CD25+CD4+ and CD25+CD8+ T-

cells was determined by flow cytometry. The results of one representative out of three 

independent experiments are shown. C. Proliferation of T-cells mixed with control and 

ActA-treated DC at different ratios was assessed by 3H-thymidine incorporation and 

expressed as a count per minute (cpm). *, p<0.05 (ANOVA, mean ± SEM, n=3). D. Control 

and ActA-treated (100 and 500ng/ml, 48h) DC were co-incubated with ConA pre-activated 

and washed T-cells at different ratios. Untreated and ActA-treated T-cells without DC (left 

column) served as a control. The level of CD3+ T-cell apoptosis was measured by Annexin 

V binding. The results from a representative experiment are shown (n=3).
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Figure 3. Activin A up-regulates production of BAFF and APRIL in DC via SMAD2 and 
ERK1/2 pathways, respectively
A. Cell-free culture medium from control (Day5 and Day7) and ActA-treated (100ng/ml, 

48h) DC were precipitated with 1.5% sodium deoxycholate/60% trichloroacetic acid. The 

levels of BAFF and APRIL were measured by Western blot. BAFF and APRIL bands were 

quantified by densitometry as pixel/sample, and the results are presented as mean±SEM (*, 

p<0.05, ANOVA, n=4). B. DC were treated with medium and ActA (100ng/ml, 48h) and 

concentrations of BAFF and APRIL in cell-free culture supernatants were determined by 

ELISA (*, p<0.05, Student t-test, n=2). C. DC were pre-treated with an inhibitor of SMAD2 

phosphorylation SB431542 (10μM), an inhibitor of ERK1/2 phosphorylation UO126 

(20μM) or culture medium for 1h prior to the treatment with ActA (100ng/ml, 48h) or 

medium. DC supernatants were collected, precipitated and the levels of BAFF and APRIL 

were detected by Western blot. The representative results from three independent 

experiments are shown.
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Figure 4. BAFF and APRIL derived from activin A-treated DC up-regulate T-cell proliferation 
and survival in vitro
A. Expression of BAFF receptor mRNA (BAFF-R and TACI) and APRIL receptor mRNA 

(TACI) was assessed in splenic ConA-activated T-cells by RT-PCR. Splenic B-cells served 

as a control. Expression of BAFF-R and TACI on splenic CD3+ T-cells was determined by 

flow cytometry (right panels). B. DC-derived APRIL up-regulates proliferation of T-cells. 

DC were treated with ActA (100ng/ml, 48h) or medium, washed and co-cultures with ConA 

pre-activated T-cells for 48h. To neutralize DC-derived APRIL, different concentrations of 

TACI-Fc chimera were added to DC/T-cell co-cultures. T-cell proliferation was assessed 

by 3H-thymidine incorporation and expressed as a count per minute (cpm). *, p<0.05 

(ANOVA, mean±SEM, n=3). Addition of medium and control Fc served as controls and 

resulted in identical alterations of T-cell proliferation. C. DC-derived BAFF protects T-cells 

from activation-induced cell death. DC were treated with ActA (100ng/ml, 48h) or medium, 

washed and co-cultures with ConA pre-activated T-cells for 48h. T-cell apoptosis was 

initiated by removing ConA mitogen from T-cell cultures prior to their co-culture with DC. 

To neutralize DC-derived BAFF, BAFF-R-Fc chimera was added to DC/T-cell co-cultures. 

Apoptosis was assessed by flow cytometry as the percentage of Annexin V+ cells among 

CD8+ T-cells. Addition of medium and control Fc served as controls and resulted in 
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identical alterations of T-cell apoptosis. Results of one representative experiment out of three 

are shown.
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Figure 5. Activin A augments the antitumor efficacy of DC in melanoma and lung carcinoma 
models
B16 (A,B,C) and 3LL (D,E,F) tumor cells (0.05×106) were inoculated s.c. in flank of 

C57BL/6 mice in three groups (5–7 mice/group) on Day1: (i) control (tumor cells only), (ii) 

control DC, (iii) ActA-DC. Control or ActA-treated DC (100ng/ml, 48h) (1×106cells/

mouse) were injected s.c. on Day1 and Day7. The tumor size was expressed as the tumor 

area (mm2) and shown as mean±SEM (A, D). *, p< 0.05 vs groups (i) and (ii) (Two way 

ANOVA, n=3). Survival of animals was also determined (B,E). For evaluation of tumor-

specific CTL, splenic T-cells were isolated on Day24 and stimulated with medium (control) 

or irradiated (30,000Rad) B16 or 3LL cells at 5:1 T-cell:tumor cell ratio. Supernatants were 

collected 48h later, and IFN-γ levels were determined by ELISA. Supernatants from non-

stimulated T-cells were used for assessing spontaneous cytokine production (C,F) (*, p<0.05 

vs. control DC, Two way ANOVA, n=3).
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Figure 6. Knockdown of the BAFF and APRIL gene expression blocks augmentation of the 
antitumor potential of activin A-pretreated DC in vivo
The APRIL and BAFF genes were knockdown in DC with 1 and 5 MOI of APRIL/TALL-2 

and BAFF/TALL-1 shRNA Lentiviral particles and Polybrene (5μg/ml). shRNA Lentiviral 

particles encoded a scrambled shRNA served as a control. The efficacy of transfection was 

determined by the levels of protein expression using Western blot (A). (i) Control DC 

(scrambled shRNA), (ii) DC (scrambled shRNA) treated with ActA (100 ng/ml) and (iii) DC 

(BAFF+APRIL shRNA) treated with ActA were harvested 48h later, washed and injected in 

B16-bearing mice (see Fig. 5 legend). Control tumor-bearing mice did not receive DC 

injections. The tumor size was expressed as the tumor area (mm2) and shown as mean±SEM 
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(B). *, p< 0.05 vs all other groups (two-way ANOVA). All studies consisted of 5–7 mice per 

group and were independently repeated two times. Tumor-specific CTL were evaluated as 

described in Fig. 5 legend, and IFN-γ levels were determined by ELISA. (C) (*, p < 0.05 vs 

other groups, Two way ANOVA, n=3).
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