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Abstract

B-cell activating factor of the TNF family (BAFF) has been documented to act as a critical factor 

in the development of aggressive B lymphocytes and autoimmune diseases. However, the effect of 

various cytokines on BAFF-elicited neoplastic B-lymphoid cells is not known. In this study, we 

exhibited that administration of human soluble BAFF (hsBAFF), IL-2, IL-4, IFN-γ, or TNF-α 

alone increased cell viability and survival in Raji cells concentration-dependently, yet a more 

robust viability/survival was seen in the cells co-treatment of IL-2, IL-4, IFN-γ, or TNF-α with 

hsBAFF, respectively. Further research revealed that both Erk1/2 and S6K1 signaling pathways 

were essential for IL-2, IL-4, IFN-γ, or TNF-α enhancement of the viability/survival in the 

hsBAFF-stimulated cells, as inhibition of Erk1/2 with U0126 or down-regulation of Erk1/2, or 

blockage of S6K1 with rapamycin or silencing S6K1, or silencing S6K1/Erk1/2, respectively, 

reduced the cell viability/survival in the cells treated with/without hsBAFF ± IL-2, IL-4, IFN-γ, or 

TNF-α. These findings indicate that IL-2, IL-4, IFN-γ or TNF-α enhances BAFF-stimulated cell 

viability/survival by activating Erk1/2 and S6K1 signaling in neoplastic B-lymphoid cells. Our 

data suggest that modulation of IL-2, IL-4, IFN-γ and/or TNF-α levels, or inhibitors of Erk1/2 or 

S6K1 may be a new approach to prevent BAFF-induced aggressive B-cell malignancies.
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1. Introduction

B-cell activating factor of the TNF family (BAFF), a type II membrane protein that exists in 

both membrane-bound and soluble form, is also known as BLyS, TALL-1, THANK, and 

zTNF4 [1–4]. BAFF may be expressed by monocytes, activated neutrophils, T cells and 

dendritic cells and act as a ligand through three TNF-receptor-family members: BAFF-R 

(BR3), BCMA and TACI, and [1–10]. Evidence shows that BAFF is an important regulator 

of B-cell development, differentiation, maturation, proliferation and survival, as well as 

immune responses [11–14]. Lack of BAFF causes B lymphocyte reduction and dysfunction 

of immune system, with symptoms including single IgA, IgG, or IgM deficiency and 

common variable immunodeficiency [15, 16]. Conversely, high levels of BAFF promote cell 

proliferation/survival of peripheral B lymphocytes, and thus leading to continued production 

of plasma cells releasing pathogenic autoantibodies, which is implicated in various 

autoimmune diseases, such as systemic lupus erythematosus (SLE), rheumatoid arthritis 

(RA), and Sjögren’s syndrome (SS) [17–21]. These results highlight that BAFF is critical for 

the development of normal B cells as well as aggressive and malignant B cells. Especially, 

the malignant B cells with prolonged lifespan may be culprits in human B-cell malignancies 

related to autoimmune diseases.

In addition to BAFF, some other cytokines also affect B-cell proliferation/survival. For 

example, interleukin (IL)-2 evokes proliferation of activated B cells through surface 

receptors and induces human plasma cell differentiation [22, 23]. IL-4, as a vital growth and 

survival factor for normal B cells, promotes B cell proliferation/viability and confers 

resistance to apoptosis [24]. Interferon (IFN)-γ enhances the secretion of immunoglobulin 

(Ig) in activated murine and human B cells, and promotes the entrance to S phase of cell 

cycle in human B cells [25]. TNF-α may play a costimulatory role in mitogen-activated 

normal human B cells and act as a possible signal for proliferative of chronic B-leukemia 

cells, suggesting a potential regulatory effect of TNF-α on normal and neoplastic B-

lymphoid cells [26–30]. Taken together, these data indicate that IL-2, IL-4, IFN-γ and TNF-

α exert a key role in the modulation of cell proliferation/survival and Ig secretion in normal 

and neoplastic B-lymphoid cells [22, 23, 25–30]. However, whether and how such cytokines 

affect BAFF-promoted B-cell proliferation/survival is unknown.

The extracellular signal-related kinases 1/2 (Erk1/2), a member of mitogen-activated protein 

kinases (MAPKs) family, plays a vital action in the proliferation and survival of different 

types of cells [31, 32]. The mammalian/mechanistic target of rapamycin (mTOR), a central 

controller for regulating cell proliferation/survival [33, 34], lies downstream of 

phosphatidylinositol 3′-kinase (PI3K) and protein kinase B (PKB/Akt) [35, 36]. Activated 

PI3K/Akt may positively regulate mTOR, which further causes phosphorylation of 

ribosomal p70 S6 kinase 1 (S6K1) and eukaryotic initiation factor 4E (eIF4E) binding 

protein 1 (4E-BP1), the two best-characterized downstream effector molecules of mTOR 

[34, 37]. Many data have shown IL-2, IL-4, IFN-γ, or TNF-α can activate Erk1/2 and 

PI3K/Akt/S6K1 pathways [23, 38, 39]. Recently, our group has unveiled that human soluble 

BAFF (hsBAFF) promotes cell proliferation/survival not only in an Erk1/2-dependent 

nmanner, but also partially via activation of mTOR-mediated S6K1 and 4E-BP1 pathways in 

normal and neoplastic B-lymphoid cells [40–42]. This prompted us to study the potential 
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role of Erk1/2 and S6K1 activity in IL-2/IL-4/IFN-γ/TNF-α’s effect on hsBAFF-stimulated 

B-cell viability/survival.

Here we show that hsBAFF-stimulated cell viability/survival was significantly strengthened 

by co-treatment with IL-2, IL-4, IFN-γ, or TNF-α in Raji cells. We identified that both 

Erk1/2 and S6K1 signaling pathways were required for IL-2, IL-4, IFN-γ, or TNF-α 

enhancement of cell viability/survival in hsBAFF-stimulated Raji cells. The results indicate 

that these cytokines enhance BAFF-stimulated cell viability/survival by activating Erk1/2 

and S6K1 pathways in neoplastic B-lymphoid cells. Our findings underscore that 

manipulation of IL-2, IL-4, IFN-γ and/or TNF-α levels, or inhibitors of Erk1/2 or S6K1 may 

be a new approach to prevent BAFF-induced aggressive B-cell malignancies.

2. Materials and methods

2.1. Reagents

IL-2, IL-4, IFN-γ, and TNF-α were supplied by Peprotech (Rocky Hill, NJ, USA). Refolded 

hsBAFF was a recombinant form of the extracellular domain of the BAFF synthesized in 

Escherichia coli from our group [43]. Rapamycin was purchased from ALEXIS (San Diego, 

CA, USA), whereas U0126 was from Sigma (St. Louis, MO, USA). RPMI 1640 Medium 

was from Gibco (Rockville, MD, USA). Fetal bovine serum (FBS) was purchased from 

Hyclone (Logan, UT, USA). CellTiter 96® AQueous One Solution Cell Proliferation Assay 

kit was provided by Promega (Madison, WI, USA). Annexin V-FITC/propidium iodide (PI) 

Apoptosis Detection kit was from BD Biosciences (San Diego, CA, USA). Enhanced 

chemiluminescence solution was from Millipore (Billerica, MA, USA). Other chemicals 

used in this work are of analytical grade and were obtained from Sigma and local 

commercial sources.

2.2. Cell culture

Neoplastic B-lymphoid (Raji) cell line (American Type Culture Collection, Manassas, VA, 

USA) was cultured in RPMI 1640 medium supplemented with 10% FBS, 100 U/ml 

penicillin, 100 U/ml streptomycin in a humidified incubator of 5% CO2 at 37°C.

2.3. Lentiviral shRNA cloning and infection of cells

Lentiviral shRNA to Erk1/2, S6K1, S6K1/Erk1/2 and green fluorescence protein (GFP) (for 

control) were constructed and infected as described previously [44, 45].

2.4. MTS assay for cell viability and live cell counting by trypan blue exclusion

Raji cells, or Raji cells infected with lentiviral shRNAs to S6K1, Erk1/2 and GFP, 

respectively, were seeded in 96-well plates (3×104 cells/well, for cell viability assay) or 24-

well plates (3×105 cells/well, for trypan blue exclusion) and cultured for overnight in 

humidified incubator of 5% CO2 at 37°C. Next day, cells were treated with hsBAFF (0–0.25 

μg/ml), IL-2 (0–100 ng/ml), IL-4 (0–100 ng/ml), IFN-γ (0–100 ng/ml) or TNF-α (0–100 

ng/ml) for 48 h, or treated with/without hsBAFF (0.25 μg/ml) in the presence or absence of 

IL-2 (5 and/or 50 ng/ml), IL-4 (5 and/or 25 ng/ml), IFN-γ (10 and/or 100 ng/ml) or TNF-α 

(5 and/or 50 ng/ml) for 48 h, or pre-incubated with/without U0126 (5 μM) for 1 h or 
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rapamycin (0.2 μg/ml) for 2 h and then treated with/without hsBAFF (0.25 μg/ml) in the 

presence or absence of IL-2 (50 ng/ml), IL-4 (25 ng/ml), IFN-γ (100 ng/ml) and/or TNF-α 

(50 ng/ml) for 48 h, with 3–6 replicates of each treatment. Then, cell viability, post 

incubation with MTS reagent (one solution reagent) (20 μl/well) for 4 h, was assayed by 

monitoring the optical density (OD) at 490 nm using a Synergy™ 2 Multi-function 

Microplate Reader (Bio-Tek Instruments, Winooski, Vermont, USA). Live cells were 

recorded by counting viable cells using trypan blue exclusion.

2.5. Cell proliferation analysis and flow cytometry

Raji cells were seeded at density of 3×105 cells/well (for cell proliferation assay) and 2×106 

cells/well (for flow cytometry) in 24-well and 6-well plates, respectively. Next day, cells 

were treated with hsBAFF (0–0.25 μg/ml) for 48 h. Subsequently, the number of 

proliferative cells was counted under a Coulter Counter (Beckman Coulter, Fullerton, CA, 

USA), and the ratios of live cells were monitored by a FACS Vantage SE flow cytometer 

(Beton Dickinson, California, USA) using Annexin-V-FITC/PI Apoptosis Detection kit.

2.6. Western blot analysis

Raji cells, or Raji cells infected with lentiviral shRNAs to S6K1, Erk1/2, S6K1/Erk1/2 and 

GFP, respectively were seeded in 6-well plate (2 × 106 cells/well) and cultured overnight in 

humidified incubator of 5% CO2 at 37°C. Next day, cells were treated with hsBAFF (0–0.25 

μg/ml) for 12 h, or treated with/without hsBAFF (0.25 μg/ml) in the presence or absence of 

IL-2 (5 and/or 50 ng/ml), IL-4 (5 and/or 25 ng/ml), IFN-γ (10 and/or 100 ng/ml) or TNF-α 

(5 and/or 50 ng/ml) for 12 h, or pre-incubated with/without U0126 (5 μM) for 1 h or 

rapamycin (0.2 μg/ml) for 2 h and then treated with/without hsBAFF (0.25 μg/ml) in the 

presence or absence of IL-2 (50 ng/ml), IL-4 (25 ng/ml), IFN-γ (100 ng/ml) and/or TNF-α 

(50 ng/ml) for 12 h. Afterwards, total cell lysates were subjected to Western blotting as 

described previously [44]. The antibodies to phospho-Erk1/2 (Thr202/Tyr204), phosphor-

S6K1 (Thr389) and phospho-S6 ribosomal protein (Ser235/236) were from Cell Signaling 

Technology (Beverly, MA, USA), whereas the antibodies to Erk2, S6K1, S6 ribosomal 

protein and β-actin were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). G oat 

anti-rabbit IgG-horseradish peroxidase (HRP), goat anti-mouse IgG-HRP and rabbit anti-

goat IgG-HRP were purchased from Pierce (Rockford, IL, USA).

2.7. Analysis of statistical significance

Results were presented as mean values ± standard error (mean ± S.E.). Analysis of statistical 

significance for indicated datasets was performed by using Student’s t-test for non-paired 

replicates. Group variability and interaction were compared using either one-way or two-

way ANOVA followed by Bonferroni’s post-tests to compare replicate means. A level of p < 

0.05 was accepted to be significant.
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3. Results

3.1. IL-2, IL-4, IFN-γ, or TNF-α reinforces proliferation and survival in hsBAFF-stimulated 
neoplastic B-lymphoid cells

To test whether or how cytokines IL-1, IL-4, IFN-γ and TNF-α affect proliferation and 

survival in hsBAFF-stimulated B cells, neoplastic B-lymphoid (Raji) cells were employed as 

a model to study the mechanisms. We have recently shown that administration of 0.5–5 

μg/ml of hsBAFF for 48 h increased cell proliferation and survival in a dose-dependent 

fashion in Raji cells and primary B lymphocytes [40]. In agreement with the above findings, 

herein we also exhibited that treatment with 0.01–0.25 μg/ml hsBAFF for 48 h augmented 

cell proliferation and viability in Raji cells dose-dependently, as determined using cell 

counting (Fig. 1A) and MTS assay (Fig. 1B), respectively. Using trypan blue exclusive assay 

(Fig. 1C) and fluorescence-activated cell sorting (FACS) (Fig. 1D), we further showed that 

low-dose of hsBAFF also substantially elevated the relative number of live cells in the cells 

(Fig. 1C–D), indicating that the increase of cell survival by hsBAFF is related to the 

prolonged lifespan of the neoplastic B-lymphoid cells. Additionally, we noted that 0.25 

μg/ml of hsBAFF was able to augment the cell proliferation/viability almost to a maximal 

level, thus this dose was chosen for more experiments, as described below.

It is known that IL-2, IL-4, IFN-γ and/or TNF-α regulate immune response, including 

proliferation/viability, survival and Ig secretion, in normal and neoplastic B-lymphoid cells 

[22, 23, 25–30]. For this, Raji cells were treated with 0–100 ng/ml of IL-1, IL-4, IFN-γ or 

TNF-α alone for 48 h, respectively. As shown in Fig. 2A and B, a concentration-dependent 

increase of cell viability and survival induced by each cytokine was seen in the cells, and 

there existed a peak value for cell viability/survival at 50 ng/ml of IL-2 or TNF-α, 25 ng/ml 

of IL-4, and 100 ng/ml of IFN-γ. Next, we tested cell viability/survival induced by hsBAFF 

(0.25 μg/ml) in the presence or absence of IL-2 (5 and 50 ng/ml), IL-4 (5 and 25 ng/ml), 

IFN-γ (10 and 100 ng/ml) or TNF-α (5 and 50 ng/ml) in Raji cells. We found that IL-2, IL-4, 

IFN-γ or TNF-α potentiated the cell viability/survival stimulated by hsBAFF for 48 h in a 

concentration-dependent manner, compared to the control or hsBAFF group (Fig. 3A and 

B), respectively. The results suggest that IL-2/IL-4/IFN-γ/TNF-α can reinforce hsBAFF-

stimulated viability/survival in neoplastic B-lymphoid cells.

3.2. IL-2, IL-4, IFN-γ, or TNF-α strengthens hsBAFF-stimulated cell viability/survival 
through activating both Erk1/2 and S6K1 pathways in neoplastic B-lymphoid cells

Numerous studies have emphasized IL-2/IL-4/IFN-γ/TNF-α activation of several signaling 

pathways, including Erk1/2 and PI3K/Akt/S6K1 pathways [23, 38, 39]. Our group has 

recently shown that hsBAFF activates Erk1/2 contributing to cell proliferation/viability in 

normal and neoplastic B-lymphoid cells [40, 41]. hsBAFF elevates proliferation/survival in 

the cells, also in part, via activating mTOR-mediated S6K1 and 4E-BP1 pathways [41, 42]. 

This prompted us to search for the role of Erk1/2 and S6K1 activity in IL-2/IL-4/IFN-γ/

TNF-α enhancement of hsBAFF-stimulated B-cell viability/survival. To gain insight into the 

molecular processes required for B-cell viability/survival, Raji cells were treated with 

different concentrations of hsBAFF (0–0.25 μg/ml) alone, or with/without hsBAFF (0.25 

μg/ml) in the presence or absence of IL-2 (5 and/or 50 ng/ml), IL-4 (5 and/or 25 ng/ml), 
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IFN-γ (10 and/or 100 ng/ml), or TNF-α (5 and/or 50 ng/ml) for 12 h. Western blotting 

showed that hsBAFF obviously increased phospho-Erk1/2, phospho-S6K1 and phospho-S6 

(a substrate of S6K1) dose-dependently (Fig. 4A and B). Treatment with IL-2, IL-4, IFN-γ 

or TNF-α alone elicited a dose-dependent elevation of phospho-Erk1/2, phospho-S6K1 and 

phospho-S6 as well (Fig. 4C and D). Of importance, addition of IL-2, IL-4, IFN-γ or TNF-α 

powerfully enhanced hsBAFF-induced phosphorylation of these proteins (Fig. 4C and D), 

suggesting that these cytokines can potentiate hsBAFF-activated Erk1/2 and S6K1 pathways 

in neoplastic B-lymphoid cells.

3.3. Both Erk1/2 and S6K1 pathways are required for IL-2/IL-4/IFN-γ/TNF-α enhancement of 
viability/survival in hsBAFF-stimulated B cells

To further investigate the roles of Erk1/2 and S6K1 in IL-2/IL-4/IFN-γ/TNF-α enhancement 

of hsBAFF-stimulated B-cell viability/survival, pharmacological or genetic manipulation of 

the activity of Erk1/2 and S6K1 was conducted. At first, Raji cells were pretreated with/

without U0126 (5 μM, a selective inhibitor of MKK1/2, upstream of Erk1/2) for 1 h and then 

treated with/without hsBAFF (0.25 μg/ml) in the presence or absence of IL-2 (50 ng/ml), 

IL-4 (25 ng/ml), IFN-γ (100 ng/ml) or TNF-α (50 ng/ml) for 12 h or 48 h. We showed that 

U0126 almost completely suppressed the basal or hsBAFF-triggered phospho-Erk1/2 in the 

cells in response to each cytokine tested (Fig. 5A). Consistently, U0126 also significantly 

inhibited the basal or hsBAFF-induced B-cell viability/survival in the presence/absence of 

the individual cytokine, respectively, as detected by MTS (Fig. 5B) and trypan blue 

exclusion assay (Fig. 5C). To corroborate the above findings, genetic silence experiment for 

Erk1/2 was carried out. We showed that lentiviral shRNA to Erk1/2, but not to GFP, silenced 

expression of Erk1/2 protein by ~ 90% in Raji cells, as determined by Western blotting (Fig. 

5D). Of importance, silencing Erk1/2 reduced the basal or the individual cytokine’s 

enhancement of viability/survival stimulated by hsBAFF (Fig. 5E and F), in the line with the 

effects of U0126 (Fig. 5B and C). These findings support the idea that Erk1/2 pathway is 

essential for IL-2/IL-4/IFN-γ/TNF-α potentiation of hsBAFF-stimulated B-cell viability/

survival.

S6K1 is one of the best-characterized downstream effector molecules of mTORC1 [33, 34]. 

As rapamycin is a potent and specific inhibitor of mTORC1[35], we next employed 

rapamycin for inhibition of mTORC1-mediated S6K1 pathway. As expected, pretreatment 

with rapamycin resulted in complete blockage of the basal or hsBAFF-increased phospho-

S6K1 and phospho-S6 in the cells treated with/without IL-2, IL-4, IFN-γ or TNF-α, as 

evidenced by Western blotting (Fig. 6A). In consistence with this, the basal or hsBAFF-

enhanced B-cell viability/survival in the presence/absence of the individual cytokine was 

significantly attenuated by rapamycin as well (Fig. 6B and C). Next, we extended our studies 

using lentiviral shRNA to S6K1 to silence cellular protein expression of S6K1, showing that 

infection of Raji cells with lentiviral shRNA to S6K1 resulted in downregulation of cellular 

S6K1 protein by ~ 90%, compared to control cells infected with lentiviral shRNA to GFP 

(Fig. 6D). Of note, like treatment with rapamycin (Fig. 6B and C), silencing S6K1 

significantly reduced the cell viability/survival stimulated by hsBAFF ± the individual 

cytokine in the cells (Fig. 6E and F). The data demonstrate that S6K1 pathway is as critical 
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as Erk1/2 pathway for IL-2/IL-4/IFN-γ/TNF-α enhancement of hsBAFF-stimulated B-cell 

viability/survival.

Next, we queried whether IL-2/IL-4/IFN-γ/TNF-α enhancement of viability/survival in 

hsBAFF-stimulated B cells is indeed by activating both Erk1/2 and S6K1 pathways. To 

answer this question, we worked on our studies by double knockdown of Erk1/2 and S6K1. 

Western blot results revealed that co-infection with lentiviral shRNAs to Erk1/2 and 

S6K1silenced S6K1/Erk1/2 protein expression by ~90% in Raji cells (Fig. 7A). Of interest, 

the double silencing of S6K1/Erk1/2 showed a more potent inhibitory effect on the cell 

viability/survival stimulated by hsBAFF ± the individual cytokine in the cells (Fig. 7B and 

C), compared to the single silencing of Erk1/2 or S6K1 in the cells (Fig. 5 and 6). 

Collectively, the results underline that both Erk1/2 and S6K1 pathways are required for IL-2/

IL-4/IFN-γ/TNF-α enhancement of viability/survival in hsBAFF-stimulated B cells.

4. Discussion

A series of data have uncovered that BAFF acts as a crucial factor in aggressive B-cell 

malignancies and various autoimmune diseases, such as SLE, RA and SS [13, 21, 41, 46, 

47]. For example, lupus serum contains elevated levels of BAFF [48]. High levels of BAFF 

evoke prolonged lifespan B-cell disorders [49, 50]. The SLE patients suffer from numerous 

pathogenic autoantibodies released from aggressive B cells, due to excessive BAFF [17, 21, 

46]. However, abnormal release or effects of diverse other cytokines have been also 

documented in SLE patients and animal models both in vitro and in vivo, pointing to 

association of the autoimmune disease with the dysregulation of complex cytokine networks 

[47, 51]. It has been reported that IL-2, IL-4, IFN-γ and/or TNF-α regulate immune 

response, including proliferation/viability, survival and Ig secretion, in normal and 

neoplastic B-lymphoid cells [22, 23, 25–30]. IL-2 dysregulation is considered as a possible 

factor for lupus pathogenesis [51]. Serum IFN-γ level is elevated in some SLE patients [51, 

52]. IL-2, IL-4, and IFN-γ act as pro-survival factors in B-cell chronic lymphocytic 

leukaemia (B-CLL) and prevent the leukemic cells from undergoing apoptosis [30]. There 

exists a potential regulative role of TNF-α on aggressive B-cell disorders [26–30]. The data 

suggest that uncontrolled B-cell activation and autoimmune diseases (e.g. SLE) are 

substantially provoked by cytokine IL-2, IL-4, IFN-γ or TNF-α. Thus, it is of great 

importance to understand whether or how IL-2, IL-4, IFN-γ or TNF-α affects BAFF-

stimulated neoplastic B-lymphoid cells relative to autoimmune diseases. In this study, we 

found that treatment with IL-2, IL-4, IFN-γ, or TNF-α increased hsBAFF-induced cell 

proliferation and survival concentration-dependently in Raji cells. The results suggest that 

IL-2, IL-4, IFN- γ, or TNF-α may potently enhance BAFF-induced aggressive B-cell 

malignancies.

Studies have shown that IL-2, IL-4, IFN-γ, or TNF-α activates Erk1/2 and PI3K/Akt/S6K1 

pathways [23, 38, 39]. Our group has recently revealed that hsBAFF enhances cell 

proliferation/viability in Erk1/2-dependent manner in normal and neoplastic B-lymphoid 

cells [40, 41]. Moreover, hsBAFF also augments proliferation/survival in the cells, at least in 

part, through activating mTOR-mediated S6K1 and 4E-BP1 pathways [41, 42]. Here, we 

identified that IL-2, IL-4, IFN-γ or TNF-α reinforced hsBAFF-stimulated B-cell viability/
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survival by activating both Erk1/2 and S6K1 pathways. This is supported by the findings that 

U0126 or rapamycin inhibited the phosphorylation of Erk1/2 or S6K1 contributing to 

significant reduction of viability/survival in Raji cells treated with hsBAFF ± IL-2, IL-4, 

IFN-γor TNF-α, respectively (Fig. 5 and 6). Further, we observed that single or double 

knockdown of Erk1/2 and S6K1 by using lentivial shRNAs to Erk1/2 and S6K1 attenuated 

the cell viability/survival stimulated by hsBAFF ± the individual cytokine in Raji cells (Fig. 

5–7), and especially there existed a more potent decline for the double S6K1/Erk1/2-

silenced cells than for the single S6K1 or Erk1/2-silenced cells. To our knowledge, this is the 

first report presenting that the cytokines IL-2/IL-4/IFN-γ/TNF-α enhance BAFF-stimulated 

proliferation and survival by activating Erk1/2 and S6K1 signaling pathways in neoplastic 

B-lymphoid cells.

As BAFF extends B-cell lifespan in excess of physiological limits [17–21], the malignant B 

cells with prolonged lifespan have been demonstrated to exert central roles in the 

pathogenesis of association B-cell disorders with autoimmune diseases [21]. Notably, 

multiple studies have documented that T cell-dependent B-cell secretion of autoantibody lies 

at the heart of pathogenesis for autoimmune disease (e.g. SLE) [52]. Cytokines that activate 

B and T cells and promote their interaction forms key drivers related to the autoimmune 

disease [52]. These findings imply that manipulation of key cytokines can likely provide 

important clues to the pathogenic mechanisms underlying specific forms of autoimmune 

diseases, and pave the way toward more effective therapeutics. In this study, we observed the 

enhanced effects of IL-2, IL-4, IFN-γ or TNF-α on proliferation and survival in hsBAFF-

stimulated Raji B-lymphoid cells (Fig. 3). We also demonstrated that both Erk1/2 and S6K1 

pathways were required for IL-2, IL-4, IFN-γ or TNF-α’s enhancement of viability/survival 

in the cells triggered by hsBAFF (Fig. 5–7). A proposition that arises from this work is that 

IL-2, IL-4, IFN-γ or TNF-α’s enhancement of BAFF-activated Erk1/2 and S6K1 signaling 

may be an important mechanism in aggressive or neoplastic B-cells and autoimmune B cells. 

Our results expand a conceptual view of BAFF signaling associated with complex cytokine 

networks, which is involved in the pathophysiology of aggressive or neoplastic B-cell 

disorders.

In conclusion, we have identified that hsBAFF-promoted cell viability/survival was 

enhanced by treatment with IL-2, IL-4, IFN-γ or TNF-α in Raji cells. Mechanistically, the 

individual cytokine enhances BAFF-stimulated viability/survival by activating Erk1/2 and 

S6K1 pathways in the cells. Our findings underline that manipulation of IL-2, IL-4, IFN-γ 

and/or TNF-α levels, or inhibitors of Erk1/2 or S6K1 may be a new approach to prevent 

BAFF-induced aggressive B-cell malignancies related to autoimmune diseases.
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Abbreviations

4E-BP1 Eukaryotic initiation factor 4E binding protein 1

Akt protein kinase B (PKB)

BAFF B-cell activating factor of the TNF family

BLyS B lymphocyte stimulator

BCMA B cell maturation antigen

Erk1/2 extracellular signal-related kinase 1/2

IFN interferon

IL interleukin

MAPK mitogen-activated protein kinase

MKK mitogen-activated protein kinase kinase

mTOR mammalian target of rapamycin

PI3K phosphatidylinositol 3′-kinase

RA rheumatoid arthritis

S6K1 S6 kinase 1

SLE systemic lupus erythematosus

SS Sjögren’s syndrome

TACI transmembrane activator and cyclophilin ligand 

interactor

TALL-1 TNF and apoptosis ligand-related leukocyte-expressed 

ligand 1

THANK TNF homologue that activates apoptosis, nuclear factor 

κB, and c-Jun NH2-terminal kinase
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Highlights

• IL-2/IL-4/IFN-γ/TNF-α reinforces BAFF-stimulated viability/survival in 

neoplastic B-lymphoid cells.

• IL-2/IL-4/IFN-γ/TNF-α enhances BAFF-stimulated B-cell viability/survival by 

activating Erk1/2 and S6K1 pathways.

• Manipulating IL-2/IL-4/IFN-γ/TNF-α level or blocking Erk1/2 or S6K1 may 

prevent BAFF-induced B-cell malignancies.
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Fig. 1. 
hsBAFF stimulates B-cell proliferation and survival in a concentration dependent manner. 

Raji cells were treated with 0–0.25 μg/ml hsBAFF for 48 h. (A) Cell proliferation was 

evaluated by cell counting. (B) Cell viability was monitored by MTS assay. (C) Relative 

number of live cells was estimated by trypan blue exclusion assay. (D) Quantitative live cells 

were calculated by FACS using annexin-V-FITC/PI staining. Results are presented as mean 

± S.E. (n = 3–5). * p<0.05, ** p<0.01, difference with control group.
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Fig. 2. 
IL-2, IL-4, IFN-γ, or TNF-α promotes B-cell viability/survival. Raji cells were treated with 

0–100 ng/ml of IL-2, IL-4, IFN-γ, or TNF-α for 48 h, respectively. (A) Cell viability was 

monitored by MTS assay. (B) Relative number of live cells was estimated by trypan blue 

exclusion assay. Results are presented as mean ± S.E. (n = 5). *p<0.05, **p<0.01, difference 

with control group.
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Fig. 3. 
IL-2, IL-4, IFN-γ, or TNF-α strengthens hsBAFF-stimulated B-cell viability/survival. Raji 

cells were treated with/without hsBAFF (0.25 μg/ml) in the presence or absence of IL-2 (5 

and 50 ng/ml), IL-4 (5 and 25 ng/ml), IFN-γ (10 and 100 ng/ml), or TNF-α (5 and 50 ng/ml) 

for 48 h. (A) Cell viability was monitored by MTS assay. (B) Relative number of live cells 

was estimated by trypan blue exclusion assay. Results are presented as mean ± S.E. (n = 

5). ap<0.05, difference with control group. bp<0.05, difference with 0.25 μg/ml hsBAFF 

group.
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Fig. 4. 
IL-2, IL-4, IFN-γ, or TNF-α reinforces hsBAFF-induced activation of Erk1/2 and S6K1 

pathways in B cells. Raji cells were treated with hsBAFF (0–0.25 μg/ml) for 12 h, or with/

without hsBAFF (0.25 μg/ml) in the presence or absence of IL-2 (5 and 50 ng/ml), IL-4 (5 

and 25 ng/ml), IFN-γ (10 and 100 ng/ml), or TNF-α (5 and 50 ng/ml) for 12 h. (A and C) 

Total cell lysates were subjected to Western blotting using indicated antibodies. The blots 

were probed for β-actin as a loading control. Similar results were observed in at least three 

independent experiments (A and C), and the blots for p-Erk1/2, p-S6K1, and p-S6 were 

semi-quantified (B and D). Results are presented as mean ± S.E. (n = 3). ap<0.05, difference 

with control group. bp<0.05, difference with 0.25 μg/ml hsBAFF group.
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Fig. 5. 
Pharmacological inhibition of Erk1/2 or down-regulation of Erk1/2 prevents hsBAFF-

stimulated B-cell viability/survival enhanced by IL-2, IL-4, IFN-γ, or TNF-α. Raji cells, or 

Raji cells infected with lentiviral shRNAs to Erk1/2 and GFP, respectively, were pre-

incubated with/without U0126 (5 μM) for 1 h and then treated with/without hsBAFF (0.25 

μg/ml) in the presence or absence of IL-2 (50 ng/ml), IL-4 (25 ng/ml), IFN-γ (100 ng/ml) or 

TNF-α (50 ng/ml) for 12 h (for Western blotting) or 48 h (for cell viability/survival assay). 

(A and D) Total cell lysates were subjected to Western blotting using indicated antibodies. 

The blots were probed for β-actin as a loading control. Similar results were observed in at 

least three independent experiments. (B and E) Cell viability was monitored by MTS assay. 

(C and F) Relative number of live cells was estimated by trypan blue exclusion assay. 

Results are presented as mean ± S.E. (n = 5). ap < 0.05 difference with control group; bp < 

0.05, difference with 0.25 μg/ml hsBAFF group; cp < 0.05 − U0126 group vs + U0126 group 

Erk1/2 shRNA group vs GFP shRNA group.
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Fig. 6. 
Pharmacological inhibition of S6K1 or down-regulation of S6K1 blocks hsBAFF-stimulated 

B-cell viability/survival enhanced by IL-2, IL-4, IFN-γ, or TNF-α. Raji cells, or Raji cells 

infected with lentiviral shRNAs to S6K1 and GFP, respectively, were pre-incubated with/

without rapamycin (0.2 μg/ml) for 2 h and then treated with/without hsBAFF (0.25 μg/ml) in 

the presence or absence of IL-2 (50 ng/ml), IL-4 (25 ng/ml), IFN-γ (100 ng/ml) or TNF-α 

(50 ng/ml) for 12 h (for Western blotting) or 48 h (for cell viability/survival assay). (A and 

D) Total cell lysates were subjected to Western blotting using indicated antibodies. The blots 

were probed for β-actin as a loading control. Similar results were observed in at least three 

independent experiments. (B and E) Cell viability was monitored by MTS assay. (C and F) 

Relative number of live cells was estimated by trypan blue exclusion assay. Results are 

presented as mean ± S.E. (n = 5). ap < 0.05 difference with control group; bp < 0.05, 

difference with 0.25 μg/ml hsBAFF group; cp < 0.05 − Rapamycin group vs + Rapamycin 

group or S6K1 shRNA group vs GFP shRNA group.
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Fig. 7. 
Double silencing of Erk1/2 and S6K1 powerfully inhibits hsBAFF-stimulated B-cell 

viability/survival enhanced by IL-2, IL-4, IFN-γ, or TNF-α. Raji cells were infected with 

lentiviral shRNAs to S6K1/Erk1/2 and GFP, respectively. (A) The cells were subjected to 

Western blotting. The blots were probed for β-actin as a loading control. Similar results were 

observed in at least three independent experiments. (B and C) The cells were treated with/

without hsBAFF (0.25 μg/ml) in the presence or absence of IL-2 (50 ng/ml), IL-4 (25 ng/

ml), IFN-γ (100 ng/ml) or TNF-α (50 ng/ml) for 48 h, followed by cell viability using MTS 

assay (B) and relative number of live cells using trypan blue exclusion assay (C). Results are 

presented as mean ± S.E. (n = 5). ap < 0.05 difference with control group; bp < 0.05, 

difference with 0.25 μg/ml hsBAFF group; cp < 0.05 S6K1/Erk1/2 shRNA group vs GFP 

shRNA group.
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