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SUMMARY

The participation of a specific subset of B cells and how they are regulated in cancer is unclear. 

Here, we demonstrate that the proportion of CD5+ relative to interleukin-6 receptor α (IL-6Rα) 

expressing B cells was greatly increased in tumors. CD5+ B cells responded to IL-6 in the absence 

of IL-6Rα. IL-6 directly bound to CD5, leading to activation of the transcription factor STAT3 via 

gp130 and its downstream kinase JAK2. STAT3 upregulated CD5 expression, thereby forming a 

feed-forward loop in the B cells. In mouse tumor models, CD5+ but not CD5−B cells promoted 

tumor growth. CD5+ B cells also showed activation of STAT3 in multiple types of human tumor 

tissues. Thus, our findings demonstrate a critical role of CD5+ B cells in promoting cancer.
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INTRODUCTION

Extensive prior studies suggest the importance of various immune cells, including those of 

myeloid lineage and T cells in regulating cancer inflammation and antitumor immunity 

(Grivennikov et al., 2010; Mantovani et al., 2008; Trinchieri, 2012; Yu et al., 2009). Several 

seminal studies have also indicated an important role of B cells in promoting cancer 

progression (Ammirante et al., 2010; de Visser et al., 2005; Mantovani, 2011; Woo et al., 

2014). However, there are other reports indicating that B cells can mediate antitumor effects 

(DiLillo et al., 2010; Li et al., 2009). Our previous study shows that tumor-associated B cells 

promote tumor invasion by producing multiple pro-angiogenic factors in a STAT3-dependent 

manner (Yang et al., 2013b). Moreover, B cell infiltration and STAT3 activation in patient 

tumor-associated tissues correlate negatively with survival, at least in a limited number of 

ovarian cancer patients examined (Yang et al., 2013a). However, STAT3 is activated only in 

a subpopulation of B cells in multiple types of human tumor-associated tissues (Yang et al., 

2013a; Yang et al., 2013b). The identity of the B cells in tumor and tumor-related tissues that 

are positive for STAT3 activation remains unknown.

A crucial role of STAT3 in promoting proliferation, survival and invasion in diverse cancers 

has been established (Bollrath et al., 2009; Grivennikov et al., 2009; Yu and Jove, 2004; Yu 

et al., 2007; Yu et al., 2009). STAT3 was originally discovered in the context of IL-6-IL-6 

receptor signaling (Heinrich et al., 1998; Taga and Kishimoto, 1997). Subsequently, many 

other cytokines, such as IL-10, as well as growth factors and chemokines, have been 

identified as STAT3 activators (Donnelly et al., 1999; Kortylewski et al., 2009; Lamprecht et 

al., 2008; Stout et al., 2004). STAT3 in turn, mediates the expression of some of these 

activators, forming a feed-forward loop that facilitates persistent STAT3 activation. This 

occurs not only in tumor cells but also in various types of immune cells in the tumor 

microenvironment, promoting tumor growth, invasion and suppression of T helper 1 (Th1) 

cell antitumor immunity in cancer (Kortylewski et al., 2009; Lee et al., 2010; Yu et al., 

2009). While many cytokines and other mediators have been shown to contribute to cancer 

progression through STAT3, IL-6 has been considered by many as the most crucial STAT3 

activator for cancer progression (Catlett-Falcone et al., 1999; Grivennikov et al., 2009; 

Grivennikov and Karin, 2010; Yu et al., 2007; Yu et al., 2009). However, although B cells 

have now been shown to promote cancer, the expression of IL-6Rα is restricted to a small 

percentage of normal B cells (Hoge et al., 2013). Therefore, it remains to be investigated 

whether any other receptor(s) on B cells could contribute to IL-6 signaling and promote 

cancer progression.

CD5+ B lymphocytes are a relatively minor population of B cells in both human and murine 

lymphoid organs (Baumgarth, 2011; Berland and Wortis, 2002). However, they display some 

unique properties in that they are self-renewing and possess a propensity for malignant 

transformation. CD5+ B lymphocytes are considered to be the normal counterpart of human 

chronic lymphocytic leukemia (Dong et al., 2003; Zheng et al., 2002). A subset of CD5+ B 

cells have also been shown to be regulatory B cells, playing an important role in dampening 

several autoimmune pathologic conditions, such as collagen-induced arthritis, autoimmune 

encephalitis, chronic colitis among others (Matsushita et al., 2008; Yanaba et al., 2008). The 

ability of the CD5+ regulatory B cells in modulating immune responses and inflammation in 
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autoimmune diseases is believed to be mediated by IL-10 (Xing et al., 2015; Yoshizaki et al., 

2012). However, whether and how CD5+ B cells may dampen antitumor immune responses 

and/or enhance cancer-promoting inflammation remains to be explored. Furthermore, 

functional ligands for CD5 are still elusive.

Here we investigated whether and how CD5 contributes to B cell-mediated tumor 

progression. Our results demonstrate that CD5 bound and responded to IL-6, which 

activated STAT3 by gp130 and JAK2 in B cells in tumor microenvironment. Furthermore, 

STAT3 activation elevated expression of CD5, thereby forming a feed-forward loop. 

Moreover, CD5+ B cells and STAT3 activation and poor patient survival correlated, at least 

in a limited number of patients. Thus, our results suggest that CD5+ B cells play a critical 

role in the tumor microenvironment for cancer progression.

RESULTS

CD5+ B Cells Increase and Respond to IL-6 in the Tumor Environment

We have shown that B cells and STAT3 activation in omentum could be indicative of poor 

survival for ovarian cancer patients (Yang et al., 2013a). Because IL-6 is a key activator of 

STAT3 and is important in inflammation-mediated cancer progression (Bollrath et al., 2009; 

Grivennikov et al., 2009; Grivennikov and Karin, 2010; Heinrich et al., 2003; Yu and Jove, 

2004; Yu et al., 2009), we explored the possibility that IL-6-IL-6 receptor signaling activates 

STAT3 in tumor-associated B cells. However, flow cytometric analyses of both mouse 

splenic and human peripheral immune cells indicated that the percentage of IL-6Rα+ B cells 

was low (Figure S1). The percentage of IL-6Rα+ B cells remained low in the tumor 

microenvironment (Figure 1A). Because IL-10-producing regulatory B cells are CD5 

positive (Yoshizaki et al., 2012) and IL-10 production is STAT3 dependent (Yu et al., 2007), 

we reasoned that CD5 might aid B cells by responding to IL-6. We found that CD19+ CD5+ 

B cells were significantly increased, relative to IL-6Rα+ B cells, within tumors compared to 

periphery (Figure 1A). We found higher percentage of IgMhiIgDlo and CD11b+ B-1 

population in CD5+ B cells from naïve mouse peritoneal cavity than spleen (Figure S1B). 

We further checked IgD, IgM and CD11b expression in CD5+ B cell in the tumor 

microenvironment, compared to their splenic counterparts from tumor bearing mice (as well 

as from naïve mice, Figure S1C). Although CD5+ B cell proportion was increased in the 

tumor, the percentages of IgMhiIgDlo B-1 B cells, IgMloIgDhi B-2 B cells, and CD11b+ 

population in CD5+ B cells were similar in the tumor and in the spleens of tumor-bearing 

mice (Figure S1C). These results suggest that tumor-associated CD5+ B cells are not likely 

converted from B2 cells. Flow cytometric analyses of mouse splenic cells showed that CD5+ 

B cells within IL-6Rα− B cells responded to IL-6 for Stat3 activation (Figure 1B), which 

was confirmed by protein blotting analyses (Figure 1C).

Because IL-6 is important in tumors and the tumor microenvironment by activating STAT3, 

we next examined whether CD5 is required for tumor-derived factor-stimulated STAT3 

activation in B cells. Only CD5+ B cells, but not CD5− B cells, responded to tumor-

conditioned medium (TCM) in terms of Stat3 activation, which was IL-6-dependent (Figure 

S2). Furthermore, CD5+ B cells in mouse tumors exhibited significantly higher Stat3 activity 

than their CD5− counterparts (Figure 1D). Thus, CD5+ B cells respond to IL-6.
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Stat3 activation in CD5+IL-6Rα− B cells is not mediated by sIL-6Rα

In many inflammatory and tumor microenvironment conditions, IL-6R is known to be 

cleaved from the surface of the cell to form soluble IL-6Rα (sIL-6Rα) which nevertheless 

can activate IL-6 signaling and Stat3 by virtue of “IL-6 trans-signaling” (Neurath and 

Finotto, 2011; Rose-John, 2012; Rose-John and Neurath, 2004). To address whether 

CD5+IL-6Rα− B cells respond to IL-6 for Stat3 activation through sIL-6Rα, we performed 

real-time PCR to measure IL-6Rα mRNA level in various subsets of B cells. IL-6Rα 

(CD126) positive B cells expressed higher amounts of IL-6Rα than IL-6Rα negative B cells 

(Figure 2A). Although both CD5+ IL-6Rα− and CD5− IL-6Rα−B cells expressed much 

lower amount of IL-6Rα mRNA than IL-6Rα+B cells, CD5+ IL-6Rα− B cells exhibited 

higher p-Stat3 than CD5−IL-6Rα− B cells after IL-6 stimulation (Figure 1B and Figure 2A). 

Furthermore, we measured sIL-6Rα in the tumor microenvironment by ELISA and we found 

that sIL-6Rα was not detectable in the culture medium containing either mouse IL-6 or 

TCM (Figure S3). In addition, using B cells derived from IL-6Rα (CD126)-deficient 

(Il6ra−/−) mice we assessed whether Stat3 activation was contributed by sIL-6-IL-6 trans-

signaling. CD5+ and CD5− B cells from Il6ra−/− mice were sorted, then stimulated with IL-6 

in HBSS for 15min. Stat3 activation was determined by protein blotting. The results 

confirmed that IL-6 can stimulate Stat3 activation in Il6ra−/− CD5+ B cells, but not in 

Il6ra−/− CD5− B cells (Figure 2B). Because T cells express CD5, we also confirmed that 

IL-6 stimulated Stat3 activation in T cells derived from Il6ra−/− mice (Figure 2C). Thus, IL-6 

trans-signaling does not contribute measurably to IL-6-induced, CD5-associated Stat3 

activation. In addition, CD5 is necessary for Stat3 activation in Il6ra−/− B and T cells. 

Interestingly, IL-6 does not increase p-ERK and p-Akt levels in CD5+Il6ra−/− B cells (Figure 

2D), suggesting that CD5-mediated STAT3 activation may involve pathways that are 

different from IL-6R.

CD5 Directly Binds to IL-6

To investigate whether CD5 can directly activate STAT3, we performed experiments to 

ensure that in the absence of IL-6Rα, IL-6 can induce STAT3 activation by binding to CD5. 

Blocking IL-6Rα with its antibody has no inhibitory effects on IL-6-stimulated Stat3 

activation in B16 melanoma tumor cells overexpressing CD5 (the parental tumor cells are 

CD5−IL-6Rα+) (Figure 3A).

We next tested whether CD5 can directly bind to IL-6, thereby activate STAT3 in the tumor 

microenvironment. We performed enzyme-linked immunosorbent (ELISA)-type assays 

(Ieguchi et al., 2010) to assess if recombinant murine IL-6 binds to immobilized mouse CD5 

in a dose-dependent manner. IL-6 bound CD5 (Figure 3B), and in the presence of an 

antibody against CD5, the binding of soluble IL-6 to CD5 was blocked, suggesting that 

binding of IL-6 is specific to CD5. The kinetic affinity between murine CD5 and 

immobilized mIL6 were measured by surface plasmon resonance (Biacore). The KD was 

approximately 1 ×10−7M (Figure 3C). These results indicated that IL-6 can directly bind to 

CD5.

Zhang et al. Page 4

Immunity. Author manuscript; available in PMC 2017 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CD5-induced STAT3 Activation Requires gp130 and JAK2

IL-6Rα, along with several other receptors for related cytokines, requires gp130 and JAK for 

STAT3 activation (Heinrich et al., 1998; Jones et al., 2011; Putoczki and Ernst, 2010). We 

next investigated the relationship between CD5 and gp130 and Jak2. Overexpression of CD5 

activated both Jak2 and Stat3 in mouse B16 tumor cells (Figure 4A). Furthermore, ablation 

of the Jak2 alleles in CD5+ B cells from tumor bearing mice abrogated tumor-induced Stat3 

activation in the CD5+ B cells (Figure 4B). Blocking JAK signaling using a JAK inhibitor, 

AZD1480 (Hedvat et al., 2009), also reduced Stat3 activation induced by CD5 

overexpression and tumor conditioned medium (TCM) (Figure 4C). Neutralizing IL-6 with 

an anti-IL6 antibody reduced Stat3 activation in the CD5 over-expressing cells cultured with 

TCM (Figure 4D). In A20 B cell lymphoma cells that express CD5 (although not at a high 

amount), an interaction between CD5 and Jak2 was detectable upon stimulation of IL-6-

containing TCM (Figure 4E). Co-immunoprecipitation with a CD5 antibody followed by 

protein blotting also showed an interaction between CD5 and Jak2 in CD5-overexpressing 

B16 tumor cells (Figure 4F). We further explored the effects of silencing gp130 with siRNA 

on CD5-induced Stat3 activation. Silencing gp130 abrogated Stat3 activation induced by 

CD5-overexpression (Figure 4G). In addition, gp130 interacted with CD5 in primary mouse 

B cells, when Stat3 was activated by IL-6-containing tumor-conditioned medium (Figure 

4H). Thus, CD5-induced STAT3 activation requires gp130 and JAK2.

STAT3 Is a Direct Transcriptional Factor for CD5

Our data thus far delineated a signaling pathway connecting IL-6 with gp130-Jak2-STAT3 

through CD5. However, the percentage of CD5+ B cells in periphery, although 

approximately 5-fold higher than IL-6Rα+ B cells is still relatively small. Importantly, the 

percentage of CD5+ B cells was significantly expanded in tumors (Figure 1A). STAT3 is a 

transcription factor known to upregulate expression of several of its own upstream activators 

(Herrmann et al., 2014; Kortylewski et al., 2009; Lee et al., 2010; Xin et al., 2013; Yu et al., 

2009). We therefore explored the possibility that STAT3 upregulates CD5 expression, 

thereby forming a feed-forward loop in B cells to promote tumor progression. We showed 

that ablating Stat3 in splenic and tumor-associated B cells abrogated CD5 expression at the 

protein and/or RNA levels (Figure S4). Furthermore, silencing Stat3 in A20 B cell 

lymphoma cells caused a downregulation of CD5 expression, as shown by both protein 

blotting and quantitative real-time RT-PCR (Figure 5A). These results suggest that Stat3 

siRNA knockdown inhibits CD5 at the transcriptional level in normal B cells and malignant 

B cells. In order to determine whether this transcriptional regulation was direct, we 

performed luciferase reporter and chromatin immunoprecipitation (ChIP) analyses. 

Luciferase activity by the CD5 promoter-reporter assessed in both B16 tumor cells and 3T3 

fibroblasts indicated that CD5 transcription required Stat3 (Figure 5B). Furthermore, an 

increase in STAT3 activity through enforced expression of STAT3C, a constitutively-

activated mutant form of STAT3, increased CD5 promoter activity (Figure 5B). Mutating the 

Stat3 DNA-binding sites within the CD5 promoter also abrogated its activity (Figure 5B). A 

direct binding of Stat3 to the CD5 promoter was also shown by ChIP assay with Stat3 

antibody (Figure 5C) or p-Stat3 antibody (Figure S5). Thus, STAT3 is a transcription factor 

for the CD5 gene.
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CD5+ but Not CD5− B Cells Promote Tumor Progression

Although several seminal studies have shown a crucial role of B cells in promoting cancer 

progression (Ammirante et al., 2010; Andreu et al., 2010; de Visser et al., 2005), other 

reports have indicated that B cells could also exert antitumor effects (DiLillo et al., 2010; 

Mantovani, 2011), Our recent studies indicated that both B cell tumor-infiltrates and STAT3 

activity correlate with poor patient survival, at least in the limited tumor tissues and patients 

studied. However, only a subpopulation of B cells in the tumor-associated tissues is p-STAT3 

positive (Yang et al., 2013a; Yang et al., 2013b). We tested the hypothesis that CD5+ might 

be the subpopulation of B cells that is STAT3-positive and promotes tumor growth. We 

purified CD5+ and CD5− B cells, mixed them with B16 tumor cells, and injected the 

mixtures into Rag1−/− mice. CD5+ B cells, but not CD5− B cells, significantly increased 

tumor growth (Figure 6A). We also measured p-Stat3 level in tumor cells derived from B16 

tumors grown in Rag1−/− mice in the presence of either CD5+ B cells or CD5− B cells. p-

Stat3 was higher in B16 tumor cells mixed with CD5+ B cells than those with CD5− B cells 

(Figure S6A). These observations were confirmed in the MB49 mouse bladder tumor model 

(Figure S6B, 6C).

We further tested whether CD5+ B cells could contribute to accelerate tumor growth through 

enhancing tumor angiogenesis. Hemoglobin assays using Matrigel containing tumor cells 

and CD5-positive or CD5-negative B cells indicated that CD5+ B cells were stronger in 

inducing tumor angiogenesis than their CD5− counterparts (Figure 6B). CD5+ B cells, 

especially when stimulated by the IL-6 containing tumor-conditioned medium, secreted 

more pro-angiogenic factors, including VEGF and CCL2 (Figure 6C), and stimulated 

angiogenesis in vitro (Figure 6D). We also assessed whether CD5+ B cells could promote 

tumor growth by inhibiting antitumor immune responses. Adoptively transferring T cells 

together with CD5− B cells into Rag1−/− mice lacking B and T cells inhibited tumor growth 

(Figure 6E). Furthermore, in the presence of tumor cells, significantly more IFN-γ was 

detected in the T cell culture incubated with CD5− B cells than that with CD5+ B cells 

(Figure 6F). IL-10 production by CD5+ B cells was significantly higher compared to that by 

CD5− B cells (Figure 6G). In addition, CD5+ B cells were capable of more potently 

inhibiting IL-12 production by dendritic cells than CD5− B cells. We further showed that 

CD5+ B cells stimulated Stat3 activation in tumor cells in part by upregulating Stat3-

downstream cytokines, including IL-10 and GM-CSF (Figure S7). Thus, CD5+ B cells are 

the main contributing B cell population for tumor progression. These studies on the roles of 

CD5+ and CD5− B cells in tumor growth may clarify some controversies surrounding B 

cells’ roles in cancer.

CD5-STAT3 Feed-forward Loop Correlated with Oncogenic Activity in Human Tumor

To extend our findings in mice to human cancers, we analyzed CD5 expression and STAT3 

activity in tumor draining lymph nodes (LNs) from prostate cancer and lung cancer patients, 

as well as primary tumors from prostate cancer patients. We were able to detect strong 

STAT3 activation in the CD19+CD5+ areas but not the CD19+CD5− areas in both primary 

tumors and tumor draining LNs from prostate and lung cancer patients. Also, in both human 

primary tumors and tumor LNs, p-STAT3 expression and CD5 positivity in CD19+ B cells 

strictly correlated (Figure 7A and 7B). We next explored whether the CD5-STAT3 feed-
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forward loop has any relevance to human cancers. Our previous study, with limited number 

of patient specimens and corresponding survival data, indicated that the number of B cells in 

omental tissues of ovarian cancer patients with metastatic diseases correlates with an 

increase in STAT3 activity and might be a contributing negative factor for patient survival 

(Yang et al., 2013a). We analyzed these same tissues for CD5 expression and STAT3 

activation in B cells. Our results showed that CD5 expression in CD19+ B cells was largely 

confined to those with elevated STAT3 activity, and STAT3 activated B cells were positive 

for CD5 (Figure 7C). These results support the findings that CD5 activates STAT3 in B cells, 

which is consistent with the finding that STAT3 promotes CD5 expression, forming a feed-

forward loop that increases of CD5+ B cells and their oncogenic activity in cancer.

DISCUSSION

Although a critical role of IL-6 in regulating the most fundamental functions of B cells has 

been evident soon after its discovery (Nishimoto et al., 1994), only a small percentage of B 

cells is IL-6Rα positive in periphery in normal physiology (Hoge et al., 2013). In contrast to 

B cells, in T cells both CD5 and IL-6Rα are widely expressed. Why only such small 

percentage of B cells express IL-6Rα requires further investigation. Our findings that CD5 

can respond and bind to IL-6 identify a biologically important ligand for CD5. STAT3 

signaling as a central axis in both cancer and inflammation is well established. This study 

suggests that CD5 expression is regulated by STAT3, thereby allowing an increase in 

percentage of CD5+ B cells in cancer in which STAT3 is activated. While an important role 

of B cells in promoting as well as inhibiting cancer has been demonstrated (Andreu et al., 

2010; de Visser et al., 2005; DiLillo et al., 2010; Mantovani, 2011), our current study has 

defined CD5+ B cells but not CD5− B cells as tumor promoting. Results from our current 

study raise the possibility that other cell types may also use CD5 to respond to IL-6, thereby 

contributing to STAT3 activation.

CD5 is expressed on T cells and a subset of B cells and known to bind to ligand CD72 and 

modulate lymphocyte activation and differentiation processes (Baumgarth, 2011; Berland 

and Wortis, 2002). It has also been reported that CD5 interacts with conserved fungal cell 

wall components and suppresses zymosan-induced septic shock-like syndrome (Vera et al., 

2009). Stat3 plays an important role in Th17 cell development. Moreover, CD5 can induce 

Th17 cell development by promoting Stat3 activation (de Wit et al., 2011). Our findings are 

consistent with many of these results, and demonstrate that CD5 can bind to IL-6 to induce 

Stat3 activation. Further studies are required to determine whether at least some of the CD5's 

biological functions reported (de Wit et al., 2011; Vera et al., 2009) are contributed in part 

by its ability to bind to IL-6.

Results from our current study also suggest that overexpression of CD5 itself can promote 

STAT3 activation. Since STAT3 serves as a direct transcriptional factor for CD5, as shown 

by our data, the increase of CD5+ B cells in the tumor microenvironment is caused by 

persistent activation of STAT3 in tumor. Activation of STAT3 in tumor cells and in the tumor 

microenvironment is contributed by many factors, albeit a critical role of IL-6 (Kujawski et 

al., 2008; Wang et al., 2009). In addition to multiple cytokines and growth factors, 

chemokines and other ligands of GPCRs including sphingosine-1-phosphate (S1P), have 

Zhang et al. Page 7

Immunity. Author manuscript; available in PMC 2017 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



been shown to be critical for persistent activation of STAT3 in tumor, including many types 

of immune cells in the tumor microenvironment (Deng et al., 2012; Herrmann et al., 2014; 

Lee et al., 2010; Lee et al., 2009). A common feature of STAT3 activation is that STAT3 

regulates expression of their receptors, which in turn activate STAT3, even in the absence of 

abundant amounts of their ligands. For example, elevated expression of one of the receptors 

for S1P, S1PR1, enhances STAT3 activity in tumor cells and various immune cells in the 

tumor microenvironment, promoting cancer progression and facilitating colonization of 

myeloid cells in the future metastatic sites to provide niches for tumor cells (Deng et al., 

2012).

CD5 is overexpressed by several immune cell malignancies, including those of B cells. Our 

finding that CD5 and STAT3 forming a feed-forward loop provides some mechanistic 

insights on how CD5 overexpression promotes oncogenic potential of these malignancies. In 

addition, our analyses of human tumor and tumor-associated tissues suggest that activated 

STAT3 in B cells is largely confined to CD5+ B cell subpopulation. Since STAT3 drives CD5 

expression, and the correlation between CD5 and activated STAT3 could be contributed by 

upregulation of CD5, suggesting a feed-forward loop that increases of CD5+ B cells and 

their oncogenic activity in cancer. Furthermore, our results suggest that CD5+ B cells in 

tumor may be important for both diagnostic and therapeutic purposes. Our findings may also 

have implications for targeting IL-6 signaling in cancer.

EXPERIMENTAL PROCEDURES

Mice, cells and reagents

Cd19-Cre mice, C57BL/6 mice and Rag1−/− mice were obtained from Jackson Laboratory. 

Stat3flox/flox mice were kindly provided by Dr. S. Akira (Osaka University) and Jak2flox/flox 

mice by Dr. K-U Wagner (University of Nebraska Medical Center). IL-6Rα (CD126)-

deficient (Il6ra−/−) mice were kindly provided by Dr. Simon A.Jones (School of Medicine, 

Cardiff University).

B16 mouse melanoma, A20 mouse B cell lymphoma, NIH-3T3 fibroblast cell lines were 

from ATCC. MB49 mouse bladder carcinoma cells, C4 mouse melanoma cells and mouse 

endothelial cells were kindly provided by Drs. T. Ratliff (University of Iowa), J. Fidler and 

S. Huang (M.D. Anderson Cancer Center), respectively. Tumor-conditioned medium was 

prepared as described (Lee et al., 2009).

Sources of antibodies were: phospho-STAT3 (Y705), phospho-JAK2 (Y1007/1008), 

phospho-Src (Y416), Cell Signaling Technology; STAT3 (C-20) to detect total STAT3 

protein, mouse CD5, Santa Cruz Biotechnology; mouse gp130, Millipore; human CD19, 

AbD Serotec; human CD5, Thermo Scientific. Antibodies used for flow cytometry: mouse 

CD5 (53-7.3), mouse CD19 (6D5), mouse IL-6Rα (D7715A7), human CD5 (UCHT2), 

human CD19 (HIB19), human IL-6Rα (UV4) were from Biolegend; and phospho-Stat3 

antibodies were from BD Biosciences. Mouse IL-6 neutralization antibody and isotype 

control were purchased from eBioscience. Cd5, Stat3 and gp130 siRNAs were obtained 

from Santa Cruz Biotechnology. IL-6 was purchased from PeproTech and used at 20 ng 
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ml−1. AZD 1480 was from AstraZeneca and used at 1 μM. Recombinant mouse CD5 was 

obtained from R&D. Biotin anti- mouse IL-6 (MP5-32C11) was purchased from Biolegend.

In vivo mouse experiments

Mouse care and experimental procedures were performed under pathogen-free condition in 

accordance with established institutional guidance and approved protocols from Institutional 

Animal Care and Use Committee at City of Hope. Cd19-Cre mice were crossed with 

Stat3flox/flox to generate mice with Stat3 or Jak2 ablation in B cells. Jak2flox/flox mice 

(Krempler et al., 2004) were crossed with Mx1-Cre mice which were obtained from the 

Jackson Laboratory. Mice with Jak2−/− hematopoietic cells were generated by treating Mx1-
Cre/Jak2flox/flox mice with poly (I:C) as described previously (Kortylewski et al., 2009). 

Mouse melanoma B16 or MB49 bladder tumor cells were mixed with different subsets of B 

cells and then injected subcutaneously into Rag1−/− mice. For adoptive transfer, T cells or B 

cells were injected intravenously into Rag1−/− mice, and then B16 tumor cells were 

implanted subcutaneously after 24 h.

IL-6 binding assay

To detect IL-6 binding to CD5, we performed enzyme-linked immunosorbent assay (Ieguchi 

et al., 2010). Briefly, recombinant mouse CD5 was incubated in a 96-well plate at 4°C for 

overnight. Unbound CD5 was removed, and 200 μl of blocking buffer (ImmunoChemistry 

Technologies) was added and incubated at RT for 2 hours. The wells were washed with PBS 

containing 0.05% Tween-20, and soluble IL-6 in 1% BSA was added to each well and 

incubated at room temerature for 2 hours. IL-6 was quantified using biotin-avidin assay 

followed by a colorimetric detection. Anti-mCD5 blocking assay was performed as 

described above, except that anti-CD5 antibody was added to CD5-coated wells before 

adding IL-6.

Biacore analysis

To detect IL-6 binding to CD5 affinity, we performed Biacore assay. Binding affinity was 

measured between recombinant mouse CD5 and recombinant mouse IL6 using a Biacore 

X100 instrument (GE Healthcare). The IL6 was immobilized on a CM5 sensor chip (800 

RU) using amine-coupling chemistry following the manufacture's instructions. Using the 

kinetic affinity program, serial concentrations of mCD5 (0.25 - 8 μM) were injected at a 

flow rate of 30 μl/min at 25 °C. In all experiments, data were zero adjusted and the reference 

cell subtracted. The data were analyzed using the 1:1 model, Biacore X100 BIAevaluation 

2.0 software (GE Healthcare) and reported as KD.

Isolation of mouse immune cells

The procedure for isolating immune cells has been described previously (Lee et al., 2010). 

Mouse splenic CD19+CD5+ and CD19+CD5− B cells were FACS sorted by Aria III Sorter 

(BD).
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Human peripheral blood mononuclear cell (PBMC) preparation

The use of anonymous discarded blood samples was approved by the City of Hope 

Institutional Review Board and exempt from the informed consent requirement. PBMCs 

were isolated from citrated human blood by density gradient centrifugation using Ficoll-

Paque Plus (GE healthcare biosciences).

Flow cytometry

Data were collected on CyAn and analyzed by FlowJo software (Tree Star). For intracellular 

p-Stat3 staining, isolated cells were fixed in paraformaldehyde and permeabilized in 

methanol (Kortylewski et al., 2005).

Immunofluorescent staining and confocal microscopy

Discarded tissue specimens from ovarian cancer, lung cancer and prostate cancer patient 

were obtained through a City of Hope IRB approved protocol. Tissue section staining using 

fluorophore-conjugated secondary antibodies and imaging by con-focal microscopy were as 

previously described (Deng et al., 2012).

Cell transfection and promoter activity assay

For B16 or 3T3 cells, pCMV/Sport6/mCD5, pRC/CMV/STAT3C, the generated luciferase 

constructs, mouse STAT3 siRNA and gp130 siRNA as well as their controls were transfected 

into the cells using Lipofectamine 2000 (Invitrogen) according to the manufacturer`s 

instructions. For A20 cells, mouse Stat3 siRNA and mouse CD5 siRNA as well as their 

controls were transfected into the cells using Amaxa cell line Nucleofector Kit V (Lonza) 

according to the manufacturer`s instructions. Putative STAT binding sites in mouse Cd5 
gene were identified using TRANSFAC software and 630bp DNA fragment (−558~ +72) 

containing two putative STAT binding sites was inserted into pGL3-Basic luciferase reporter 

vector to generate mouse CD5 luciferase construct (pGL3-Cd5 WT). For site-mutation, the 

putative STAT binding sites, GTGGTTTCACAGG (−175~ −188) and GGAGTTCCCAGC 

(−329 ~−341) were changed to GTGGTagCACAGG (pGL3-Cd5 Mut2) and GGAG 

agCCCAGC (pGL3-Cd5 Mut1) by QuickChange® site-directed mutagenesis kit 

(Stratagene), respectively. Promoter activity was determined as describe (Kortylewski et al., 

2009).

Chromatin immunoprecipitation (ChIP) assays

The chromatins were prepared from 5 × 106 splenic CD19+ B cells enriched from tumor 

bearing mice. The following primers, 5’- CCTTTTACCTCGGGTGAGCT-3’, and 5’- 

AAGGGGAAGCAGGCAGTGTG -3’, were used to amplify the mouse Cd5 promoter 

region (−388~−106) spanning the putative STAT-binding sites.

Coimmunoprecipitation and immunoblotting

For the interaction study of CD5 and JAK2, B16 cells were transfected with pCMV/

sport6/Cd5 or control vector for 48 hours and lysed in buffer containing 25 mM Tirs-HCl, 

pH7.4, 1% NP-40, 150 mM NaCl, 5% glycerol and 1 mM EDTA. For interaction study of 
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CD5 and gp130, CD19+ splenic B cells were incubated with 5% TCM; for CD5 and p-JAK2 

interaction study, A20 cells were incubated with 10% TCM.

Quantitative Real-Time PCR

Total RNAs from various cell population were purified using the RNeasy system following 

the manufacturer`s instructions (Qiagen). RNA (0.5 to 1 μg) was reverse-transcribed to 

cDNA using iScript cDNA Synthesis Kit (Bio-Rad), and real-time PCR reactions were 

performed as described previously (Lee et al., 2010). Specific primers for mouse Cd5, Stat3, 

Ccl2, Vegf and Gapdh were purchased from SA Bioscience. Samples were run in triplicate 

and expressed as means ± SEM.

Tube formation assay and in vivo Matrigel angiogenesis assay

Endothelial cells (ECs) and B cells were co-cultured on neutralized collagen at 1:1 ratio in 

1% FBS-RPMI 1640 medium (1.2 mg/ml; BD Biosciences) for 16 h. Cells were fixed in 4% 

paraformaldehyde for 10 min, washed, and analyzed under an inverted light microscope 

(Nikon). Closed networks of vessel-like tubes were counted from each well. Mouse splenic 

CD19+CD5+ or CD19+CD5− B cells were mixed with B16 tumor cells in 600 ul of growth 

factor-reduced Matrigel (BD Biosciences) and then injected into Rag1−/− mice. Matrigel 

plugs were dissected 6 d later and analyzed for hemoglobin content as described (Kujawski 

et al., 2008).

Cytokine measurement

CD5+ or CD5− B cells together with either T cells (1 × 106) or DCs (1 × 105), all from 

spleens of B16 tumor-bearing mice, were placed into a well of the 48-well plate containing 

irradiated B16 tumor cells (2 × 105, 7000 rads). Culture medium was collected after 3 days 

to determine IFN-γ levels by ELISA (eBioscience) and IL-12, IL-10 levels by Multiplex 

bead assays with LEGEND plex™ Multi-Analyte Flow Assay Kits (Biolegend).

Statistical analysis

Data are shown as means ± SEM. Statistical comparisons between groups were determined 

using the Student`s t test to calculate the two-tailed p values: *** P < 0.001, **P < 0.01, *P 
< 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• CD5+ B cells increase in tumors and promote tumor progression

• CD5 binds to IL-6, leading to STAT3 activation via gp130 and JAK2

• STAT3 upregulates CD5 expression, forming a feed-forward loop in B cells

• CD5-STAT3 expression correlates with oncogenic activity in human tumor.
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Figure 1. CD19+CD5+ B cells significantly increase in tumors and are responsive to IL-6
(A) Flow cytometric analysis of splenic and tumor IL-6Rα+ and CD5+ frequencies within 

CD19+ B cells from B16 tumor bearing mouse. Data are shown as means ± SEM (n = 10); 

***P < 0.001.

(B) Levels of p-Stat3 in subpopulations of mouse splenic B cells upon IL-6 stimulation. 

Quantification is shown as means ± SEM (n = 3). **P < 0.01, ***P < 0.001.

(C) Western blotting showing p-Stat3 level in FACS-sorted CD5−IL6Rα+, CD5+IL6Rα−, 

CD5+IL6Rα+ and CD5−IL6Rα− B cells with or without IL-6 treatment for 15 min.
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(D) Levels of p-Stat3 in B16 tumor-infiltrating B cells shown by flow cytometry. 

Quantification of mean fluorescence intensity (MFI) from one of three independent 

experiments is shown as means ± SEM (normalized to isotype control; n = 5) *P < 0.05, 

***P < 0.001. See also Figure S1 and Figure S2.
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Figure 2. Stat3 activation in CD5+IL-6Rα− B cells is not mediated by sIL-6Rα

(A) Real-time RT-PCR measuring CD126 (IL-6Rα) mRNA level in different subclass 

CD19+ B cells sorted from splenocytes derived from C57BL/6 mice. Data represent means ± 

SEM of 3 independent experiments, each involving 3 pooled mice per group done in 

triplicates.

(B-C) Western blotting showing p-Stat3 level in FACS-sorted CD19+ CD5+, CD19+ CD5− B 

cells (B), and T cells (C). Both B and T cells used were from IL-6Rα-deficient mice and 

treated with IL-6 for 15 min.
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(D) Western blotting showing p-Stat3, p-Akt and p-Erk levels in CD19+ CD5+, and CD19+ 

CD5− post IL-6 treatment. CD5+ and CD5− B cells from IL-6Ra KO (Il6ra−/−) mice were 

sorted by FCS and stimulated with IL-6 for 15 min, followed by Western blotting to detect 

p-Stat3, p-Akt and p-Erk levels. See also Figure S3.
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Figure 3. CD5 directly binds to IL-6
(A) IL-6-induced Stat3 activation in CD5-overexpressing B16 melanoma cells with or 

without IL-6Rα blockade was evaluated by Western blotting.

(B) ELISA-type assays showing dose-dependent direct binding of mouse IL-6 to 

immobilized mouse CD5 (left); and blockade of the IL-6 binding to CD5 by adding an CD5 

antibody prior to incubating with IL-6 (right). Data are shown as means ± SEM (n = 3).

(C) Biacore analysis of a serial of increasing concentration of murine CD5 binding to IL-6 

immobilized on a CM5 sensor chip.
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Figure 4. CD5-induced Stat3 activation involves Jak2 and gp130
(A-B) Detection of Stat3 and Jak2 activation by Western blotting in Cd5-overexpressing B16 

tumor cells (A), and in splenic Jak2+/+ or Jak2−/− CD5+ B cells from tumor bearing mice 

(B).

(C) Western blotting showing TCM-induced Stat3 activation in Cd5-overexpression B16 

tumor cells is reduced by a Jak inhibitor, AZD1480, in B16 tumor cells.

(D) p-Stat3 levels in CD5-overexpressing B16 tumor cells with or without IL-6 depletion. 

The tumor cells stimulated for 15 min by TCM, which were pre-treated with either IgG1 

isotype control or mouse IL-6 neutralizing antibody for 60 min.

(E) Proteins co-immunoprecipitated by CD5 antibody (top) from TCM-treated or untreated 

A20 tumor cells or whole lysates (bottom) were immunoblotted for indicated proteins.

(F) Co-immunoprecipitation with CD5 antibody followed by Western blotting showing CD5 

and Jak2 in a complex in CD5-overexpressing B16 tumor cells.

(G) Western blotting showing the effect of gp130 silencing on Stat3 activation induced by 

CD5-overexpression in B16 cells.
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(H) Co-immunoprecipitation by gp130 antibody before western blotting, showing CD5-

gp130 complexes induced by TCM in naïve splenic CD19+ B cells.
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Figure 5. Stat3 is a direct transcriptional activator of CD5
(A) Western blotting and real-time RT-PCR showing CD5 and Stat3 at protein and mRNA 

levels in A20 tumor cells transfected with indicated siRNAs. Results are means ± SEM 

(normalized to control siRNA; n = 3).

(B) Luciferase assay to analyze the effect of Stat3 activity on Cd5 promoter activity. Relative 

luciferase activity (RLA) was calculated as the ratio of firefly luciferase activity to Renilla 

luciferase activity. Results are shown as means ±SEM (n = 3). Data represent one of three 

experiments.
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(C) ChIP assay demonstrating Stat3 binding to the Cd5 promoter. Chromatins were prepared 

from splenic CD19+ B cells of tumor-bearing mice. Quantitative real-time PCR (left) or 

regular PCR (right) showing the relative amounts of specific DNA fragments of CD5 
promoter after immunoprecipitating by Stat3/IgG and normalizing to the input. Results are 

means ± SEM (n = 3). See also Figure S4 and Figure S5.
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Figure 6. CD5+ B cells promote cancer progression in part by inducing angiogenesis and 
immunosuppression
(A) Tumor growth curve showing enhanced B16 tumor growth in Rag1−/− mice by adding 

CD5+ B cells to the tumor cells. Results shown are representative of 3 independent 

experiments (n = 6). *P < 0.05.

(B) Hemoglobin content measurement from Matrigel plugs containing a mixture of B16 

tumor cells and CD5+ or CD5− splenic B cells. Results are means ± SEM (n = 6). *P < 0.05.
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(C) Real-time RT-PCR showing mRNA levels of angiogenic factors (VEGF and CCL2) in 

CD5+ or CD5− splenic B cell incubated with 5% TCM for 16 h. Results are means ± SEM 

(n = 3).

(D) In vitro tube formation assay using endothelial cells mixed with CD5+ or CD5− B cells 

at the presence of 2.5% TCM. Results shown are representative of 3 independent 

experiments, as means ± s.e.m. (n = 6). *P < 0.05.

(E) Tumor growth curve showing inhibition of B16 tumor growth in Rag1−/− mice when 

CD5− B cells are included in the adoptively transferred T cells. Results shown are 

representative of 2 independent experiments (n = 6). *P < 0.05.

(F) ELISA assessing IFN-γ production from mouse T cells co-cultured with CD5+ or CD5− 

splenic B cells in the presence of irradiated B16 tumor cells, means ± SEM (n = 3). **P < 

0.01.

(G) Multiplex bead assay detecting IL-10 and IL-12 production from mouse dendritic cells 

co-cultured with CD5+ or CD5− splenic B cells in the presence of irradiated B16 tumor 

cells. Data represent means ± SEM (n = 3). **P < 0.01. See also Figure S6 and Figure S7.
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Figure 7. p-STAT3 levels and CD5 positivity in CD19+ B cells correlate in human cancer
(A) Immunofluorescent staining of CD19 and CD5 and immunohistochemical staining of p-

STAT3 in consecutive sections of regional lymph nodes (LN) from patients with prostate 

cancer (left) and non-small cell lung cancer (right). ▶ indicates CD19+CD5− and ➡ shows 

CD19+CD5+ cells. Scale bars, 100 μm.

(B) Immunofluorescent staining and confocal microscopic images showing co-expression of 

p-STAT3 (left, green) and CD5 (right, green) in CD19+ B cells (red) in consecutive sections 

of human prostate cancer tissue. Scale bars, 50 μm.
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(C) Immunofluorescent staining and confocal microscopic images (left) showing p-STAT3 

(blue) and CD5 (green) in CD19+ B cells (red) in omental tissue sections from ovarian 

cancer patients. Scale bars: 50 μm. Histograms (right) showing p-STAT3 expressing cell 

frequencies within CD5+ and CD5− B cells. Results represent means ± SEM, n = 17 (17 

images acquired from omental tissue sections from 7 ovarian cancer patients). ***P < 0.001.
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