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Abstract

Blimp-1 expression in T cells extinguishes the fate of T follicular helper cells, drives terminal 

differentiation, and limits autoimmunity. Although various factors have been described to control 
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Blimp-1 expression in T cells, little is known about what regulates Blimp-1 expression in T helper 

2 (TH2) cells and the molecular basis of its actions. We report that signal transducer and activator 

of transcription 3 (STAT3) unexpectedly played a critical role in regulating Blimp-1 in TH2 cells. 

Furthermore, we found that the cytokine interleukin-10 (IL-10) acted directly on TH2 cells and 

was necessary and sufficient to induce optimal Blimp-1 expression through STAT3. Together, 

Blimp-1 and STAT3 amplified IL-10 production in TH2 cells, creating a strong autoregulatory loop 

that enhanced Blimp-1 expression. Increased Blimp-1 in T cells antagonized STAT5-regulated cell 

cycle and antiapoptotic genes to limit cell expansion. These data elucidate the signals required for 

Blimp-1 expression in TH2 cells and reveal an unexpected mechanism of action of IL-10 in T 

cells, providing insights into the molecular underpinning by which Blimp-1 constrains T cell 

expansion to limit autoimmunity.

INTRODUCTION

Blimp-1 is a transcriptional repressor with global roles in regulating cellular differentiation 

(1). First identified as the master regulator associated with B cell differentiation into plasma 

cells, Blimp-1 has now been described as a critical regulator of several other cell types (2, 

3). In T cells, Blimp-1 has been shown to antagonize T follicular helper cell (TFH) 

differentiation, control interleukin-10 (IL-10) expression in regulatory T (Treg) cells and T 

helper 1 (TH1) cells, and promote differentiation and function of cytotoxic T lymphocytes 

(4–8). Furthermore, recent studies have found a critical role for Blimp-1 in driving the 

inflammatory phenotype associated with IL-23–induced TH17 cells (9).

In CD8 T cells, Blimp-1 is required for the differentiation of shortlived effector cells after 

viral infection and highly expressed in exhausted T cells induced in response to chronic viral 

infection (10). Consistent with this, its absence in CD8 effector T cells causes expansion of 

memory cells, suggesting that Blimp-1 is important for effector cell homeostasis (4, 11). 

Paradoxically, though, conditional deletion of Blimp-1 in all T cells causes accumulation of 

effector T cells and associated systemic, fatal autoimmunity, arguing that Blimp-1 limits 

effector T cell function (12, 13). Polymorphisms of PRDM1 are linked to multiple 

autoimmune diseases, including Crohn’s disease, ulcerative colitis, and systemic lupus 

erythematosus (14–18). Together, it appears that Blimp-1 is important for the development 

of terminally differentiated effector cells, while simultaneously preventing autoimmunity. 

How Blimp-1 regulates these processes remains poorly understood, and limited mechanistic 

studies have explored the molecular basis of Blimp-1’s actions.

Although Blimp-1 in T cells has been described in several T cell subsets, including TH1, 

TH2, TH17, Treg, and T follicular regulatory cells, the signals that regulate the expression of 

Blimp-1 within each T cell subset remain unclear. In immune cells, transcription factors are 

frequently regulated by exogenous signals, especially cytokines. Many cytokines exert their 

effect through members of the signal transducer and activator of transcription (STAT) family. 

This is certainly the case for T-bet, GATA3, Rorγt, and Bcl6, all of which are important 

STAT target genes (19, 20). Therefore, several studies have explored which cytokines and 

STATs are responsible for Blimp-1 induction. In TH1 cells, IL-12 via STAT4 is critical to 

TH1 differentiation and has also been shown to drive Blimp-1 expression in TH1 cells in an 
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in vivo model (8). In a similar manner, the cytokine IL-23, which is known to promote 

inflammatory TH17 cells, can drive Blimp-1 in TH17 cells through STAT3 (9). Last, because 

IL-2 via STAT5 can suppress differentiation of TFH cells, some evidence suggests that the 

IL-2/STAT5 pathway can drive Blimp-1 expression, which subsequently represses TFH cell 

development (6, 7). In summary, several cytokines and STAT pathways have been described 

to promote Blimp-1 expression in various T cell subsets; however, the signals that regulate 

Blimp-1 expression in TH2 cells are unknown.

In this study, we set out to determine how Blimp-1 is regulated and functions in CD4 T cells. 

We uncovered a role for STAT3 downstream of IL-10 stimulation in regulating Blimp-1 in 

TH2 cells. In addition, we found that Blimp-1 expression antagonized STAT5 induction of 

key T cell survival genes in CD4 T cells, suggesting a previously unappreciated link between 

IL-10 and Blimp-1 and providing new mechanisms by which Blimp-1 limits autoimmunity.

RESULTS

Blimp-1 expression in TH2 cells requires STAT3

To identify factors important in controlling Blimp-1 expression in TH2 cells, we first 

determined optimal conditions that drive expression of Blimp-1 in in vitro–generated TH2 

cells. We activated naïve CD4 T cells isolated from Blimp-1 YFP (yellow fluorescent 

protein) reporter mice and determined YFP levels over time as a surrogate for the induction 

of Blimp-1 itself. Both TH1- and TH2-inducing conditions led to the potent expression of 

Blimp-1 after 7 to 8 days in culture, consistent with previous reports that Blimp-1 induction 

occurs late in differentiation after induction of lineage-specific cytokines and transcription 

factors (fig. S1) (21). No Blimp-1 was evident under conditions in which only IL-2 was 

added, despite previous reports suggesting that IL-2 is a major inducer of Blimp-1 (7, 21, 

22).

We next explored which of the major factors contributing to TH2 cell differentiation were 

required for Blimp-1 induction. We first measured Blimp-1 transcripts in the absence of 

STAT5 or STAT6, which are transcription factors known to be critical for TH2 cell 

development (20). Neither STAT5 nor STAT6 deficiency had a major effect on Blimp-1 

induction (Fig. 1A). We next considered a possible role for STAT3, given that it is also 

activated in TH2 cells and contributes to TH2 cell differentiation (23). We found that the 

absence of STAT3 substantially decreased Blimp-1 expression at the level of both mRNA 

and protein (Fig. 1, A and B). These data were intriguing in light of recent reports that 

STAT3 can also drive Blimp-1 expression in TH17 cells stimulated with IL-23 (9). Contrary 

to our expectations, Blimp-1 expression was unaltered in the absence of STAT3 in TH1 cells 

(Fig. 1B). In contrast to TH2 cells, TH1 cells relied on the STAT1–STAT4–T-bet axis for the 

induction of Blimp-1, in agreement with previously published reports, suggesting that TH1 

cells up-regulate Blimp-1 as part of a global TH1 differentiation program (fig. S2) (8). The 

fact that TH1 cells rely predominantly on STAT4 whereas TH2 and TH17 cells rely on 

STAT3 suggests that the Blimp-1 locus (Prdm1) is regulated in a cell type–specific or 

context-dependent manner.
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To establish the idea that STAT3 promotes Blimp-1 expression in TH2 cells in vivo, we 

immunized mice with soluble egg antigen (SEA) from Schistosoma mansoni, which is 

known to generate a robust TH2 response (24, 25). Blimp-1 was highly induced in Gata3+ 

IL-13+ T cells present in the draining lymph node 9 days after SEA immunization (Fig. 1C). 

STAT3-deficient T cells exhibited substantially lower levels of Blimp-1 compared with 

STAT3-intact T cells, suggesting that STAT3 is critically important for Blimp-1 expression 

in TH2 cells both in vitro and in vivo. Despite substantial reduction in Blimp-1 levels in the 

absence of STAT3, we observed normal TH2 differentiation as measured by Gata3 and IL-13 

expression, suggesting that STAT3 and subsequent Blimp-1 expression are not required for 

TH2 differentiation per se (Fig. 1D). Together, these data suggest that STAT3 is a critical 

regulator of Blimp-1 in TH2 cells.

IL-10 acting via STAT3 is necessary and sufficient for maximal Blimp-1 expression in TH2 
cells

One of the major cytokines produced by TH2 cells is IL-10, which is also a potent STAT3-

activating cytokine (26, 27). Therefore, we next explored whether IL-10 was one of the 

relevant factors responsible for Blimp-1 induction in TH2 cells. Addition of exogenous IL-10 

increased Blimp-1 expression in TH1 and TH2 cells early during differentiation when 

Blimp-1 levels are submaximal (Fig. 2, A and B). Moreover, blockade of the IL-10 receptor 

had the most pronounced effect on TH2 cells, suggesting a role for autocrine/paracrine IL-10 

signaling. Exogenous IL-10 had little effect on Blimp-1 later in differentiation when 

expression was maximal. However, blockade of the IL-10 receptor still profoundly affected 

Blimp-1 expression in TH2 cells, substantiating the importance of this cytokine (fig. S3A). 

In TH1 cells, addition of IL-10 also resulted in modest increases in Blimp-1. However, in 

contrast to TH2 cells, blockade of IL-10 signaling had no effect on Blimp-1 expression, 

arguing that the IL-12/STAT4 axis plays a predominant role in regulating Blimp-1 

expression in TH1 cells. Hence, IL-10 can support Blimp-1 up-regulation in TH1 cells but is 

not necessary for its induction; however, it is both necessary and sufficient for maximal 

Blimp-1 induction in TH2 cells (Fig. 2, A and B). Differences in IL-10 receptor expression 

or the ability to signal downstream of IL-10 through phosphorylated STAT3 (phospho-

STAT3) activation did not explain why IL-10 more profoundly affected Blimp-1 induction in 

TH2 cells compared to TH1 cells (fig. S3, B to D). Together, these data support a model 

where TH1 cells use STAT4 to drive Blimp-1 induction, and additional STAT3 activation can 

modestly support expression; however, TH2 cells exclusively rely on STAT3 to induce 

Blimp-1.

To confirm that IL-10 production by TH2 cells was essential for their ability to acquire 

optimal Blimp-1 expression, we cultured naïve CD4+ T cells from wild-type and IL-10–

deficient mice and measured Blimp-1 expression. IL-10–deficient TH2 cells failed to up-

regulate Blimp-1 normally (Fig. 2C, left), and addition of exogenous IL-10 to IL-10–

deficient TH2 cells restored Blimp-1 protein expression (Fig. 2C, right). Last, although 

STAT3 is thought to be the main STAT downstream of IL-10, IL-10 can also activate other 

STATs (28). We therefore confirmed that STAT3 was solely required for IL-10–dependent 

induction of Blimp-1 in TH2 cells by demonstrating that, in STAT3-deficient cells, Blimp-1 

was not induced by exogenous IL-10 (Fig. 2D).
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Because STAT3 was critical for Blimp-1 induction in TH2 cells, we examined whether this 

effect was direct by assessing whether STAT3 bound the Prdm1 locus. We found that STAT3 

bound to multiple sites within the Prdm1 locus, including the promoter and several 

enhancers also bound by p300 (Fig. 2E). STAT3 binding was strongest at locations where 

p300, a mark of active enhancers, was most strongly bound in TH2 cells (+12, +26). 

Therefore, STAT3 appears to be a direct regulator of Blimp-1 expression in TH2 cells after 

stimulation with IL-10. Collectively, these data show that IL-10 acting via STAT3 is 

requisite for in vitro control of Blimp-1 expression in TH2 cells.

We next sought to determine whether these aspects of Blimp-1 regulation were operative in 

vivo. We therefore immunized IL-10–intact or IL-10–deficient mice with SEA and found 

that Blimp-1 was robustly induced in Gata3+ IL-13+ cells from control mice. In contrast, 

TH2 cells from IL-10–deficient mice had substantially reduced Blimp-1 expression (Fig. 

3A). Blimp-1 expression was not as severely affected in the absence of IL-10 compared with 

cells lacking STAT3, suggesting that additional STAT3-activating cytokines may contribute 

to Blimp-1 induction in TH2 cells in vivo. Nonetheless, the data indicate that IL-10 and 

STAT3 are required for optimal Blimp-1 expression.

Our findings demonstrated that IL-10 was a relevant regulator of Blimp-1 expression; 

however, the approach did not establish whether IL-10 was exerting its effect directly or 

indirectly on T cells. To answer this question, we generated chimeric mice by transplanting 

immunodeficient recipients with congenically marked control and IL-10Rβ (IL-10 receptor 

β)–deficient (Thy1.2+) bone marrow, which we then immunized with SEA. Nine days after 

immunization, we found that Gata3+ IL-13+ control T cells (Thy1.1+) robustly expressed 

Blimp-1, consistent with our previous in vivo experiments. However, T cells lacking 

IL-10Rβ (Thy1.2+) expressed substantially less Blimp-1 (Fig. 3B). Together, our results 

indicate that IL-10, acting directly on effector T cells, activates STAT3 to drive optimal 

Blimp-1 expression in TH2 cells both in vitro and in vivo.

IL-10 drives its own expression through STAT3

IL-10 is known to be an important product of TH2 cells (26, 28), and having defined IL-10 

as an activator of STAT3 and an inducer of Blimp1, we next examined the effect of STAT3 

on IL-10 expression itself in TH2 cells. STAT3 is known to control IL-10 expression in T 

cells downstream of IL-27 and IL-6; thus, we wondered whether STAT3 might also be 

responsible for controlling IL-10 expression in TH2 cells (29). Therefore, we compared 

IL-10 production in in vitro–generated control and STAT3-deficient TH2 cells. Although 

STAT3-deficient TH2 cells up-regulated Gata3 and normally produced IL-13 and IL-4 (fig. 

S4), IL-10 production was markedly reduced (Fig. 4A). The addition of exogenous IL-10 to 

control TH2 cells slightly increased IL-10 and IL-4 expression. However, addition of IL-10 

to STAT3-deficient T cells failed to promote IL-10 production, establishing the requirement 

of STAT3 for the effects of exogenous IL-10 in TH2 cells.

We next sought to assess the importance of STAT3 in regulating IL-10 expression in TH2 

cells in vivo. IL-10 production by TH2 cells generated in response to SEA immunization 

also required STAT3, because STAT3-deficient TH2 cells had markedly reduced expression 

of this cytokine (Fig. 4B). These data argue that, in TH2 cells, STAT3 is required for T cell 
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IL-10 production, which in turn reinforces its own expression. To determine whether IL-10 

acts in an autocrine/paracrine manner to drive expression of itself in effector T cells, we 

compared IL-10 production in TH2 cells in transplanted chimeric mice bearing IL-10Rβ–

intact (Thy1.1+) and IL-10Rβ–deficient (Thy1.2+) T cells that were immunized with SEA. 

As expected, Gata3+ IL-13+ IL-10Rβ–expressing cells (Thy1.1+) robustly produced IL-10 

(Fig. 4C). However, IL-10 expression was substantially reduced, though not completely 

absent, in T cells lacking IL-10Rβ (Thy1.2+). This indicated that other STAT3-activating 

cytokines may contribute to Blimp-1 and IL-10 production in vivo but that IL-10 is critical 

for the optimal production of itself.

Blimp-1 is required for IL-10 expression but not TH2 differentiation

In light of the finding that STAT3 could induce both IL-10 and Blimp-1 expression, we 

postulated that IL-10 and Blimp-1 could create an autoregulatory loop (5, 8, 13, 30). We first 

determined the role of Blimp-1 in regulating IL-10 production in TH1 and TH2 cells in vitro 

by using mice in which Blimp-1 was specifically deleted in T cells (Blimp-1−/−). Although 

TH1 cells do not require IL-10 for the expression of Blimp-1 (Fig. 2A), the converse is the 

case: Blimp-1 is necessary for IL-10 expression, consistent with evidence for TH1 cells in 

vivo (Fig. 5A) (8). In contrast, although TH2 cells require IL-10 for Blimp-1 expression, 

Blimp-1 is not necessary for IL-10 expression in in vitro–generated TH2 cells. These data 

suggested that TH1 and TH2 cells differentially regulate IL-10 and Blimp-1 expression, 

again suggesting that the control of these genes is context-dependent. Given the data 

indicating a requirement for Blimp-1 in controlling IL-10 expression in TH1 cells, and our 

data in TH2 cells arguing against this paradigm, we next wanted to determine whether 

Blimp-1 was entirely dispensable in TH2 cells for the production of IL-10 both in vitro and 

in vivo. To this end, we immunized Blimp-1−/− mice with SEA and found, in contrast to our 

in vitro results (Fig. 5A), a substantial reduction, but not a complete absence, of IL-10 

production in Blimp-1−/− TH2 cells. This suggests that Blimp-1 can regulate IL-10 

expression in TH2 cells but is not an absolute requirement (Fig. 5B). In addition, we noted 

that Blimp-1−/− effector TH2 cells were slightly increased at the peak of the SEA response 

(Fig. 5C), consistent with studies on Blimp-1 in CD8 T cells (4, 10, 11). Together, our data 

argue that IL-10 can act directly on T cells to activate STAT3 and drive both Blimp-1 and 

further IL-10 production. IL-10 and Blimp-1, in turn, can promote additional IL-10 

expression, creating a feed-forward autoregulatory loop. However, the IL-10–STAT3–

Blimp-1 axis is also context-dependent, because TH1 cells rely more on Blimp-1 for the 

expression of IL-10, whereas TH2 cells can partially maintain IL-10 expression in the 

absence of Blimp-1 expression most likely by using STAT3.

Blimp-1 antagonizes STAT5-driven T cell proliferation and survival

A potential role for Blimp-1 in executing a program driven by IL-10 was intriguing, given 

the autoimmune phenotype associated with Blimp-1 deficiency and the role of IL-10 in 

tolerance (31). However, although the absence of Blimp-1 in T cells led to increased TH2 

cell responses after SEA immunization (Fig. 5C), the absence of STAT3, global IL-10, or 

IL-10 signaling in T cells did not result in altered TH2 cell differentiation (Fig. 1D and fig. 

S5). These data suggest that Blimp-1 has a role in controlling the immune response 

independent of driving IL-10 expression. To better understand the actions of Blimp-1 in T 
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cells, we explored the transcriptomic program regulated by Blimp-1 in T cells. However, we 

reasoned that up-regulating Blimp-1 by inducing TH2 differentiation would likely not clarify 

genes directly regulated by Blimp-1 per se. We therefore used a simpler, albeit artificial, 

system, namely, retroviral overexpression of Blimp-1 in nonpolarized T cells (which lack 

Blimp-1 expression). Despite efficient transduction [marked by green fluorescent protein 

(GFP)] in control cells, we consistently found that generation of Blimp-1–expressing cells 

was extremely inefficient (fig. S6). We explored whether Blimp-1 expression was inducing 

cell death and found a substantial increase in nonviable cells compared with control cells 

(Fig. 6A, top). However, despite the paucity of cells, we were able to analyze the Blimp-1–

dependent transcriptome. Consistent with an increase in cell death, we found that Blimp-1 

expression was associated with the down-regulation of cell cycle and cell survival genes 

(Fig. 6B, top).

Many genes that regulate cell cycle entry and promote cell survival in T cells are targets of 

STAT5 (32). Therefore, we next examined the intersection between STAT5- and Blimp-1–

regulated genes. We found that the expression of STAT5-activated genes (33) was enriched 

in control cells and was poor in Blimp-1–expressing cells (Fig. 6B, middle and bottom). We 

therefore investigated whether the cell death phenotype induced by Blimp-1 could be 

reversed by transgenic, constitutive expression of Bcl2, the canonical STAT5-regulated 

prosurvival gene. Coexpression of Bcl2 substantially rescued Blimp-1–mediated cell death 

(Fig. 6A, bottom).

Blimp-1 and STAT5 had notable overlapping genomic binding in T cells (Fig. 6C), 

suggesting that Blimp-1 might be directly antagonizing STAT5 target genes. STAT5 binding 

was highly enriched in proximity to Blimp-1 binding sites, whereas Bcl6 binding had 

limited overlap with STAT5 sites (Fig. 6C). This suggested that Blimp-1 was capable of 

binding to genes directly activated by STAT5 and potentially repressing expression. To 

examine this further, we next looked at specific genes known to be involved in cell cycle and 

regulated by STAT5, such as Bcl2, Ccnd3 (which encodes cyclin D3), and Il2. We found 

several regions where Blimp-1 and STAT5 both bound, including promoters and potential 

enhancers (Fig. 6D).

Last, to test whether STAT5 could antagonize Blimp-1–mediated cell death in T cells, we 

overexpressed a constitutively active form of STAT5 (CA-STAT5) together with Blimp-1 

into STAT5-deficient T cells. Consistent with our previous results, overexpression of 

Blimp-1 alone was associated with low cell recovery, whereas co-overexpression of CA-

STAT5 in T cells was sufficient to partially rescue the cell loss and Blimp-1–mediated cell 

death (Fig. 6E). Collectively, these data suggested that Blimp-1 modifies expression of 

STAT5-regulated cell cycle genes, potentially by repressing STAT5-activated genes.

Together, our results support a model in which Blimp-1 is induced by IL-10 and antagonizes 

STAT5’s role in driving T cell survival. We believe that these data uncover an unappreciated 

role for IL-10 acting directly on T cells to mediate control of effector T cell responses and 

additionally provide a potential explanation for the role of Blimp-1 in protection from T 

cell–mediated autoimmunity.
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DISCUSSION

A critical role for Blimp-1 in T cells was described nearly a decade ago, with the discovery 

that T cell–specific deletion of Blimp-1 results in multiorgan autoimmunity and fatal colitis 

(12, 13). Recent genome-wide association studies have identified polymorphisms in 

proximity to PRDM1, with diverse human autoimmune diseases (14–18) further implicating 

the regulation of Blimp-1 expression in constraining T cell– driven autoimmunity. Herein, 

we show that the regulation of Blimp-1 expression in T cells is complex. TH1 cells primarily 

use IL-12 acting via STAT4 to induce Blimp-1, whereas TH2 cells rely on IL-10 via STAT3. 

Blimp-1 and STAT3 promote IL-10 production, which acts in an autocrine/paracrine manner 

to reinforce expression of itself and Blimp-1. The induction of Blimp-1 in T cells 

antagonizes STAT5’s role in promoting cell cycle and cell survival genes (fig. S7). This 

provides a mechanism that helps explain the auto-immunity associated with the absence of 

Blimp-1.

Our study highlights several unexpected aspects about Blimp-1 expression and function in T 

cells. Some studies have suggested that IL-2 via STAT5 controls Blimp-1 expression in T 

cells, whereas recent reports have found that both STAT3 and STAT4 can drive Blimp-1 in 

TH17 and TH1 cells, respectively (8, 9). Because STAT3 is a major regulator of TH17 cell 

differentiation and, likewise, STAT4 is as a major driver of TH1 cells, we expected STAT5 or 

STAT6 to be important for regulating Blimp-1 in TH2 cells. Unexpectedly, we found that 

STAT3 was necessary for Blimp-1 expression in TH2 cells both in vitro and in vivo. 

Although a role for STAT3 in regulating TH2 cell differentiation has been described (23), 

STAT3 is not the predominant STAT family member required for TH2 cell development. The 

fact that Blimp-1 is controlled by multiple STAT family members suggests that the 

regulation of the locus is complex and is regulated either in a cell type–specific or in a 

context-dependent manner. Thus, the availability of specific cytokines in different settings 

and the regulation of cytokine receptor expression can influence which STAT family 

member is the dominant regulator of the Prdm1 locus. Further study of how STAT3 and 

STAT4 differentially regulate Blimp-1 would provide some insight into how Blimp-1 

expression is controlled in different T cell subsets. In a similar manner, Blimp-1 and STAT3 

can cooperate to regulate IL-10 expression; although Blimp-1 may override the need for 

STAT3 such as in TH1 cells, the relative importance of each may be context-dependent.

Our finding that STAT3 is critical for Blimp-1 expression in TH2 cells may appear 

counterintuitive, insofar as STAT3 also positively regulates Bcl6 expression, and Bcl6, in 

turn, suppresses Blimp-1 (34, 35). Regulation of gene expression represents the integration 

of diverse signals, and Bcl6 is a locus that is targeted by multiple factors. For example, 

STAT5, activated by IL-2, is a profound, direct inhibitor of Bcl6. In the setting in which 

Blimp-1 is induced by STAT3, Bcl6 expression would likely be already extinguished 

because of STAT5 activation. In this setting, Blimp-1 acts in concert with STAT5 to ensure 

that Bcl6 expression is extinguished.

In addition, this study highlights the multifaceted role that Blimp-1 plays in T cells. Several 

studies have found that Blimp-1 controls IL-10 expression by directly activating the Il10 
gene, suggesting that Blimp-1 has both activating and repressive capacity (30). Because 
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IL-10 has anti-inflammatory activity, it would appear logical that the multiorgan 

inflammatory disease associated with T cell–restricted Blimp-1 deficiency would be the 

result of a lack of IL-10 production, much in the way IL-10–deficient or IL-10R–deficient 

animals succumb to colitis. However, we found that in the absence of STAT3 or IL-10, 

Blimp-1 was reduced but TH2 cell differentiation was intact. This was in contrast to an 

increase in TH2 cells found when Blimp-1 expression was deleted from T cells. These data 

suggested that Blimp-1 had an IL-10–independent function to regulate cell expansion and/or 

survival. When we explored the role Blimp-1 had in T cells by forcing expression using a 

retrovirus, we found a substantial increase in cell death, suggesting that Blimp-1 could 

directly regulate T cell survival. In support of this hypothesis, we found a decrease in genes 

associated with cell survival when Blimp-1 expression was enforced in T cells and a 

concomitant overlap of STAT5 binding with Blimp-1 binding, both genome-wide and at 

places where STAT5 is known to activate critical T cell survival genes such as Bcl2. 

Together, these data suggest that Blimp-1 directly controls cell expansion by antagonizing 

prosurvival STAT5 activity, and this is independent of its function in regulating IL-10 

expression.

Our study highlights the potentially important contribution of IL-10 signaling acting directly 

on T cells. Our in vitro studies demonstrate that IL-10 can act in an autocrine/paracrine 

manner to drive Blimp-1 and further IL-10 expression. However, in vivo, it is likely that 

IL-10 can come from a number of sources, of which TH2 effector cells are just one 

component. Because TH2 effector cells robustly produce IL-10, we believe that paracrine 

signaling would provide some benefit to the induction of Blimp-1 and IL-10 expression, but 

these questions would need to be carefully worked out using models where only TH2 

effector cells were unable to produce IL-10. Along the same lines, a more thorough analysis 

of the physiological role of Blimp-1 in TH2 cells is still lacking. Because T cell–restricted 

Blimp-1–deficient hosts develop spontaneous TH1-like inflammation, performing TH2-

driven disease models in these animals becomes challenging. A careful analysis of Blimp-1 

deficiency in only TH2 cells should be performed when such a genetic model becomes 

available.

In summary, we have uncovered several findings related to the role of Blimp-1 in CD4 T cell 

biology. Although we did not see a role for IL-2 or STAT5 in driving Blimp-1 in our 

experiments, we found an important role for STAT3 in TH2 cells and confirm previous 

findings that the STAT1–STAT4–T-bet pathway controls Blimp-1 in TH1 cells. We 

additionally describe a mechanism for IL-10 on T cells by driving Blimp-1 expression. Last, 

we show that Blimp-1 can limit expansion and survival of T cells by antagonizing STAT5 

activity at critical cell cycle/antiapoptotic genes. Collectively, this study has clarified what 

drives Blimp-1 expression in T cells and the function of Blimp-1 once expressed. This work 

has important implications for understanding T cell–driven autoimmunity and may establish 

a previously unappreciated role for Blimp-1 in T cell– mediated inflammatory bowel disease 

and colitis.
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MATERIALS AND METHODS

Study design

C57BL/6J (000664), CD4-Cre+Tg (017336), Stat6−/−(005977), Tbx21−/−(004648), Thy1.1 

(000406), Il10Rb−/− (005027), Il10−/− (002250), and Prdm1fl/fl(008100) mice were 

purchased from the Jackson Laboratory. Rag−/− mice were purchased from Taconic Farms. 

Stat4−/− mice were provided by M. Kaplan (Indiana University). Vav-Bcl2 Tg mice were 

provided by A. Nussenzweig. Stat1−/− and Stat3fl/fl mice were provided by D. Levy (36, 37). 

Stat5fl/fl mice have been described previously (38), and Prdm1-EYFP (Jax 008828) was 

provided by S. Crotty (La Jolla Institute for Allergy and Immunology) and E. Meffre (Yale 

University). All floxed mice were bred with CD4-Cre+ Tg mice. All animal studies were 

performed according to the National Institutes of Health guidelines for the use and care of 

live animals and were approved by the Institutional Animal Care and Use Committee of the 

National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS). All in vitro 

experiments included two technical replicates per experiment and were performed 

independently two or three times, as indicated in the figure legends. All in vivo experiments 

were performed independently two times, with four to seven animals per group. Flow 

cytometry was individually performed on each animal to provide statistics.

Naïve CD4+ T cell isolation and activation in vitro

CD4+ T cells isolated from spleen and lymph nodes of 6- to 8-week-old animals were 

purified by negative selection and magnetic separation (Miltenyi Biotec) followed by sorting 

for naïve population (CD4+ CD62L+ CD44− CD25−) using FACSAria IIIu (BD). Naïve 

CD4+ T cells were activated by plate-bound α-CD3 and α-CD28 (10 µg/ml each; BioXCell) 

in complete RPMI [RPMI with 10% fetal bovine serum, 2 mM glutamine, penicillin (100 

IU/ml), streptomycin (0.1 mg/ml), 10 mM Hepes, 1 mM sodium pyruvate, and 50 µM β-

mercaptoethanol] for 3 days under neutral conditions or with various cytokines as indicated. 

Cells were removed at day 3, washed, and rested with IL-2 and fresh cytokines for 2 days. 

Cells were isolated again (day 5) and restimulated by plate-bound α-CD3 and α-CD28 (1 

mg/ml) for an additional 2 to 3 days. Conditions were as follows: control: α–interferon-γ 
(α–IFN-γ) (10 µg/ml) and α–IL-4 (10 µg/ml); IL-2: IL-2 (100 U/ml), α–IFN-γ (10 µg/ml), 

and α–IL-4 (10 µg/ml); TH1: IL-12 (10 ng/ml) and α–IL-4 (10 µg/ml); and TH2: IL-4 (10 

ng/ml) and α–IFN-γ (10 µg/ml).

Flow cytometry

Cells were resuspended in Hanks’ balanced salt solution and stained for live/dead using 

LIVE/DEAD Fixable Dead Cell Stain (Life Technologies) and cell surface markers (see 

table S1 for antibodies). Cells were fixed with either FoxP3 kit (eBio) (transcription factors) 

or Cytofix/Cytoperm (BD) (cytokines). For intracellular cytokine staining, cells were 

restimulated for 2 to 4 hours with phorbol 12-myristate 13-acetate (PMA) (50 ng/ml) and 

ionomycin (1 µg/ml), with the addition of brefeldin A (GolgiPlug, BD). For Blimp-1 

staining, cells were fixed for 1 hour and then stained for 45 min. Annexin V and propidium 

iodide (PI) staining was done according to the protocol provided with Annexin V (BD). For 

phospho-STAT3 staining, cells were collected at day 5 and restimulated with IL-10 (10 

ng/ml) or IL-6 (10 ng/ml) or left unstimulated for 30 min at 37°C, followed by immediate 
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fixation (5× Lyse/Fix, BD) and permeabilization (Perm Buffer III, BD) and staining with 

phospho-STAT3. Cells were collected using FACSVerse (BD), LSR II (BD), or Fortessa 

(BD) and analyzed with FlowJo (Tree Star).

SEA immunization

Eight- to 10-week-old mice were injected in the footpad with 100 mg of SEA. Nine days 

after immunization, draining and nondraining lymph nodes were isolated and crushed into 

complete RPMI. Cells were counted and plated in round-bottom plates and either stimulated 

with PMA (50 ng/ml) and ionomycin (1 µg/ml), with the addition of brefeldin A (GolgiPlug, 

BD) for 6 hours, or stimulated with SEA (20 µg/ml) at 37°C for 48 hours, and then 

additionally stimulated with PMA (50 ng/ml) and ionomycin (1 µg/ml), with the addition of 

brefeldin A (GolgiPlug, BD) at 37°C for 2 hours. Cells were stained for flow cytometry as 

described above.

Bone marrow chimeras

Bone marrow cells were isolated from femurs of mice, and T cells were depleted using 

Thy1.1 or Thy1.2 positive selection and a magnetic separation kit (Miltenyi Biotec). Cells 

were counted, mixed in a ratio of 50:50, and injected intravenously into Rag2−/−-deficient 

hosts. A total of 20 × 106 cells were injected per mouse. Four weeks after reconstitution, 

mice were bled to check reconstitution efficiency, and 6 weeks after reconstitution, they 

were used for SEA experiments, as described above.

Retroviral transduction

Blimp-1 complementary DNA (cDNA) was cloned into MigR1 expression vector that uses 

GFP as a selection marker. CA-STAT5 has been previously described (39) and uses human 

neural growth factor receptor (h-NGFR) as a selection marker. Sorted naïve CD4+ T cells 

from wild-type or STAT5−/− mice were cultured in the presence of plate-bound α-CD3 and 

α-CD28 with α–IFN-γ and α–IL-4 for 36 hours, transduced with control (empty vector) or 

Blimp-1– or CA-STAT5–expressing retrovirus, and cultured for 2 days. Cells were sorted for 

RNA isolation (GFP+) or analyzed by flow cytometry.

Quantitative polymerase chain reaction

mRNA was isolated from about 1 × 106 to 2 × 106 cells using the mir-Vana miRNA Isolation 

Kit (AM1560, ABI). RNA (0.5 to 1 µg) was converted into cDNA using the TaqMan 

Reverse Transcription Kit (4304134, ABI). Quantitative polymerase chain reaction (qPCR) 

was performed with TaqMan probes [mouse Blimp-1 (Mm00476128_m1), mouse IL-10Rα 
(Mm00434151_m1), mouse IL-10Rβ (Mm00434157_m1), and mouse actin 

(Mm02619580_g1, ABI)] and TaqMan Universal Master Mix (4370048, ABI) and detected 

by a CFX96 Real-Time PCR Detection Machine (Bio-Rad). ΔΔCt was calculated to 

determine the relative expression normalized to β-actin.

mRNA sequencing

About 0.5 × 106 cells were isolated by sorting GFP+ cells from three independent biological 

replicates of CD4 T cells transduced with empty vector or Blimp-1–expressing retrovirus. 
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Total RNA was prepared by using the mirVana miRNA Isolation Kit (AM1560, ABI). A 

fraction of total RNA (2 µg) was processed into mRNA sequencing library by using the 

TruSeq RNA Sample Prep Kit (FC-122-1001, Illumina). The libraries were sequenced for 50 

cycles (single-read) with HiSeq 2000 (Illumina). Raw sequencing data were decoded and 

demultiplexed with CASAVA 1.8.2 to generate FASTQ files and mapped onto the mouse 

genome build mm9 using TopHat 2.0.8, and the gene expression values (reads per kilobase 

exon per million mapped reads) were calculated with Cufflinks 2.2. All downstream 

statistical analyses were performed with Partek Genomics Suite 6.6. Gene set enrichment 

analysis (GSEA) from the Broad Institute (www.broad.mit.edu/gsea) was used to calculate 

the enrichment of genes in each set. Cell cycle gene lists were assembled using QIAGEN’s 

SABiosciences cell cycle pathway PCR arrays; STAT5-regulated genes were identified from 

STAT5-regulated transcriptome analysis and chromatin immunoprecipitation sequencing 

(ChIP-seq) analysis (GSE77656) (33). Gene lists are in table S2.

ChIP sequencing

The following ChIP-seq data sets were acquired from Gene Expression Omnibus: Blimp-1, 

GSE75724 (9); Bcl6, GSE41317 (40); STAT5, GSE26553 (38); and p300, GSE40463 (41). 

For co-occupancy of Blimp-1 or Bcl6 with STAT5, Blimp-1/Bcl6 peaks were annotated with 

HOMER according to the intersection of STAT5 and p300 peaks found in activated CD4+ T 

cells.

ChIP-qPCR

Naïve T cells from STAT3-intact or STAT3-deficient hosts were cultured for 5 days under 

TH2 conditions plus IL-10. Cells were pulsed with IL-10 for 30 min before fixation with 1% 

formaldehyde. A total of 20 × 106 cells per sample were sonicated with Bioruptor Pico in 

shearing buffer, STAT3 (C-20; sc-482, Santa Cruz Biotechnology) ChIP was performed 

overnight using Protein A Dynabeads (Thermo Fisher), and SYBR Green–based qPCR was 

performed using custom-designed primers (table S3).

Statistics

For statistical analysis, unpaired two-tailed Student’s t test was performed using GraphPad 

Prism (version 6.0, GraphPad), unless otherwise specified to calculate statistical significance 

(reported as means ± SD). For analysis of IL-10Rβ chimeras, paired Student’s t tests were 

used. A P value of 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. STAT3 is required for Blimp-1 induction in TH2 cells
(A) Expression of Blimp-1 measured by qPCR in STAT+/+ or STAT−/− TH2 cells at day 8. 

Data are means ± SD. n = 2; *P = 0.0238. WT, wild type; n.s., not significant. AU, arbitrary 

units. (B) Expression of Blimp-1 protein measured by intracellular flow cytometry in 

STAT3+/+ or STAT3−/− under indicated conditions at day 7 after activation. Geometric mean 

fluorescence intensity (MFI) of YFP was shown on the top right of each flow plot. Data are 

representative of three independent experiments. (C) Expression of Blimp-1 protein 

measured by intracellular flow cytometry in TH2 cells (Gata3+ IL-13+) isolated from 
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STAT3+/+ or STAT3−/− hosts 9 days after infection with SEA. MFI of Blimp-1 is shown on 

the top right of the flow plot. Quantification of Blimp-1 MFI is shown on the right. Data are 

means ± SD (n = 4 to 7) and are representative of two independent experiments. ***P = 

0.0002. (D) Percentage of TH2 cells (Gata3+ IL-13+) isolated from STAT3+/+ or STAT3−/− 

hosts 9 days after infection with SEA. Cells were restimulated with PMA and ionomycin (P

+I) for 6 hours in vitro. Quantification of percent TH2 cells is presented as means ± SD (n = 

4 to 7) and is representative of two independent experiments.
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Fig. 2. IL-10, acting via STAT3, is necessary and sufficient for Blimp-1 induction in TH2 cells
(A) Expression of YFP in T cells at day 5 under indicated conditions with or without the 

addition of IL-10 (10 ng/ml) or α–IL-10R (10 µg/ml) throughout the culture. Data are 

representative of three independent experiments. (B) Quantification of percent YFP and MFI 

of (A). Data are means ± SD; n = 2. Percent YFP: Control, **P = 0.0063; TH1, *P = 0.0242; 

TH2 + IL-10, **P = 0.0017; TH2 + α–IL-10R, **P = 0.0097. MFI YFP: Control, **P = 

0.0019; TH1, *P = 0.0131; TH2 + IL-10, **P = 0.0050; TH2 + α–IL-10R, ***P = 0.0008. 

(C) Expression of Blimp-1 protein measured by intracellular flow cytometry in T cells 
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isolated from IL-10+/+ or IL-10−/− mice cultured for 7 days under indicated conditions with 

or without exogenous IL-10 (10 ng/ml). Quantification of percent YFP and MFI is presented 

as means ± SD (n = 2) and is representative of two independent experiments. Percent YFP: 

*P = 0.0248. MFI YFP: *P = 0.0493. (D) Expression of Blimp-1 protein measured by 

intracellular flow cytometry in STAT3+/+ or STAT3−/− TH2 cells cultured for 7 days with or 

without exogenous IL-10 (10 ng/ml). MFI of Blimp-1 is shown on the top right of the flow 

plot. Graph quantifies Blimp-1 MFI across multiple samples. Data are representative of three 

independent experiments. (E) ChIP-qPCR of STAT3 binding to the Prdm1 locus. Top: p300 

binding at Prdm1 in TH2 cells. Sites tested for STAT3 are marked in red. Middle: STAT3 

ChIP-qPCR at Prdm1 locus. Data are representative of three independent experiments. 

Bottom: STAT3 ChIP-qPCR at the negative control site and the positive control site, the 

Socs3 promoter. Data are representative of three independent experiments. TSS, 

transcription start site; KO, knockout.
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Fig. 3. IL-10 induces optimal Blimp-1 expression in TH2 cells in vivo
(A) Expression of Blimp-1 protein in TH2 cells (Gata3+ IL-13+) isolated from Il10+/+ or 

Il10−/− hosts 9 days after infection with SEA. Quantification of Blimp-1 MFI is shown on 

the right. Data are means ±SD(n=5)and are representative of two independent experiments. 

*P = 0.032. (B) Expression of Blimp-1 protein in TH2 cells (Gata3+ IL-13+) isolated from 

bone marrow chimeras reconstituted with a 50:50 mix of Il10Rβ+/+ (Thy1.1+) or 

Il10Rβ−/−(Thy1.2+) cells 9 days after infection with SEA. Quantification of Blimp-1 MFI is 

shown on the right; data are means ± SD (n = 7), using paired t test. Data are representative 

of two independent experiments. **P = 0.0032.
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Fig. 4. STAT3 promotes IL-10 expression in TH2 cells
(A) Expression of IL-10 in STAT3+/+ or STAT3−/− TH2 cells cultured for 7 days with or 

without IL-10 (10 ng/ml). Percent quantified is shown on the right; data are means ± SD (n = 

2) and are representative of three independent experiments. ***P = 0.0007. (B) Expression 

of IL-10 in TH2 cells (Gata3+ IL-13+) isolated from STAT3+/+ or STAT3−/− hosts 9 days 

after infection with SEA and restimulated in vitro with cognate antigen for 48 hours. Cells 

were additionally stimulated with PMA and ionomycin for 2 hours for IL-10 staining. 

Quantification of IL-10 is shown on the right. Data are means±SD (n = 4 to 7) and are 
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representative of two independent experiments. ***P <0.0001. (C) Expression of IL-10 in 

TH2 cells isolated from bone marrow chimeras reconstituted with a 50:50 mix of Il10Rβ+/+ 

(Thy1.1+) or Il10Rβ−/−(Thy1.2+) cells 9 days after infection with SEA and restimulated in 

vitro with cognate antigen for 48 hours. Cells were additionally stimulated with PMA and 

ionomycin for 2 hours for IL-10 staining. Quantification of IL-10 is shown on the right; data 

are means ± SD (n = 7), using a paired t test. Data are representative of two independent 

experiments. ***P < 0.0001.

Poholek et al. Page 22

Sci Immunol. Author manuscript; available in PMC 2017 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. An autoregulatory loop controls Blimp-1 and IL-10 expression in TH2 cells
(A) Expression of IL-10 in Blimp-1+/+ or Blimp-1−/− TH1 and TH2 cells cultured for 7 days 

in vitro. Data are representative of three independent experiments. (B) Expression of IL-10 

in TH2 cells (Gata3+ IL-13+) isolated 9 days after infection with SEA from Blimp-1+/+ or 

Blimp-1−/− and subsequently cultured for 2 days in vitro with soluble antigen. Cells were 

additionally stimulated with PMA and ionomycin for 2 hours before staining for IL-10. 

Quantification of percent expressing IL-10 is shown on the right; data are means ± SD (n = 5 

to 6). Data are representative of two independent experiments. ***P < 0.0001. (C) 

Percentage of TH2 cells (CD4+ CD44+ Gata3+) isolated directly ex vivo from Blimp-1+/+ 

mice or mice where Blimp-1 is conditionally deleted from T cells (Blimp-1 flox/flox CD4-

cre+, called Blimp-1−/−) 9 days after infection with SEA. Quantification of TH2 cells. Data 

are means ± SD (n = 5 to 6) and are representative of three independent experiments. **P = 

0.0092.
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Fig. 6. Blimp-1 antagonizes STAT5 to induce cell death
(A) Cell viability was measured by Annexin V and PI in CD4+ T cells isolated from control 

(top) or Bcl2 transgenic (bottom) mice and retrovirally transduced with GFP-expressing 

control or Blimp-1 virus. Cells are gated on GFP+; data are representative of three 

independent experiments. (B) GSEA analysis of genes controlling cell cycle or regulated by 

STAT5 compared to genes regulated by Blimp-1. Each plot shows nonrandom distribution of 

cell cycle genes or STAT5-regulated genes (33) versus genes regulated by Blimp-1. NES, 

normalized enrichment score. (C) Genome-wide co-occupancy of Blimp-1 and STAT5 (top) 
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or Bcl6 and STAT5 (bottom). Blimp-1 and Bcl6 peaks were annotated using HOMER to 

STAT5 peaks found in promoters or enhancers (based on the presence of p300 peaks) in 

activated T cells. The y axis depicts the coverage normalized by tag count. The P value was 

calculated using a two-sample Kolmogorov-Smirnov test. (D) Binding of STAT5 and 

Blimp-1 mapped by ChIP-seq at the Bcl2, Ccnd3, and Il2 loci. The genome browser for Bcl2 
(chr1:108,384,057–108,615,038), Ccnd3 (chr17:47,639,714–47,740,290), and Il2 
(chr3:37,015,478–37,031,415) is shown. The y axis depicts the normalized tag number, 

defined as tag count per 1 million. (E) STAT5-deficient T cells overexpressing Blimp-1 

(marked by GFP) were transduced with control or retrovirus expressing CA-STAT5, marked 

by surface expression of h-NGFR. Expression of GFP and h-NGFR is shown 48 hours after 

retroviral transduction (top). Cell viability [Annexin V (AnnV) and PI] is shown in GFP+ h-

NGFR+ cells (bottom). Data are representative of two independent experiments.
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