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Figure 18. Lamina propria CD4+ T cells in Batf -/- mice fail to produce IL-17. 
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lymphocytes. Numbers indicate the percentage of live cells in each indicated gate.  Data are 
representative of 3 independent experiments performed with multiple mice of each genotype. 
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CHAPTER 5 

Batf -/- mice are completely resistant to EAE due to a T cell intrinsic defect 

 

While TH17 cells provide protection against bacteria at mucosal surfaces, they 

contribute to the pathology of multiple autoimmune diseases and disease models, 

including psoriasis, inflammatory bowel disease and experimental autoimmune 

encephalomyelitis (EAE) (Ouyang et al., 2008a). TH17 cells were first implicated as 

major players in EAE when mice deficient for the for the p19 subunit of IL-23, but not 

the p35 subunit of IL-12 were protected from EAE (Langrish et al., 2005; Park et al., 

2005; Yang et al., 2008). Since then, it has been recognized that IL-23 is required for 

EAE development because of its role in the maintenance of IL-17 producing T cells 

(Langrish et al., 2005). Additionally, mice deficient for transcription factors that control 

TH17 development, such as RORγt and IRF4, are protected from EAE (Ivanov et al., 

2006; Brustle et al., 2007). While these data clearly indicate the importance of TH17 cells 

in EAE pathogenesis, several studies have unsuccessfully addressed which TH17 effector 

cytokines are required for EAE development. Antibody blockade of IL-17A in the setting 

of Il17f-deficiency, or Il22 deficiency only minimally prevent EAE (Kreymborg et al., 

2007; Haak et al., 2009), implying the existence of other TH17 effector pathways that are 

required for EAE development.    

 

Batf -/- mice are resistant to MOG35-55-induced EAE 

Since Batf -/- T cells failed to develop into IL-17-secreting cells, we tested whether 

Batf -/- mice were susceptible to EAE. We immunized Batf  +/+ and Batf -/- mice with 

70



myelin oligodendrocyte glycoprotein peptide 35-55 (MOG35-55).  Eleven Batf +/+ mice 

(n=12) developed EAE, whereas no Batf -/- mice (n=13) developed any signs of disease 

within 40 days after immunization (Figure 19a).  During EAE, cytokine-producing CD4+ 

T cells infiltrate the CNS (central nervous system) leading to CNS inflammation and 

disease manifestations. CNS-infiltrating CD4+ T cells in Batf +/+ mice produced copious 

amounts of IL-17 and IFN-γ, at times of peak disease (day 10 after EAE induction). In 

contrast, fewer Batf -/-  CD4+ T cells infiltrated the CNS and produced no IL-17, but made 

similar amounts of IFN-γ as Batf  +/+ T cells (Figure 19b).   

Since fewer Batf -/- T cells infiltrated the CNS during EAE, disease resistance in 

Batf -/- mice might be due to a failure of T cells to traffic to the CNS. To address this 

question we tested whether IL-17-producing T cells were present in spleens of Batf -/- 

mice after EAE induction. Prior to disease onset, IL-17-producing CD4+ T cells were 

present in spleens from Batf +/+ but not Batf -/- mice (Figure 19c), indicating, that IL-17-

producing Batf -/- T cells do not solely fail to home to the CNS during EAE but do not 

develop.  

 

Batf -/- T cells do not preferentially develop into Foxp3+ cells during EAE 

The development of TH17 and Treg cells is reciprocally regulated (Bettelli et al., 

2006); the development of both lineages requires TGF−β but in the presence of IL-6 

TH17 cells develop preferentially. As a result, IL-6 deficient mice are resistant to EAE 

due to a compensatory increase in Foxp3+ T regulatory cells (Korn et al., 2007).  Thus, 

resistance of Batf -/- mice to EAE could conceivably result either from the loss of IL-17-

producing effector T cells, or from an increase in Treg cells.  We analyzed splenic T cells 
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in Batf +/+ and Batf -/- mice for Foxp3 expression before immunization and 10 or 40 days 

after immunization with MOG35-55 (Figure 20a and b).  Batf -/- mice had lower basal 

numbers of splenic Foxp3+ T cells compared to Batf +/+ mice. More importantly, Batf -/- 

mice showed no statistically significant increase in Foxp3+ Treg cells after MOG35-55 

immunization (Figure 20a and b).  These data suggest that the resistance of Batf -/- mice to 

EAE results from an absence of TH17 cells rather than an increase in Treg cells.   

 

Batf -/- mice are protected from EAE due to a T cell intrinsic defect 

Since the MOG35-55 immunization model of EAE is primarily T-cell dependent 

(Wolf et al., 1996), the lack of TH17 development in Batf -/- mice likely explains disease 

resistance. This loss of TH17 development in Batf -/- mice could result either from a defect 

within T cells or a defect in antigen-presenting cells.  To distinguish these possibilities, 

we carried out an adoptive transfer study. We injected naïve Batf +/+ CD4+ T cells or PBS 

control buffer into mice before MOG35-55 immunization.  Batf -/- mice receiving PBS 

control buffer remained resistant to EAE as expected (Figure 21a).  In contrast, Batf -/- 

mice receiving naïve Batf +/+ CD4+ T cells developed severe EAE (Figure 21a and Table 

2). Although, Batf -/- mice that had received Batf +/+ T cells exhibited a slight delay in 

disease onset compared to Batf +/+ mice receiving Batf +/+ T cells, these differences are 

not statistically significant (Table 2). Notably, the transfer of Batf +/+ CD4+ T cells into 

Batf -/- mice also restored infiltration of the CNS by IL-17-producing CD4+ T cells 

(Figure 21b). 

Since Batf -/- T cells fail to develop into TH17 cells, we hypothesized that Batf -/- T 

cells might exhibit a protective function if transferred into Batf+/+ mice, conceivably 
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because of increased production of TH17 suppressing cytokines by Batf -/- T cells 

(Willenborg et al., 1996) or increased development of Foxp3+ Treg cells (Korn et al., 

2007). Therefore, we injected naïve Batf -/- CD4+ T into mice before MOG35-55 

immunization, however; the transfer of Batf -/- CD4+ T cells did not protect Batf +/+ mice 

from EAE development (Figure 21c).  

Collectively, our results indicate that the antigen-presenting environment in Batf -/- 

mice is permissive for TH17 development, and suggest that resistance to EAE in Batf -/- 

mice is due to a T cell-intrinsic defect in the generation of TH17 cells. 
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Figure 19. Batf -/- mice are resistant to EAE.   
a, Batf +/+ (n=12) and Batf -/- (n=13) mice were immunized with MOG33-35 peptide as described 
in Methods. Clinical EAE scores (mean ± s.e.m) representative of two independent 
experiments are shown.  b, 13 days after EAE induction, CNS infiltrating lymphocytes were 
stimulated with PMA/ionomycin for 4h, stained for intracellular IL-17 and IFN-γ and analyzed 
by flow cytometry.  Clinical scores are shown in parentheses. Data are representative of 2-3 
mice analyzed per group. c, Total splenocytes were isolated from Batf +/+ and Batf -/- mice 10 
days after EAE induction, stimulated with PMA/ionomycin for 3h and analyzed for IL-17 and 
IFN-γ expression by intracellular cytokine staining. All FACS plots are gated on CD4+ cells. 
Numbers for FACS plots indicate percentage of cells in each indicated gate. 
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Figure 21. Batf -/- mice are resistant to EAE due to a T cell-intrinsic defect. 
a, Batf +/+ and Batf -/- mice were injected with either control PBS buffer (n=5) or 1x107 Batf +/+ 
CD4+ T cells (n=6).  Four days later, mice were immunized with MOG35-55 peptide. b, Splenic 
and CNS infiltrating lymphocytes from experimental animals in a were stimulated with 
PMA/ionomycin for 4h and analyzed for IL-17 and IFN-γ production 40 days after EAE 
induction.  Genotypes and whether mice received PBS or CD4+ T cells are indicated, 
disease scores are given in parentheses.  FACS plots are gated on CD4+ cells and are 
representative of 2-3 mice analyzed per group.  Numbers in FACS plots indicate percentage 
of live cells in each region. c, Batf +/+ and Batf -/- mice were injected 1x107 Batf -/- CD4+ T cells 
(n=4). Four days later, mice were immunized MOG33-35 peptide. a, b, Mean clinical EAE 
scores representative of two independent experiments are shown. 
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Group Incidence Mean Max. Score Mortality Mean day of onset‡ 

PBS Batf +/+ 5 of 5 (100%) 3.4 ± 0.7 1of 5 (20%) 12±0.8¶ 

PBS Batf -/- 0 of 5 (0%) 0 0 of 13 (0%) NA 

Batf +/+CD4+ Batf +/+ 5 of 6 (83%) 3.0 ± 0.6 0 of 6 (0%) 13.6±2.3§¶ 

Batf +/+CD4+ Batf -/- 4 of 6 (66%) 2.4 ± 1.0 2 of 6 (33%) 15.5±1.7§ 

Table 2. Transfer of Batf +/+ CD4+ T cells restores EAE in Batf -/- mice. 
Batf +/+ and Batf -/- mice were injected with either control PBS buffer (n=5) or 1x107 Batf +/+ 
CD4+ T cells (n=6).  Four days later, mice were immunized with MOG35-55 as described in 
Methods.  Mean maximum score of disease was calculated and is presented ± s.e.m.  
‡ Mean day of onset is presented as mean ± s.d. Only animals positive for disease were 
included in the analysis. § not significant (p=0.215). ¶ not significant (p=0.232). NA, not 
applicable. 
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CHAPTER 6 

Batf controls the expression of a subset of IL-6 induced genes 

 

TH17 cells differentiate in response to the cytokines IL-6 and TGF-β (Bettelli et 

al., 2006; Korn et al., 2007; Nurieva et al., 2007; Wei et al., 2007; Zhou et al., 2007; 

Manel et al., 2008) but also require IL-21 and IL-23 for their full development (Korn et 

al., 2007; Nurieva et al., 2007; Wei et al., 2007; Langrish et al., 2005; Veldhoen et al., 

2006a). IL-6, IL-21 and IL-23 each activate STAT3 (Ghilardi and Ouyang, 2007), which 

is required for TH17 differentiation and binds directly to the Il17 promoter (Laurence et 

al., 2007; Yang et al., 2007; Mathur et al., 2007).  

Combined signals from IL-6 and TGF-β induce the expression of the retinoid acid 

related nuclear orphan receptor (ROR) RORγt (Ivanov et al., 2006), in a STAT3 

dependent manner(Yang et al., 2007; Harris et al., 2007). RORγt is sufficient to induce 

IL-17 production in wild type T cells and RORγt deficiency blocks TH17 differentiation 

in vitro (Ivanov et al., 2006). RORγt has been considered the main regulator of TH17 

cells, similar to T-bet and Gata3 in TH1 and TH2 cells respectively. However, residual IL-

17 production can be observed in RORγt deficient T cells in vivo after EAE induction 

(Ivanov et al., 2006). Since RORα and RORγt double deficient do not exhibit this 

residual IL-17 production, RORα has been suggested to cooperate with RORγt during 

TH17 differentiation at the level of Il17 transcription (Yang et al., 2008). However, 

RORα deficiency only mildly affects IL-17 production (Yang et al., 2008), indicating 

that RORα is dispensable for TH17 differentiation and that RORγt and RORα exhibit 

mere functional redundancy. More strikingly, Irf4-/- T cells exhibit an absolute block in 
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TH17 development and decreased expression of RORγt. However, overexpression of 

RORγt in Irf4-/- T cells only partially restores IL-17 production (Brustle et al., 2007), 

indicating that IRF4 likely regulates additional factors during TH17 differentiation. More 

recently, RUNX1 and RORγt have been suggested to synergize to induce Il17 

transcription (Zhang et al., 2008a). The aryl hydrocarbon receptor (AHR), a ligand-

dependent transcription factor, specifically regulates IL-22 but not IL-17 production in T 

cells (Veldhoen et al., 2008; Quintana et al., 2008) although AHR ligands are necessary 

for optimal differentiation of TH17 cells (Veldhoen et al., 2009). Thus, multiple 

transcription factors have been suggested to control TH17 differentiation, although it is 

unclear how they cooperate to induce TH17 differentiation.  

 

Proximal IL-6 receptor signaling and TGF-β signaling is normal in Batf -/- T cells 

Since Batf is a transcription factor, it could control TH17 differentiation either by 

regulating the expression of components of the IL-6 or TGF-β signaling pathways (Korn 

et al., 2007; Nurieva et al., 2007), or by regulating the induction of their downstream 

target genes. To distinguish these alternatives, we determined whether these signaling 

pathways were intact in Batf -/- T cells. IL-6 receptor expression on Batf -/- CD4+ T cells 

was normal (Figure 22a). Further, treatment with IL-6 induced normal levels of STAT3 

phosphorylation in both CD4+ and CD8+ Batf -/- T cells (Figure 22b), indicating that 

proximal IL-6 receptor signaling is normal in Batf -/- T cells.  

Proximal TGF-β signaling also appeared intact based on normal induction of 

Foxp3 in response to TFG-β in Batf -/- CD4+ T cells (Figure 23a).  Foxp3 inhibits RORγt 

function, and one of the roles of IL-6 during TH17 differentiation is to suppress Foxp3 
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expression (Bettelli et al., 2006). Batf -/- T cells failed to fully downregulate Foxp3 in 

response to IL-6 when cultured under TH17 conditions (Figure 23a). Neutralization of IL-

2 abrogated increased Foxp3 expression in Batf -/- T cells, but failed to restore IL-17 

production (Figure 23b). Since TGF-β signaling and proximal IL-6 signaling are intact in 

Batf -/- T cells, these data suggest that Batf may be required for the regulation of genes 

downstream of IL-6. 

 

Batf is required for the induction of IL-21 

Consistent with a requirement for Batf for the expression of genes downstream of 

IL-6, induction of IL-21, an early target of IL-6 signaling in CD4+ T cells (Zhou et al., 

2007), was significantly reduced in Batf -/- CD4+ T cells activated under TH17 conditions 

(Figure 24a).  Consistently, Batf -/- CD4+ T cells activated under TH17 failed to induce IL-

23 receptor expression (Figure 24b), which requires IL-21 signaling (Zhou et al., 2007). 

This reduced production of IL-21 could potentially explain the absence of TH17 

development in Batf -/- T cells, since autocrine IL-21 is required for TH17 development 

(Korn et al., 2007; Nurieva et al., 2007; Wei et al., 2007).  However, addition of IL-21 

failed to rescue TH17 development in Batf -/- T cells (Figure 24c). This absence of IL-17 

production in the presence of exogenous IL-21 could be due to a failure to express IL-21 

receptor or IL-21 signaling components. However, proximal IL-21 signaling was intact, 

since Batf -/- CD4+ T cells showed normal levels of IL-21-induced STAT3 

phosphorylation (Figure 24d). These data indicate normal expression and function of the 

IL-21 receptor signaling machinery and suggest that Batf regulates additional factors 

besides IL-21 during TH17 differentiation.    
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Batf controls the expression of a subset of IL-6-induced genes 

To identify additional Batf target genes, we performed DNA microarrays and 

quantitative real time polymerase chain reaction (qRT-PCR) comparing gene expression 

of Batf +/+ and Batf -/- T cells activated in the presence or absence of IL-6 and/or TGF-β in 

combination with neutralizing antibodies to IL-6 and/or TGF-β as indicated (Figure 25).  

To allow identification of Batf-dependent TH17-specific genes, anti-IL-2 antibody was 

added to avoid contamination with genes specifically expressed in Foxp3+ cells (Figure 

23a and b). This analysis identified additional Batf-dependent genes, some of which are 

known to regulate TH17 development (Figure 25 and Figure 27a and b). Batf-dependent 

genes included RORγt (Zhou et al., 2007), RORα (Yang et al., 2008), the aryl 

hydrocarbon receptor (AHR) (Veldhoen et al., 2008; Kimura et al., 2008; Quintana et al., 

2008), IL-22 (Liang et al., 2006) and IL-17.  In contrast, IRF4 (Brustle et al., 2007) 

(Figure 27a) and SOCS gene expression (Figure 26b) were unchanged in Batf -/- T cells.  

Notably, early induction of RORγt and RORα in Batf -/- T cells occurred normally but the 

expression of these genes was not maintained at 62h after stimulation (Figure 27c), 

indicating that Batf is required for the sustained expression of RORγt and RORα rather 

than their early induction.  

Finally, microarray analysis indicated that Batf was required for the expression of 

a subset of IL-6-induced genes (Figure 25) but not TGF-β-induced genes (Figure 26a). 

Specifically, we found that genes induced in response to either IL-6 alone or IL-6 plus 

TGF-β in wild type cells clustered into genes that displayed either Batf-dependent or 

Batf-independent expression (Figure 25). However, Batf deficiency did not affect the 
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expression of genes induced in response to TGF-β alone (Figure 26a). Notably, Batf 

deficiency did not globally affect IL-6-induced responses in all tissues, since IL-6-

induced liver acute phase responses appeared normal in Batf -/- mice (Figure 28). These 

data indicate that Batf is required for the induction of numerous IL-6-dependent genes in 

T cells.  

 

RORγt only partially restores IL-17 production in Batf -/- T cells 

Since RORγt has been suggested to act directly on the Il17 promoter (Ichiyama et 

al., 2008; Zhang et al., 2008b), we tested whether forced RORγt expression would rescue 

TH17 development in Batf -/- T cells.  First, when Batf +/+ T cells were activated without 

cytokine additions, forced RORγt overexpression by retrovirus led to 38% IL-17 

production, compared to only 1.6% IL-17 production induced by the control retrovirus 

(Figure 29a and c). This was consistent with previous studies demonstrating that RORγt 

is sufficient to induce IL-17 production (Ivanov et al., 2006; Brustle et al., 2007).  In 

contrast, in Batf -/- T cells activated under these conditions forced RORγt expression led 

to only 5.7% IL-17 production (Figure 29a and c).  When T cells were activated in TH17-

inducing conditions, forced RORγt expression induced only 7.6% IL-17 production in 

Batf -/- T cells, compared to 50% IL-17 production in Batf +/+ T cells (Figure 29b and c).  

Thus, RORγt only partially restores TH17 differentiation in Batf -/- T cells.  

RORα, a nuclear receptor related to RORγt has been suggested to cooperate with 

RORγt during TH17 differentiation, since mice deficient in RORα and RORγt do not 

exhibit the residual IL-17 production that is observed in the absence of RORγt alone 

(Yang et al., 2008). However, RORα deficient T cells show only a mild reduction in IL-
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17 production (Yang et al., 2008). Even though this indicates that RORα is dispensable 

for TH17 differentiation we felt that the potential functional cooperation between RORγt 

and RORα might explain the absence of IL-17 production in Batf -/- T cells, since the 

expression of both factors is reduced in the absence of Batf. Thus, we tested whether 

overexpression of both RORα and RORγt would rescue IL-17 production in Batf -/- T 

cells. Even overexpression of both RORα and RORγt failed to fully restore IL-17 

production in Batf -/- T cells (Figure 29d). 

Since RORγt overexpression only partially restored IL-17 production in the 

absence of Batf, Batf and RORγt might cooperate to induce IL-17 production. To test this 

we carried out dual retroviral infections (Figure 30).  Forced expression of both Batf and 

RORγt in Batf -/- T cells induced 26% IL-17 production, compared to only 5% with 

RORγt alone, and 14% with Batf alone. These data suggest functional synergy between 

RORγt and Batf in inducing IL-17 production, and also suggest that Batf might directly 

regulate the transcription of Il17 and other TH17-specific genes. 
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Figure 22. Proximal IL-6 receptor signaling is normal in Batf -/- T cells. 
a, Splenocytes from Batf +/+ and Batf -/- mice were stained with antibodies to CD4 and IL-6 
receptor (IL-6R).  A histogram overlay of IL-6R expression on CD4+ cells of the indicated 
genotypes is shown.  b, Magnetically purified Batf +/+ and Batf -/- CD4+ T cells (left) and CD8+ 
T cells (right) were stimulated with anti-CD3/CD28 in the presence of IL-6 for the indicated 
times and stained with an antibody to phospho-STAT3 (black lines) by intracellular staining 
as described in Methods.  Untreated cells (grey lines) served as negative control. 
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Figure 23.  Normal TGF-β signaling in Batf -/- T cells. 
a, Naïve CD4+CD62L+CD25- T cells from Batf +/+ and Batf -/- mice were stimulated with TGF-β 
or TGF-β plus IL-6 for 3 days.  Cells were stained for Foxp3 and analyzed by flow cytometry. 
b, Naïve CD4+CD62L+CD25- T cells from Batf +/+ and Batf -/- mice were stimulated with TGF-β 
plus IL-6 in the presence of a neutralizing antibody to IL-2 for 3 days. Cells were stained for 
Foxp3, IL-17 and IFN-γ and analyzed by flow cytometry. Numbers for FACS plots indicate 
the percentage of live cells in each region.  Data are representative of at least 2 independent 
experiments performed with cells from multiple mice of each genotype. 
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Figure 24. Exogenous IL-21 fails to rescue IL-17 production in Batf -/- T cells. 
a, IL-21 expression in T cells 3 days after activation with anti-CD3 and anti-CD28 under 
TH17 conditions was determined by quantitative real time PCR (left) and ELISA (right).  
b, IL-23 receptor (IL-23R) expression in T cells 3 days after activation with anti-CD3/CD28 
under TH17 conditions was determined by quantitative real time PCR. qRT-PCR data are 
normalized to HPRT and presented as percent expression relative to Batf +/+ cells (mean + 
s.d. of 3 individual mice). c, Naive CD4+CD62L+CD25- T cells were activated as in a in the 
presence or absence of IL-21 and stained for intracellular IL-17 and IFN-γ.  d, Magnetically 
purified Batf +/+ and Batf -/- CD4+ T cells were stimulated with anti-CD3/CD28 in the presence 
of IL-21 for the indicated times and stained with an antibody to phospho-STAT3 (black lines) 
by intracellular staining.  Untreated cells (grey lines) served as a negative control. 
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Gene expression microarray analysis of T cells activated with anti-CD3/CD28 for 72h with 
various combinations the indicated cytokines and antibodies. Shown are representative heat 
maps of genes at least 5-fold induced under TH17 conditions compared to neutral conditions 
in Batf +/+ T cells. Normalized and modeled expression values were generated and clustered 
using DNA-Chip analyzer (dChip) software. 
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Figure 26. Batf does not regulate expression of SOCS genes or genes induced by TGF-β 
alone 
a, b, Gene expression microarray analysis of T cells activated with anti-CD3/CD28 for 72h 
with various combinations the indicated cytokines and antibodies. a, A representative heat 
map of genes at least 5-fold induced by TGF-β compared to neutral conditions in Batf +/+ T 
cells is presented. b, Shown is a representative heat map of the expression of Suppressor of 
cytokine signaling (SOCS) genes in Batf +/+ and Batf -/- T cells. Normalized and modeled 
expression values were generated using DNA-Chip analyzer (dChip) software. 
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Figure 27. Batf is required for the expression of multiple TH17 associated genes and for 
sustained expression of RORγt and RORα. 
a, Batf +/+ and Batf -/- naïve CD4+CD62L+CD25- T cells were stimulated with anti-CD3/CD28 
under TH17 conditions for 72h and relative expression of RORγt, RORα, IL-22 and IRF-4 in T 
cells was analyzed by qRT-PCR.  b, CD4+ T cells from Batf +/+ and Batf -/-  mice were 
activated with anti-CD3/CD28 under TH17 conditions for 3 days, restimulated with 
PMA/ionomycin and stained for intracellular IL-17 and IL-22 expression.  c, Batf +/+ and  
Batf -/- naïve CD4+CD62L+CD25- T cells were stimulated with anti-CD3/CD28 under TH17 
conditions for 0, 8, 16, 24 and 62h and analyzed for expression of RORγt and RORα by 
qRT-PCR.  qRT-PCR data are normalized to HPRT and presented as percent expression 
relative to Batf +/+ cells (mean + s.d. of 3 individual mice). 
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Figure 28. Several aspects of the IL-6-induced liver acute phase response are normal in 
Batf -/- mice. 
a, Batf +/+ and Batf -/- mice were injected intraperitonally with either 0.3ug IL-6 or saline.  4h 
after injection the expression of the indicated acute phase proteins in liver was assessed by 
qRT-PCR. b, Relative expression of Batf in liver 4h after injection of mice with 0.3ug IL-6 or 
saline. qRT-PCR data is normalized to HPRT and presented in arbitrary units. Data 
represent mean + s.d. of 3 individual mice from independent experiments. 

90



a

b

 0 

 10 
 2 

 10  3 

 10 
 4 

 10  5 13 0.2

87 0.4

2 10

42 46

6 23

42 29

 0 
 10 

 2 
 10 

 3 
 10 

 4 
 10 

 5 

 0 

 10  2 

 10 
 3 

 10 
 4 

 10  5 0.4 0.1

99 0.5
 0 

 10 
 2 

 10 
 3 

 10 
 4 

 10 
 5 

0.1 0.4

27 73
 0 

 10 
 2 

 10 
 3 

 10 
 4 

 10 
 5 

0.3 4

29 67

Batf +/+

Batf -/-

IL
-1

7

GFP

uninfected empty-GFP-RV RORγt-GFP-RV

GFP-R
V

RORγt-
RV

GFP-R
V

RORγt-
RV 

0

10

20

30

40

50

Th17

%
 IL

-1
7 

po
si

tiv
e 

ce
lls

αIL4/αIL12/αIFNγ

Batf +/+

Batf -/-

c
Th

17

0.2 0.9

22 77

3 21

29 47
 0 

 10 
 2 

 10  3 

 10  4 

 10 
 5 1 0.1

99 0

αI
L4

/α
IL

12
/α

IF
N

γ
IL

-1
7

GFP

 0 

 10 
 2 

 10  3 

 10 
 4 

 10 
 5 0.6 0.3

99 0
 0 

 10 
 2 

 10 
 3 

 10 
 4 

 10 
 5 

0.3 0.6

26 73
 0 

 10 
 2 

 10 
 3 

 10 
 4 

 10 
 5 

0.4 4

32 64
 0 

 10 
 2 

 10 
 3 

 10 
 4 

 10 
 5 

Batf +/+

Batf -/-

uninfected empty-GFP-RV RORγt-GFP-RV

25 37

0.3 4

Batf +/+

Batf -/-

GFP/hCD4+
RORα-RV/RORγt-RVGFP-RV/hCD4-RV

IL-17

C
el

l #

d

Figure 29. RORγt only partially restores IL-17 production in Batf -/- T cells. 
a, b, Batf +/+ and Batf -/- CD4+ T cells stimulated with anti-CD3/CD28 under the indicated 
conditions were either left untreated, infected with RORγt expressing IRES-GFP-retrovirus 
(RORγt-RV) or control retrovirus (GFP-RV). Cells were restimulated with PMA/ionomycin for 
4h and analyzed for GFP and IL-17 expression.  c, The percentage of IL-17 producing cells 
among stably infected (GFP+) cells treated as in a and b is depicted (mean + s.d. of 3 
independent experiments). d, Batf +/+ and Batf -/- CD4+ T cells stimulated with anti-CD3/CD28 
under TH17 conditions and infected with RORγt expressing IRES-GFP-retrovirus (RORγt-RV) 
and RORα expressing IRES-hCD4-retrovirus (RORα-RV) or control retrovirus. Cells were 
restimulated with PMA/ionomycin for 4h.  IL-17 expression in GFP+hCD4+ cells is shown. 
Numbers in FACS plots represent the percentage of live cells in each region. 
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Figure 30. Functional synergy of Batf and RORγt during TH17 differentiation. 
a, Batf -/- CD4+ T cells were stimulated with anti-CD3/CD28 under TH17 conditions and either 
infected with Batf-expressing IRES-GFP-retrovirus (Batf-RV), RORγt-expressing IRES-
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CHAPTER 7 

Batf directly regulates the expression of TH17 associated cytokines 

 

Little is known about the transcriptional regulation of TH17 associated genes. 

RORγt has been suggested to bind directly to the proximal Il17 promoter and to 

conserved non-coding sequences upstream of the Il17 locus (Ichiyama et al., 2008; Zhang 

et al., 2008b; Akimzhanov et al., 2007). RORγt can induce Il17 promoter activity in 

reporter assays (Ichiyama et al., 2008; Zhang et al., 2008b) however, since RORγt 

deficient T cells show residual IL-17 production (Ivanov et al., 2006) other factors likely 

contribute to Il17 gene transcription. RUNX1 cooperates with RORγt at the Il17 promoter 

in reporter assays (Zhang et al., 2008b). Additionally, NFAT has been implicated in 

regulating Il17 transcription in humans (Liu et al., 2004). Notably, this study found no 

role for AP-1 transcription factors at the proximal Il17 promoter, however, promoter 

analysis was limited to EMSA binding of AP-1 factors to the -0.4kb proximal promoter.  

Since Batf -/- T cells failed to induce multiple TH17-associated genes and 

cytokines and RORγt overexpression only minimally restored IL-17 production in the 

absence of Batf, we hypothesized that Batf might regulate Il17 transcription directly.  

  

The proximal Il17 promoter is Batf-responsive 

To test whether Batf directly regulates Il17 expression, we first tested Il17 

promoter activity in primary Batf +/+ and Batf -/- T cells (Zhu et al., 2001) using a reverse 

strand retroviral reporter in which human CD4 (hCD4) marks viral infection and the Il17 

promoter drives GFP expression (Figure 31). On day 3 of activation under TH17 
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conditions we analyzed reporter activity in stably infected (hCD4+) cells. Under these 

conditions, Batf -/- CD4+ T cells showed considerably less reporter activity than Batf +/+ T 

cells (Figure 31). These data suggest that the 1kb proximal Il17 promoter is Batf-

responsive.  

 

Batf binds several regions in the Il17a/f locus  

To test whether Batf regulates Il17 promoter activity and gene expression through 

direct interactions, we next performed chromatin immunoprecipitation (ChIP) and 

elecrophoretic mobility shift assays (EMSA).  For ChIP analysis, we examined several 

highly conserved regions within the Il17a/f locus (Figure 32a) that we hypothesized to be 

putative regulatory regions due to their evolutionary sequence conservation.  By ChIP 

analysis, Batf specifically bound to two intergenic regions (+9.6kb and +28kb) as early as 

24h after activation (Figure 32c). By day 5 after stimulation, Batf showed strong binding 

to several intergenic regions (-5kb, +9.6kb and +28kb) and to the proximal Il17a and 

Il17f promoters (Figure 32b and d). Interestingly, Batf binding was only slightly 

augmented by cell stimulation (Figure 32b and d) indicating potential constitutive 

binding of Batf to the DNA in differentiated TH17 cells.  Notably, Batf binding to the 

distal conserved regulatory enhancer elements by ChIP was stronger than binding to the 

proximal promoter elements (Figure 32b and d) and occurred earlier during the course of 

T cell differentiation (Figure 32c). In summary, Batf binds multiple regions in the Il17a/f 

locus in the natural chromatin state during TH17 differentiation.  
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Batf binds multiple sites in the proximal Il17, Il21 and Il22 promoters 

To further define Batf binding to the DNA we performed EMSA analysis by first 

testing an AP-1 consensus probe (Echlin et al., 2000) (TGAGTCA) for binding Batf in 

TH17 cells.  This probe formed two complexes in Batf +/+ TH17 cell extracts (Figure 33a, 

lane 1) that were strongly dependent on stimulation (Figure 33c, lanes 1 and 2).  Only the 

upper of these two complexes formed in extracts from Batf -/- T cells cultured under TH17 

conditions (Figure 33a, lane 2 and Figure 33c, lanes 3 and 4), suggesting the lower 

complex contains Batf.  Consistently, an anti-Batf antibody blocked the formation of the 

lower complex (Figure 33a, lane 5).  Using TH17 cell extracts derived from Batf-

transgenic mice expressing the FLAG-tagged version of Batf, we found that only the 

lower complex was specifically supershifted by an antibody to the FLAG epitope, but not 

by a control antibody (Figure 33a, lanes 7-12).  Formation of the upper complex was not 

affected by the anti-FLAG antibody.  Thus, Batf is present specifically within the lower 

complex of the two complexes that bind to the consensus AP-1 probe in TH17 cells.        

Since Batf was required for IL-17, IL-21 and IL-22 expression (Figures 24a, 25 

and 27a and b), we hypothesized that Batf bound to the promoters of these genes. To test 

this we preformed a “competitor supershift assay”. We used extracts derived from Batf-

transgenic TH17 cells in EMSA analysis on the AP-1 probe and identified the Batf 

containing complex using the anti-FLAG epitope antibody (Figure 34a, lane 4). We then 

used oligo sequences spanning the proximal promoters of Il17, Il21 and Il22 as 

competitors for the formation of this Batf containing complex (Figure 34b-d). This 

approach identified multiple potential Batf binding sites in all three cytokine promoters, 
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including the region in the Il17 promoter binding Batf in ChIP assays (-188 to -210) 

(Figure 32b and d), confirming the validity of our approach to identify bona fide Batf 

binding sites.   

Notably, one of the regions in the Il17 promoter (-155 to -187) binding Batf by 

EMSA overlaps with a ROR-responsive element (RORE) suggested to bind RORγt 

(Ichiyama et al., 2008). This region also contains a sequence (TGACCTCA) closely 

resembling an AP-1 consensus element (Echlin et al., 2000; Eferl and Wagner, 2003).  

When used as a competitor, this region (-155 to -187), but not the RORE element in the 

CNS-2 region of Il17 (Yang et al., 2008), inhibited the formation of both upper and lower 

EMSA complexes formed by the AP-1 probe (Figure 33a, lanes 3, 4).  Thus, the Il17 

promoter region between -155 and -187 interacts with complexes binding the AP-1 probe 

independently of its ability to bind RORs.   

More importantly, when this region (-155 to -187) was used as an EMSA probe, 

this element itself formed two complexes in extracts from Batf +/+ TH17 cells, which were 

both augmented by stimulation (Figure 33b, lanes 1-4).  Again, the lower complex was 

selectively inhibited by an anti-Batf antibody and only the upper of the two complexes 

formed in extracts from Batf -/- T cells cultured under TH17 conditions (Figure 33b, lane 2 

and 4), and an anti-Batf antibody blocked the formation of the lower complex (Figure 

33b, lane 9). In TH17 extracts from Batf-transgenic T cells only the lower complex was 

specifically supershifted by an antibody to the FLAG epitope (Figure 33b, lanes 11-14). 

To confirm binding of Batf to the Il21 and Il22 promoter regions in the context of 

natural chromatin, we performed ChIP analysis. Indeed, Batf bound to the Il21 and Il22 
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promoters by ChIP analysis (Figure 35a). Thus Batf binds to multiple regions in the 

proximal promoters of the Il17, Il21 and Il22 cytokine genes.  

 

The preferred Batf binding motif differs from a symmetric AP-1 consensus element 

We next wondered whether Batf containing transcriptional complexes exhibit 

identical DNA binding specificity as conventional AP-1 complexes, i.e. whether they 

bound consensus dyad symmetric AP-1 response elements (TGAN(N)TCA). Thus, we 

analyzed all Batf-binding sequences in the Il17, Il21 and Il22 promoters for the presence 

of a common Batf binding motif using the CONSENSUS program (Hertz and Stormo, 

1999). The derived sequence logo (Crooks et al., 2004) (Figure 35b) strongly resembles a 

canonical AP-1 motif at positions 1 through 3, but exhibits sequence variation in the 

remaining nucleotides, thus differing from the dyad symmetric AP-1 response element 

(TGAN(N)TCA).   

To potentially identify transcription factors that might cooperate with Batf, we 

used the CONSENSUS program to obtain information about alternative motifs enriched 

near the Batf binding sites by masking the regions matching the putative Batf binding 

motif. This approach identified no secondary motifs to be significantly enriched nearby 

Batf binding sites. As an alternative approach, we also used the MEME program 

(meme.sdsc.edu) in a similar manner with default parameters. MEME identified only one 

motif with significance (e-value of 8.3 e-7), which was essentially the same motif as 

found by CONSENSUS for Batf binding, containing the same core TGAGTG. Meme 

found two other motifs, CCTGTGC, which had an e-value of 1.1 e+4, and 

ACCAAACGCT, which had an e-value of 1.8 e+4. However, e-values for neither of 
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these motifs were considered significant. Thus, CONSENSUS found no significant 

enrichment of other sequence motifs or binding sites for other transcription factors in the 

vicinity of Batf binding elements.   

In summary, Batf-binding elements are distributed within the promoters of Il17, 

Il21 and Il22 and contain a motif that varies from the conventional AP-1 response 

element.  Even though we found no alternative motifs enriched near Batf binding sites, 

factors regulating Il17, Il21 and Il22 may act at sites located outside the regions 

examined, may have more degenerate target sequences, or may not be common to all 

cytokine promoters, unlike Batf, which appears common to all of these promoters.   

 

Batf preferentially dimerizes with JunB in the context of TH17 differentiation 

Finally, to test whether in TH17 cells Batf acts as a homo- or heterodimer with Jun 

as previously suggested (Echlin et al., 2000; Dorsey et al., 1995), we performed antibody-

supershift analysis of EMSA complexes.  We used antibodies to Fos (anti-pan-Fos 

antibody), Jun (anti-pan-Jun antibody, as well as antibodies to c-Jun, JunB and JunD), 

and antibodies to Batf, ATF1 and ATF3. 

The upper complex was specifically supershifted by pan-anti-Fos antibody.  The 

lower complex was specifically supershifted by both a pan-anti-Jun and anti-Batf 

antibodies. This suggests that the lower complex contains Batf and Jun proteins.  Using 

antibodies to individual Jun family proteins, we found that anti-c-Jun and anti-JunD only 

slightly affected the lower complex, whereas anti-JunB almost completely inhibited the 

lower complex (Figure 36). Also, antibodies to ATF1 or ATF3 two ATF, family 

members related to Batf and expressed in TH17 cells, had no effect on either complex. 
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cells that migrate faster on EMSA gels than the Fos-Jun AP-1 complex, producing the 

distinct lower complex. This is consistent with previous observations that Batf may 

interact with Jun family proteins (Dorsey et al., 1995; Echlin et al., 2000; Senga et al., 

2002).  
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Figure 31. The proximal Il17 promoter is Batf-responsive. 
a, Batf +/+ and Batf -/- CD4+ T cells cultured under TH17 conditions were infected with hCD4-
pA-GFP-RV-IL-17p reverse strand reporter virus (Zhu et al., 2001), in which hCD4 marks 
infected cells and the proximal Il17a promoter drives GFP expression.  On day 3, cells were 
restimulated with PMA/ionomycin. Plots are gated on hCD4+ cells and analyzed for GFP 
expression. 
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Figure 32. Batf binds multiple regions in the Il17a/f locus. 
a, Vista blot depicting the sequence conservation of the human and mouse Il17a/f gene loci. 
The locations of primers used for ChIP analysis are indicated and are denoted relative to the 
ATG for the Il17a or Il17f genes.  b, Batf +/+ and Batf -/- CD4+ T cells cultured with anti-CD3 
and APCs under TH17 conditions for 5 days were subjected to ChIP analysis of the indicated 
regions using anti-Batf antibody. c, Batf +/+ or Batf -/-CD4+ T cells were activated with anti-
CD3/CD28 under TH17 conditions for 24h, then subjected to ChIP analysis using anti-Batf 
polyclonal antibody as in b. d, Batf +/+ CD4+ T cells from C57Bl/6 mice were treated as in a. 
All ChIP data are presented as relative binding based on normalization to unprecipitated 
input DNA (mean + s.d. of 2 independent experiments). 
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Figure 33. Batf binds to the Il17a promoter by EMSA. 
a,b,  EMSA supershift analysis of whole cell extracts from total splenocytes activated with 
anti-CD3 under TH17 conditions for 3 days.  Binding to a consensus AP-1 probe 
(AGCTTCGCTTGATGAGTCAGCCG) (Echlin et al., 2000) (a, c) or the IL-17 (-155 to -187) 
probe (b) was analyzed.  (Batf +/+ (WT), Batf -/- (KO), CD2-N-FLAG-Batf transgenic (TG),  
IL-17(-155 to -187) and RORE probes were used as competitors). c, DO11.10+CD4+ T cells 
from Batf +/+ and Batf -/- littermates were activated with OVA and APCs under TH17 
conditions.  On day 7, cells were either left untreated or stimulated with PMA/ionomycin for 
4h. Whole cell extracts were analyzed for EMSA binding to the consensus AP-1 probe.�
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Figure 34. Identification of potential Batf binding sites in the Il17a, Il21 and Il22 promoters. 
a, Whole cell extracts from total splenocytes activated with anti-CD3 under TH17 conditions 
for 3 days were analyzed for binding to the AP-1 probe by EMSA supershift (CD2-N-FLAG-
Batf transgenic (TG)). b-d, EMSA analysis performed as in a, Batf containing complexes 
were identified by supershift with anti-FLAG antibody.  Sequences from the Il17a (b), Il21 (c) 
and Il22 (d) promoters were used as inhibitors of Batf containing complexes as described in 
Methods. Sequences of competitors used are supplied in Chapter 2. 
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Figure 35. Confirmation of Batf binding to the Il21 and Il22 promoters and identification of a 
Batf binding motif. 
a, Batf +/+ and Batf -/- CD4+ T cells were stimulated under TH17 conditions for 5 days. ChIP 
analysis was performed as described in methods. The analyzed sites are denoted relative to 
the ATG for the Il21 or Il22 genes. Data are presented as relative binding based on 
normalization to unprecipitated input DNA. b, WebLogo (Crooks et al., 2004) presentation of 
the 7-base Batf-binding motif identified by the CONSENSUS (Hertz and Stormo, 1999) 
program present in 38/40 Batf-binding regions of the Il17a, Il21 and Il22 promoters. The size 
of each indicated nucleotide is proportional to the frequency of its appearance at each 
position. 

104



Batf/Jun
1      2      3      4      5      6     7      8      9    10  

WT KO α-
Batf

α-
Fos

α-
Ju

n
α-

c-J
un

α-
Ju

nB

α-
Ju

nD

α-
ATF1

α-
ATF3

AP-1 probe

Fos/Jun

Figure 36. Batf preferentially binds JunB in TH17 cells. 
Total splenocytes from Batf +/+ and Batf -/- mice were activated with anti-CD3 under TH17 
conditions for 3 days. Whole cell extracts were analyzed by EMSA supershift for binding to 
the AP-1 consensus probe using antibodies to Batf, pan-Fos, pan-Jun, JunB, JunD, c-Jun, 
ATF-1 and ATF-2. 
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Chapter 8 

Discussion 

 

The studies presented here identify a critical requirement for Batf in TH17 

differentiation and TH17-mediated autoimmune disease. We found that the AP-1 protein 

Batf, which lacks a TAD, was highly expressed in T helper cells compared to various 

other immune cells and tissues. To study the role of Batf in T cells, we generated Batf 

deficient mice by gene targeting. Batf -/- mice show a highly selective defect in the 

differentiation of IL-17-producing T helper (TH17) cells. TH17 cells are a CD4+ T cell 

subset that coordinates inflammatory responses in host defense but are pathogenic in 

autoimmunity (Langrish et al., 2005; Park et al., 2005; Ivanov et al., 2006; Bettelli et al., 

2006; Brustle et al., 2007). We found that Batf -/- mice are completely resistant to 

experimental autoimmune encephalomyelitis due to the inability of Batf deficient T cells 

to differentiate into TH17 cells. Using gene expression analysis, we found that Batf -/- T 

cells fail to induce known TH17-specific transcription factors, such as RORγt, and the 

cytokine IL-21, required for TH17 differentiation.  Neither addition of IL-21 nor 

overexpression of RORγt fully restores IL-17 production in Batf -/- T cells, suggesting 

that Batf may be required directly for IL-17 transcription. We found that the Il17 

promoter is Batf-responsive, and upon TH17 differentiation, Batf binds to several 

conserved intergenic elements in the Il17a/f locus as well as to regions in the Il17, Il21 

and Il22 promoters. Using bio-computational methods we determined that the Batf-

binding element in the Il17, Il21 and Il22 promoters differs from canonical symmetric 

AP-1 elements. Using EMSA analysis we found that Batf forms heterodimers 
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preferentially with JunB during TH17 differentiation. These results demonstrate that the 

AP-1 factor Batf regulates previously unknown AP-1 target genes to control TH17 

differentiation and TH17-mediated autoimmune disease.  

 

Batf specifically controls TH17 differentiation 

We found that Batf -/- T cells specifically failed to differentiate into TH17 cells, 

while TH1 and TH2 differentiation was unaffected. Our results demonstrate that Batf -/- T 

cells do not exhibit increased production of cytokines that can suppress TH17 

differentiation, such as IL-2, IFN-γ, IL-4 or IL-10. Thus Batf deficiency does not lead to a 

general imbalance in cytokine production but rather Batf seems to directly affect TH17 

differentiation. Consistently, Batf deficiency abrogates IL-17 production in CD4+ and 

CD8+ T cells and the addition of exogenous TH17-promoting cytokines fails to rescue IL-

17 production in Batf -/- T cells.  Therefore, Batf -/- T cells exhibit a remarkably selective 

defect in TH17 differentiation.  

This selective defect in one particular pathway of TH differentiation was 

surprising since Batf was also expressed in TH1 and TH2 cells. Notably, we found that 

Batf was present in T cells in two molecular weight species and that the lower molecular 

weight species was predominantly induced by activation. The presence of two molecular 

weight species is consistent with previous observations that Batf can be phosphorylated at 

serine 43 in the DNA binding domain (Deppmann et al., 2003). Phosphorylation of Batf 

at serine 43 has been suggested to prevent DNA binding without affecting dimerization 

with Jun proteins (Deppmann et al., 2003), adding complexity to the regulation of AP-1 

signaling by Batf. Whether Batf is indeed subject to phosphorylation in T cells and 
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whether phosphorylation of Batf affects its function in T cells will have to be determined 

in future experiments. Nevertheless, the occurrence of a lower molecular weight species 

following activation of T cells suggests that dephosphorylation of Batf in response to T 

cell activation might regulate Batf function during T cell differentiation.  

While Batf is not the first transcription factor identified to regulate TH17 

differentiation, Batf is unique in that its effects are more specific to TH17 differentiation. 

Only four transcription factors have been shown to be required for TH17 development; 

IRF4, STAT3, RORγt, and RUNX1 (Laurence et al., 2007; Yang et al., 2007; Ivanov et 

al., 2006; Brustle et al., 2007; Zhang et al., 2008b). While RORα may influence TH17 

differentiation, RORα deficient mice show essentially normal TH17 development (Yang 

et al., 2008), indicating it is not required.  

Irf4-/- T cells have a complete block in TH17 differentiation; however, Irf4-/- T 

cells also show severe defects in TH2 development (Lohoff et al., 2002; Rengarajan et al., 

2002; Hu et al., 2002), plasmacytoid dendritic cell (pDC) and CD4+ dendritic cell 

development (Suzuki et al., 2004) as well as defects in plasma cell differentiation and B 

cell class switching (Sciammas et al., 2006). Unlike IRF4, we found no defects in other T 

helper lineages besides TH17. Batf -/- mice have normal pDC and CD4+ cDC 

development. Even though Batf -/- B cells show a defect in class switching that needs to 

be further defined (see Appendix 1), plasma cell differentiation occurs. Thus, B cell 

function is not globally affected in the absence of Batf, as is the case in Irf4-/- mice.  

STAT3 is activated immediately downstream of the IL-6 receptor and required at 

multiple stages of hematopoietic cell development. As a result STAT3-/- mice are not 

viable, and studying its role in T cells required the use of a specific Cre deletor strain. 
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Deletion of STAT3 during T cell development using an Lck-Cre deletor strain caused the 

loss of IL-6-induced proliferation of thymocytes (Takeda et al., 1998). Unlike STAT3, 

Batf does not globally affect IL-6 responses, evident by normal liver acute phase response 

in Batf -/- mice. Also, we found that Batf is not required for normal development of 

thymocytes, but functions only in the TH17 effector response, by regulating a distinct 

subset of IL-6-dependent genes.   

RORγt deficient mice lack lymph nodes and show some residual IL-17 production 

in vivo, with residual disease development in the EAE model (Sun et al., 2000; Ivanov et 

al., 2006). Unlike RORγt deficient mice, Batf -/- mice have normal lymphoid development 

and architecture and are completely resistant to EAE. Also, Batf regulates sustained 

expression of RORγt and is to our knowledge the first factor shown to directly regulate 

the expression of Il17, Il21 and Il22.  

RUNX1 is required at many stages of development and acts in multiple tissues 

and lineage decisions, being described recently to be required for the differentiation of 

haemogenic endothelium into blood cells (Lancrin et al., 2009). RUNX1 was analyzed in 

TH17 differentiation only by siRNA knockdown and by overexpression of a dominant 

negative in mature T cells (Zhang et al., 2008b). Unlike RUNX1, Batf -/- mice are viable, 

fertile, and show a selective defect in TH17 differentiation.  

In summary, Batf -/- T cells exhibit a surprisingly selective defect in TH17 

differentiation and the effects of Batf are more specific to TH17 differentiation than those 

of previously identified factors. Thus, Batf -/- mice provide an exceptional model system 

to selectively study the role of TH17 cells in T cell mediated immune responses and 

autoimmune diseases.  
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Batf -/- mice are completely resistant to EAE 

Batf -/- mice were completely resistant to the development of MOG35-55 -induced 

EAE due to defective TH17 development. The MOG35-55 immunization model of EAE is 

primarily T-cell mediated (Wolf et al., 1996). TH17 cells were first recognized as the 

major pathogenic T cell subset when mice deficient for the p19 subunit of IL-23, but not 

the p35 subunit of IL-12 were found to be protected from disease development (Langrish 

et al., 2005; Park et al., 2005; Yang et al., 2008). IL-23 is required for the maintenance of 

IL-17 producing T cells during EAE (Langrish et al., 2005). and mice deficient for 

transcription factors, such as RORγt and IRF4, that control TH17 development are 

protected from EAE (Ivanov et al., 2006; Brustle et al., 2007). However, RORγt deficient 

mice are only partially resistant to EAE and IL-17 production can be observed in RORγt-/- 

T cells in vivo after EAE induction (Ivanov et al., 2006). In contrast, Irf4-/- T cells exhibit 

an absolute block in TH17 development resulting in complete resistantance to EAE 

(Brustle et al., 2007). Intriguingly, the phenotype of Irf4-/- mice in EAE is markedly 

similar to the phenotype we observed in Batf -/- mice.  

TH17 and Treg cells develop via reciprocal pathways (Bettelli et al., 2006) and IL-

6-deficient mice are resistant to EAE due to a compensatory increase in Foxp3+ T 

regulatory cells in the absence of TH17 differentiation (Korn et al., 2007). Strikingly, we 

found no compensatory increase in the development of Foxp3+ Treg cells in Batf -/- mice 

during EAE, suggesting that Batf -/- mice are resistant to EAE due a selective defect in 

TH17 differentiation. Consistent with the absence of increased Treg cell development in 

the absence of Batf, the transfer of Batf -/- T cells into Batf +/+ mice did not protect against 
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EAE development. In contrast, using this same T cell transfer model, we found that the 

transfer of wild type T cells restored EAE development and TH17 development in Batf -/- 

mice, indicating that Batf -/- mice provide an antigen presenting environment permissive 

for TH17 development. Thus Batf -/- mice are protected from EAE due to a T cell intrinsic 

defect that prevents TH17 development, rather than a defect in T cell priming.  

Since the importance of TH17 cells in EAE pathogenesis is recognized, several 

studies attempted to address which TH17 effector cytokines are required for EAE 

development. IL-23 is critical for EAE development due to its role in maintaining TH17 

cells in vivo (Langrish et al., 2005); indicating the requirement for TH17 cells. However, 

IL-22 deficiency only minimally prevented EAE (Kreymborg et al., 2007) and antibody 

blockade of IL-17A in the setting of Il17f-deficiency also only minimally affects EAE 

development (Haak et al., 2009) implying the existence of other TH17 effector pathways 

that are required for EAE development. Since Batf -/- mice specifically lack the TH17 

lineage, they provide a model allow addressing which TH17 effector cytokines are 

required for EAE using adoptive transfer systems.  

In summary, the protective effect of Batf deficiency on EAE development is 

striking and very similar to the phenotype observed in Irf4-/- mice or mice that are either 

globally deficient in IL-6 signaling (Korn et al., 2008) or deficient in IL-6 signaling 

specifically in T cells (Korn et al., 2007).  Since TH1 and TH2 cell differentiation is 

normal in the absence of Batf, our studies provide strong support that TH17 cells are 

important mediators of EAE pathogenesis. Additionally, in contrast to Irf4-/- mice, which 

exhibit abnormal TH2 development, Batf -/- mice provide an excellent model system to 

selectively study the role of TH17 cells in T cell-mediated autoimmune disorders.  
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Batf controls the expression of a subset of IL-6-induced genes 

 TH17 cells differentiate in response to TGF-β and the proinflammatory cytokine 

IL-6, and require IL-21 (Bettelli et al., 2006; Korn et al., 2007; Nurieva et al., 2007; Wei 

et al., 2007; Zhou et al., 2007; Manel et al., 2008). Our data demonstrate that proximal 

IL-6 receptor signaling, proximal IL-21 signaling and TGF-β signaling were normal in 

Batf -/- T cells. The TGF-β induced transcription factor Foxp3 inhibits RORγt function 

and thus TH17 differentiation (Zhou et al., 2008). IL-6 partly promotes TH17 

differentiation through the inhibition of Foxp3 (Bettelli et al., 2006). Since we found that 

Batf -/- T cells failed to fully downregulate Foxp3 in response to IL-6, Batf might function 

to inhibit Foxp3 expression in TH17 cells. This was again similar to what has been 

observed in Irf4-/- T cells, which also fail to downregulate Foxp3 in response to IL-6 

(Brustle et al., 2007). However, neutralization of IL-2 during TH17 differentiation 

abrogated increased Foxp3 expression in Batf -/- T cells, without restoring IL-17 

production. This indicates that Batf affects IL-6-mediated downregulation of Foxp3 but 

also regulates additional factors downstream of IL-6 directly required for TH17 

differentiation.  

Consistently, Batf -/- T cells failed to induce the IL-6 target gene IL-21. Further, 

our gene expression profiling experiments demonstrated that Batf was required for the 

expression of numerous IL-6-dependent TH17 associated genes. Specifically, we found 

that genes that were induced in wild type cells in response to either IL-6 alone or IL-6 

plus TGF-β clustered into genes that exhibited Batf-dependent or Batf-independent 

expression. Batf-dependent genes included known TH17 associated genes, such as RORγt 

(Zhou et al., 2007), RORα (Yang et al., 2008), the aryl hydrocarbon receptor (AHR) 
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(Veldhoen et al., 2008; Kimura et al., 2008; Quintana et al., 2008), IL-22 (Liang et al., 

2006) and IL-17. Since we found no effect of Batf on the expression of genes induced in 

response to TGF-β alone, we conclude that Batf specifically regulates the expression of a 

subset of IL-6 induced genes in T cells.  

 

A novel role for AP-1 proteins in the regulation of TH17 differentiation 

The transcriptional regulation of TH17 associated genes is still poorly defined. 

RORγt has been suggested to bind to the proximal Il17 promoter and conserved non-

coding sequences upstream of the Il17 locus (Ichiyama et al., 2008; Zhang et al., 2008b; 

Akimzhanov et al., 2007). Additionally, RORγt can induce Il17 promoter activity in 

reporter assays (Ichiyama et al., 2008; Zhang et al., 2008b) however, since RORγt-/- T 

cells show residual IL-17 production (Ivanov et al., 2006) there are likely other factors 

that regulate Il17 gene transcription. Consistently, RUNX1 has been suggested to 

cooperate with RORγt at the Il17 promoter (Zhang et al., 2008b), NFAT has been 

implicated in regulating Il17 transcription (Liu et al., 2004; Hermann-Kleiter et al., 2008) 

and STAT3 has been shown to bind to the Il17 and Il21 promoters (Wei et al., 2007; 

Chen et al., 2006). 

We have shown that Batf is required for TH17 differentiation and that RORγt 

overexpression does not fully restore IL-17 production in Batf -/- T cells and that the Il17 

promoter is Batf-responsive. Additionally, we found that Batf binds multiple conserved 

non-coding and promoter regions in the Il17a/f locus and the Il21 and Il22 proximal 

promoters in the natural chromatin state during TH17 differentiation. Additionally, using 

EMSA analysis, we found that Batf preferentially dimerizes with JunB in TH17 cells. Our 
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data indicate direct transcriptional regulation of Il17, Il21 and Il22 by Batf and reveal a 

yet unrecognized role for AP-1 transcription factors in the regulation of TH17 associated 

cytokines.  

 

A potential role for Batf as transcriptional activator 

Batf and other AP-1 proteins lacking a TAD are thought to act as AP-1 inhibitors 

by forming transcriptionally inactive heterodimers (Blank, 2008; Williams et al., 2001; 

Echlin et al., 2000; Iacobelli et al., 2000; Dorsey et al., 1995; Thornton et al., 2006). Our 

ChIP and EMSA experiments have shown that Batf binds to multiple regions in the 

Il17a/f locus as well as the Il21 and Il22 promoters indicating direct transcriptional 

regulation of Il17, Il21 and Il22 by Batf. Additionally, the Il17 promoter is Batf 

responsive and Batf is required for the induction of Il17, Il21 and Il22 indicating that Batf 

might directly promote transcription of these genes rather than inhibiting their 

transcription. Consistently, Batf -/- T cells lose the expression of many IL-6 induced genes 

in T cells, whereas Batf deficiency leads to increased expression of only few genes. Since 

Batf preferentially heterodimerizes with JunB during TH17 differentiation, we 

hypothesize that Batf in complex with JunB forms an active transcription factor complex 

in the context of TH17 differentiation.  

Although Batf is also expressed in TH1 and TH2 cells, it appears that Batf is 

specifically necessary for TH17 differentiation, but does not induce this process by itself. 

Rather, our data suggest that Batf cooperates with other TH17-specific factors to regulate 

target genes. In fact, RORγt only partially restores IL-17 production in the absence of 

Batf and our data shows functional synergy between Batf and RORγt. Notably, Batf -/- T 

114



cells exhibit a phenotype markedly similar to Irf4-/- T cells, albeit more specific to TH17 

differentiation. Like Batf -/- T cells, Irf4-/- T cells fail to differentiate into TH17 cells, fail 

to downregulate Foxp3 in response to IL-6, and IL-17 production cannot fully be restored 

by RORγt in the absence of either Batf or IRF4. Thus, Batf and IRF4 might cooperate to 

induce TH17 differentiation.  

The hypothesis that Batf acts as a transcriptional repressor is based on the 

underlying assumption that the DNA binding specificity of the ‘inhibitory’ complex is 

identical to the AP-1 complex it replaces. Using bioinformatics approaches, we were able 

to identify a potential Batf-binding motif common to the Batf binding sequences in the 

Il17, Il21 and Il22 promoters. This motif strongly resembles a canonical AP-1 motif at 

positions 1 through 3, but exhibits sequence variation in the remaining nucleotides, thus 

differing from the dyad symmetric AP-1 response element (TGAN(N)TCA). AP-1 

proteins are known to bind to sequences that deviate substantially from consensus AP-1 

elements, particularly in promoters of cytokine genes (Rao et al., 1997). This binding to 

non-consensus sequences often depends on cooperative actions with other transcription 

factors, such as NFAT or IRF (Rao et al., 1997; Panne et al., 2004). Indeed, a study by 

Steve Harrison (Panne et al., 2004) defined the structural basis for binding of the Jun-

ATF2 heterodimer to a non-symmetric non-consensus TGACATAG, which differs from 

the canonical CRE recognition sequence (TGACGTCA) at the three underlined positions.  

The crystal structure of the Jun-ATF2 heterodimer and two IRF3 molecules bound to the 

interferon-β enhanceasome revealed that binding of IRF3 to the DNA induces 

conformational distortion, bending a non-consensus AP-1 sequence into a structure 

compatible for Jun-ATF2 binding. Thus, both binding and transcription mediated by AP-
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1 factors can depend on flanking sequences and interactions with other factors. Therefore, 

Batf and IRF4 might cooperate on the DNA in a manner similar to the cooperation of 

Jun-ATF2 and IRF3 at the interferon-β enhanceasome, enabling the binding of the Batf-

JunB heterodimers to non-consensus binding elements. 

Although we found no significant enrichment of alternative motifs near Batf 

binding sites, identification of alternative motifs enriched near Batf binding sites is 

complicated by the fact that Il17, Il21 and Il22 are differentially regulated by RORγt and 

AHR (Veldhoen et al., 2008), which could both conceivably interact with Batf. Such 

differential regulation would make it more difficult to identify adjacent cooperative cis-

elements near the Batf binding sites in our analysis. Additionally, factors regulating Il17, 

Il21 and Il22 may act at sites located outside the regions examined, may have more 

degenerate target sequences, or may not be common to all cytokine promoters, unlike 

Batf, which appears common to all of these promoters.   

The concept that Batf might function as a transcriptional activator is surprising, 

since Batf lacks an obvious TAD and has been thought to act as AP-1 inhibitor by 

forming transcriptionally inactive heterodimers (Blank, 2008; Williams et al., 2001; 

Echlin et al., 2000; Dorsey et al., 1995; Thornton et al., 2006). However, despite the lack 

of an obvious TAD, Batf might decrease steric hinderance, permitting novel protein-

protein interactions of AP-1 with TH17 specific factors. Alternatively, Batf might change 

the binding affinity of the AP-1 heterodimeric complex, promoting binding of AP-1 to 

novel target sequences. Future studies will have to test the ability of Batf to directly 

induce transcription in reporter assays.  
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In summary, Batf is selectively required for TH17 development. Since Batf is also 

expressed in TH1 and TH2 cells, it likely cooperates with other TH17-specific factors to 

regulate target genes. Future work will need to determine whether the actions of Batf 

involve distinct sequence specificity or unique protein-protein interactions with TH17 

specific factors. 

 

Concluding remarks 

In the studies presented here, we have shown that Batf is required for the 

differentiation of IL-17-producing T helper (TH17) cells (Harrington et al., 2005). TH17 

cells comprise a CD4+ T cell subset that coordinates inflammatory responses in host 

defense but is pathogenic in autoimmunity (Langrish et al., 2005; Ivanov et al., 2006; 

Bettelli et al., 2006; Brustle et al., 2007).  Batf-/- mice have normal TH1 and TH2 

differentiation, but defective TH17 differentiation, and are resistant to experimental 

autoimmune encephalomyelitis.  Batf-/- T cells fail to induce known factors required for 

TH17 differentiation, such as RORγt (Ivanov et al., 2006) and the cytokine IL-21 (Korn et 

al., 2007; Nurieva et al., 2007; Wei et al., 2007; Zhou et al., 2007).  Neither addition of 

IL-21 nor overexpression of RORγt fully restores IL-17 production in Batf-/- T cells.  The 

Il17 promoter is Batf-responsive, and upon TH17 differentiation, Batf binds conserved 

intergenic elements in the Il17a/f locus and to the Il17, Il21 and Il22 (Liang et al., 2006) 

promoters.  These results demonstrate that the AP-1 protein Batf plays a critical role in 

TH17 differentiation and potentially forms an active transcription factor complex, 

although future studies will need to demonstrate direct transcriptional activation of Il17, 

Il21 and Il22 by Batf.  
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APPENDIX 1 

Batf is required for class switch recombination 

 

Introduction 

In addition to cell-mediated immune responses that involve antigen specific CD4+ 

and CD8+ T lymphocytes, the adaptive immune system entails humoral immune 

responses, mediated by B lymphocytes.  B lymphocytes produce and secrete antigen-

specific antibodies that target pathogens for elimination by phagocytic cells or neutralize 

pathogens to prevent cell entry (Murphy et al., 2008). B cell responses include a variety 

of processes involved in the generation of antibody producing plasma cells that secrete 

antigen specific antibodies with high affinity and distinct effector function as well as the 

generation of memory B cells, armed for rapid release of antibodies upon reencountering 

antigen. Additionally, the nature of the humoral immune response is determined by the 

specific B cell subsets involved and the composition of the antigen.  

Antigens can be grouped into two categories; those that elicit T-independent (TI) 

immune responses and those that elicit T dependent (TD) immune responses. TI-1 

antigens, such as bacterial associated lipopolysaccharide (LPS), induce B cell activation 

via germline encoded receptors independent of antigen specificity, leading to B cell 

proliferation, differentiation and antibody secretion. TI-2 antigens are polysaccharides 

present on extracellular bacteria that are characterized by repetitive, identical epitopes. 

These TI antigens induce antigen-specific activation of B cells through their ability to 

strongly crosslink the B cell receptor and generally involve activation of specific B cell 
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subsets, B1 B cells and marginal zone B cells. Nevertheless, TI-2 responses require T cell 

signaling to fully induce B cell responses and proliferation (Alugupalli, 2008).  

In contrast to TI immune responses, B cell responses to most protein antigens 

involve antigen specific T helper cells, thus referred to as TD responses. TD responses 

require coordinate interactions of DC and antigen specific T and B cells in secondary 

lymphoid organs. Antigen specific T cells are activated in the T cell zone of secondary 

lymphoid organs by APCs, such as DCs, that have processed the antigen. These activated 

T cells travel to the T-B cell border where they interact with B cells that have also taken 

up and processed the antigen. This interaction involves antigen presentation to T cells via 

MHCII and costimulatory molecules like CD28 and CD40. This cognate interaction of B 

cells with activated T cells leads to B cell activation, follicular entry and germinal center 

formation. Germinal centers are transient structures that foster an environment in which 

B cells undergo class switch recombination (CSR) and somatic hypermutation allowing 

for the generation of high affinity antibodies (Klein and Dalla-Favera, 2008; Murphy et 

al., 2008). 

The generation of B cells containing high affinity B cell receptors is stringently 

controlled during TD immune responses to prevent the generation of autoreactive B cells 

and entails repeated cognate interactions between B and T cells. Once T cells become 

activated to move to the B cell zone, they acquire the expression of CXCR5, a chemokine 

receptor that facilitates entry into the B cell follicle. These T cells are termed follicular 

helper T (TFH) cells. Whether TFH cells develop as a lineage distinct from TH1, TH2, TH17 

or Treg cells remains controversial, however, recent data suggests dependence of CXCR5 

expression on IL-21 signaling (Tsuji et al., 2009; Fazilleau et al., 2009; Reinhardt et al., 
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2009; Bauquet et al., 2009). Nevertheless, germinal centers also form during TI responses 

in a T cell independent manner (de Vinuesa et al., 2000).  

Class switch recombination is an irreversible somatic mutation mechanism that 

allows B cells to switch their antigen receptors from IgM and IgD to other classes that 

have distinct effector functions. CSR can occur in both T cell dependent and independent 

manner but is ultimately linked to a combination of instructive cytokine and 

costimulatory signals (Klein and Dalla-Favera, 2008; Longerich et al., 2006). Once B 

cells have rearranged their B cell receptor, they can differentiate into either plasma cells 

that are specialized to secrete antibodies, or memory B cells, which become armed to 

secrete antibodies upon reencountering antigen. Activated B cells that do not enter the 

germinal center reaction differentiate into IgM secreting plasma cells or memory cells 

without rearranging their receptor.   

 

Results 

Batf -/- mice have decreased basal immunoglobulin levels.  

In our studies, we determined that B cell development was normal in Batf -/- mice 

(Chapter 3). Since Batf was also expressed at low levels in naïve B cells, we tested 

whether B cell function was affected in the absence of Batf. First, we measured basal 

serum immunoglobulin isotype levels in unimmunized Batf -/- mice of different ages. We 

found that Batf -/- mice had slightly increased IgM serum levels across multiple ages 

examined (Figure 37). Strikingly, we found that Batf -/- mice had severely reduced to non-

detectable serum levels of IgA, IgG1, IgG2a and IgG2b isotypes compared to Batf +/+ 

mice (Figure 37). Thus, Batf -/- B cells show defects in CSR rather than a general defect 
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in antibody secretion suggesting that Batf is required for appropriate antibody responses 

to pathogens.  

 

Batf -/- B cells fail to mount antigen specific IgG3 responses to a T cell independent 

antigen 

The reduced serum Ig levels in Batf -/- mice could result from abnormal generation 

of T helper cells or T follicular helper cells, or alternatively Batf may be required in a cell 

intrinsic manner for B cell CSR and germinal center formation. To address the question 

whether Batf was required in a T or B cell intrinsic manner, and whether Batf -/- mice are 

capable of mounting antigen specific antibody responses we first performed 

immunizations of Batf -/- mice with a TI-2 antigen. We immunized Batf +/+ and Batf -/- 

with 2,4,6,-trinitrophenol (TNP)-conjugated Ficoll (TNP-Ficoll). Batf -/- mice showed 

antigen specific IgM antibodies on days 7 and 14 after immunization. However, Batf -/- 

mice failed to mount and IgG3 response to TNP, whereas Batf +/+ mice mounted a robust 

IgG3 response (Figure 38). These data suggest, that Batf -/- mice can mount an antigen 

specific TI-2 response, however, Batf -/- mice have impaired class switch recombination 

  

Defective class switch recombination in Batf -/- B cells 

 To assess whether class switch recombination was impaired in Batf -/- B cells due 

to a B cell intrinsic requirement for Batf in CSR, we performed in vitro CSR experiments. 

We evaluated class switching in Batf -/- B cells in response LPS in combination with 

various cytokine stimuli. Batf -/- B cells failed to induce CSR under all conditions 

examined (Figure 39 b-d). However, LPS induced secretion of IgM was unaffected in 
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Batf -/- B cells (Figure 39a), indicating that Batf -/- B cells can be activated to secrete 

antibody. Consistently, CD138 expression, a marker for plasma cells was increased in 

Batf -/- B cells, indicating activation of B cells to differentiate into Ig secreting cells. 

Collectively, these data indicate that Batf is required in a cell intrinsic manner for class 

switch recombination.  

 

Discussion  

Although we found that B cell development was normal in Batf -/- mice (Chapter 

3), we wanted to determine, whether Batf deficiency affects B cell function. We found 

that Batf -/- mice had decreased basal serum Ig levels of class switched Ig isotypes 

compared to age matched littermate control mice. Notably, this decrease was 

accompanied by increased serum IgM titers suggesting intact B cell activation and 

plasma cell differentiation in spite of defective class switching. Consistently, Batf -/- mice 

mounted normal antigen specific IgM responses following immunization with the TI 

antigen TNP-Ficoll; however, Batf -/- mice had defective IgG3 responses. Additionally, in 

vitro analysis of Batf -/- B cells demonstrated defective class switching, but normal 

secretion of IgM in response to activation. Notably, Batf -/- B cells preferentially 

developed into plasma cells following LPS stimulation. These data suggest that Batf is 

required for CSR and potentially germinal center B cell formation. 

These observations pose numerous questions and further studies need to define 

the role of Batf in B cell differentiation. Does Batf act as a regulator to induce the 

germinal center B cell transcriptional program or are its functions confined to regulating 

CSR? Notably, Bach2-/- B cells exhibit a phenotype similar to Batf -/- B cells. Bach2-/- B 
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cells show a selective defect in germinal center B cell formation and a defect in CSR with 

normal plasma cell development (Muto et al., 1998). Bach2 seems to be directly involved 

in both, germinal center B cell formation and CSR. Bach2 is a basic leucine zipper 

protein that interacts with small Maf proteins. Like Batf, small Maf proteins lack obvious 

TADs and have been considered to act as inhibitors of transcription (Blank, 2008). While 

these data suggest an important role of AP-1 proteins in B cell differentiation, further 

studies will need to determine whether the actions of Bach2 and Batf are primarily related 

to their ability to modulate AP-1 signaling strength, or due to a yet unrecognized 

specialized ability to induce transcription of target genes.  

The defect in CSR in Batf -/- B cells is very similar to what has been observed in 

Irf4-/- B cells, which are also deficient in CSR. In T cells, we found that both Batf -/- and 

Irf4-/- T cells fail to differentiate into TH17 cells, thus exhibit very similar phenotypes. 

However, Batf specifically affects the TH17 lineage, while Irf4-/- T cells exhibit additional 

defects in TH2 differentiation indicating that the defect observed in Batf -/- T cells is more 

specific than in Irf4-/- T cells. Irf4-/- B cells exhibit defective plasma cell differentiation in 

addition to defective class switch recombination (Sciammas et al., 2006; Klein et al., 

2006), whereas Batf -/- B cells fail to undergo CSR but can develop into plasma cells. 

These observations indicate similar parallel functions of Batf and IRF4 in B cells but 

again the defect in Batf -/- B cells is more specific than the defects in Irf4-/- B cells.  

Further studies will have to determine, whether Batf and IRF4 might cooperate to induce 

transcription in activated B cells, in a manner similar to the cooperation of Jun-ATF2 and 

IRF3 at the interferon-β enhanceasome as discussed in Chapter 8.  
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Concluding remarks 

In the studies presented here, we have shown that Batf -/- mice have decreased 

basal serum immunoglobulin levels and fail to mount antigen specific IgG3 responses 

after immunization with a TI-2 antigen. Notably, antigen specific IgM responses were 

normal in Batf -/- mice. Further, our studies indicated a B cell intrinsic requirement for 

Batf in CSR. Further studies will need to determine the mechanism by which Batf 

regulates CSR.   
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Methods 

In vitro class switch recombination.  

Naïve B cells were isolated from spleens of Batf +/+ and Batf -/- mice using CD43 

microbeads (Miltenyi Biotech Inc.) according to the manufacturer’s recommendation. B 

cells were then cultured at a density of 1e6 cells/ml in 24 well plates for 7 days. To 

induce class switch recombination, B cells were stimulated with LPS from from 

Escherichia coli serotype 0127: B8 (Sigma Aldrich) alone or LPS in combination with 

IL-4 (10ng/ml), IFN-γ (100ng/ml), TGF-β (1ng/ml) (all Peprotech). 7 days later 

supernatants were harvested and analyzed for Ig isotypes using ELISA (SBA clonotyping 

System horseradish peroxidase; Southern Biotech) according to the manufacturer’s 

recommendations. CFSE (Sigma-Aldrich) labeling was performed by incubating cells at 

20 x 106cells/ml in PBS with 1μM CFSE for 8 min at 25 °C. The cells were incubated 

with an equal volume of fetal calf serum (FCS) for 1 min and were washed twice with 

media containing 10% FCS before use.  Cells were analyzed for CD138 expression four 

days after activation by flow cytometry.  

Determination of basal Serum Immunoglobulin Titers.  

For determination of basal serum immunoglobuling titers, serum was collected from sex-

matched mice of different ages (2, 5, 9 and 13 months). Basal serum Immunoglobulin 

levels were determined using ELISA (SBA clonotyping System horseradish peroxidase; 

Southern Biotech) according to the manufacturer’s recommendations.  

Immunizations with TNP-Ficoll. 

Immunizations were preformed using sex and age matched Batf +/+ and Batf -/- mice that 

were between 8 and 10 weeks old. Mice were immunized with 25ug TNP-Ficoll 
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(Biosearch Technologies, Inc.). Mice were bled before immunization (day 0) and on days 

7 and 14 after immunization. TNP-specific IgM and IgG3 antibody responses were 

measured by ELISA against plate-bound TNP-conjugated bovine serum albumin using 

serial dilutions of serum and isotype specific HRP-conjugated secondary antibodies 

(Southern Biotech). The TNP specific titers were defined as the greatest serial dilution at 

which the average optical density at 405nm exceeded 1.5 fold of the background optical 

density.  
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Figure 37. Batf -/- mice have decreased basal serum Immunoglobulin concentrations.  
Sera from Batf +/+ and Batf -/- mice at the indicated ages were analyzed for serum Ig 
concentrations using ELISA. Data are presented as mean + s.e.m. of 3-5 mice analyzed per 
group.  
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Figure 38. Batf -/- mice fail to mount antigen specific IgG3 responses to a T cell independent 
antigen.  
Batf +/+ and Batf -/- mice were immunized with TNP-Ficoll. Mice were bled before 
immunization (day 0) and on days 7 and 14 after immunization. TNP-specific IgM and IgG3 
antibody responses were measured by ELISA against plate-bound TNP-conjugated bovine 
serum albumin using serial dilutions of serum. The TNP specific titers were defined as the 
greatest serial dilution at which the average optical density at 405nm exceeded 1.5 fold of 
the background optical density. Horizontal bars indicate mean values.  
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Figure 39. Defective class switch recombination in Batf -/- B cells.   
a - d, Naïve B cells were isolated from Batf +/+ and Batf -/- mice by negative selection using 
CD43 magnetic beads. B cells were then activated with either LPS alone (a), LPS + IL-4 (b), 
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for the indicated Ig isotypes by ELISA. e, B cells from Batf +/+ and Batf -/-  were CFSE labeled 
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dilution and CD138 expression by Flow cytometry. Number indicated the percentage of live 
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