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Abstract 

Helminth exposure, allergy and asthma each induce cellular responses that 

induce type-2 inflammation. Cytokines interleukin(IL)-4 and IL-13 are essential to type-2 

inflammation and are derived from numerous immune cells throughout the response. 

CD4+ Tfh cells make IL-4 and elicit IgE and high-affinity IgG1 production in lymphoid 

tissues, while group 2 innate lymphoid (ILC2) cells make IL-13 and Th2 cells make both 

IL-13 and IL-4 at peripheral sites of infection. Together, CD4+ T cells and ILC2 cells are 

critical for generating the hallmarks of type-2 inflammation which include smooth 

muscle contraction, mucus production and recruitment of other innate effector cells. 

Therefore, defining the mechanisms of cell-specific cytokine expression in CD4+ T cells 

and ILC2 cells may lead to new therapies that can ameliorate allergic disease and 

helminth infections.  

The AP-1 factor basic leucine zipper ATF-like transcription factor (BATF) is a 

pioneer factor in Th17 cells by facilitating chromatin remodeling at the il17 locus and 

additional loci of Th17 lineage-specifying factors. BATF is also essential for humoral 

immunity due to its requirement in the generation of follicular helper T (Tfh) cells and 

germinal center B cells. However, the role of BATF in the development and function of 

other CD4+ T helper subsets and innate immune cells in vivo remains unclear. I show 

here that mice deficient in BATF do not develop type-2 inflammation after exposure to 

the parasitic helminth Nippostongylus brasiliensis. Since type-2 cytokine expression by 
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Th2 and ILC2 cells is essential for expedient helminth expulsion, I hypothesized that 

BATF likely has a role in the development and/or induction of cytokine expression in 

CD4+ Th2 and ILC2 cells. Consistent with this hypothesis, I identified a novel 

mechanism of BATF-mediated cytokine regulation in Th2 cells. Instead of binding 

directly at cytokine loci, BATF promotes the generation of permissive epigenetic 

modifications at cytokine promoters by binding to and modulating the activity of an 

essential transcriptional enhancer, the Th2 locus control region (LCR), early during Th2 

cell differentiation. In addition, my data show that BATF deficiency inhibits the 

activation of ILC2 cells, preventing ILC2-mediated helminth clearance.  

In addition to BATF, my studies have uncovered new insight into the role of a 

second bZIP transcription factor, c-Maf, in type-2 immunity. As mentioned above, 

helminth exposure elicits IL-4 production by both CD4+ Tfh and Th2 cells and while IL-4 

regulation has been well characterized in Th2 cells, its production in Tfh cells has yet to 

be fully defined. Importantly, I show that IL-4 production by Tfh cells is sustained upon 

deletion of classical IL-4 regulatory factors signal transducer and activator of 

transcription (STAT) 6 and STAT5 and furthermore is not dependent on high GATA-3 

expression.  Therefore, Tfh cells do not require the same classical pathways for IL-4 

production as those described in Th2 cells.  

Presently, the transcription factors involved in non-canonical IL-4 production by 

Tfh cells remain unclear. C-Maf works with BCL6, the lineage-determining factor of Tfh 
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cells, to induce Tfh formation. However, the precise role of c-Maf in Tfh cell fate and 

function remains unclear. C-maf has been suggested to regulate IL-4 expression by 

binding directly to the Il4 promoter in Th2 cells and by binding at the CNS2 enhancer of 

the Il4 locus in Tfh cells. Therefore, c-Maf represents a promising candidate for non-

canonical, STAT6-independent, IL-4 production in Tfh cells.  

My results show that in the absence of canonical pathways of IL-4 regulation, Tfh 

cells express high levels of c-Maf and Il4 transcript. Deletion of c-Maf in CD4+ T cells did 

not impede the induction of BCL6 expression, thus c-Maf was not required for the 

initiation of Tfh cell differentiation. However, c-Maf-deficient CD4+ T cells did not 

express CXCR5, the chemokine receptor associated with Tfh cells, which suggested 

impaired CD4+ T cell migration. Immunohistochemistry confirmed that c-Maf deficiency 

inhibited CD4+ T cell accumulation into the B cell follicle and Tfh fate commitment.  

Interestingly, c-Maf-deficient CD4+ T cells maintained Il4 transcription, however, 

IL-4 protein production was significantly impaired. Together, these results demonstrate 

that c-Maf is essential for Tfh cell-mediated humoral immunity by promoting CD4+ T 

cell migration to the B cell follicles and the production of IL-4 protein in the germinal 

centers.  

Collectively, the objective of my thesis research was to define the roles of the 

bZIP transcription factors BATF and c-Maf in type-2 inflammation. My data 

demonstrated that BATF is essential for the differentiation and function of Tfh, Th2, and 
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ILC2 cells during helminth infection. Additionally, I show that c-Maf is required for Tfh 

fate commitment and function. Thus, BATF and c-Maf are central regulators of humoral 

and peripheral type-2 inflammatory responses against helminth infection. Given the 

wide spectrum of disorders associated with type-2 inflammation, the identification of 

transcription factors relevant to Th2-, ILC2- and Tfh-driven allergic pathologies is 

broadly impactful and a comprehensive characterization of core factors like BATF and c-

Maf provides new avenues for therapy development to modulate type-2 inflammatory 

responses. 
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  Introduction  

*Disclosure: portions of the following section were adapted from my review 

article3 and research article (forthcoming).  

 

Approximately 3 billion people worldwide are currently diagnosed with type-2 

inflammatory diseases4. Type-2 inflammation is protective against helminth infection, 

but improper activation can also lead to the development of allergic diseases such as 

allergy and asthma. Nearly one-third of the global population is infected with one or 

more parasitic helminth5, while 300 million people suffer from asthma which results 

from a chronic inflammatory response6. Both the environment and genetics can generate 

predispositions for type-2 inflammation, and prolonged persistence of the response can 

result in exacerbated pathologies such as airway fibrosis and organ scaring.  

The type-2 inflammatory response is elicited during both parasitic helminth 

infection and allergic disease, however, one key attribute that separates these diseases is 

the relative duration of antigenic stimulation. Helminths are parasites and require a host 

for viability, thus many infections are chronic7. The chronicity and prolonged exposure 

of the host immune response to such helminths often results in the down modulation of 

host immunity to build tolerance to helminth persistence and to reduce collateral tissue 

damage elicited by an overly active inflammatory response8,9. Contrastingly, sporadic 

priming with allergens result in hypersensitivity. Thus, compared to the chronic 
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antigenic presence of helminths, the infrequent priming with allergens is not typically 

sufficient to cause the down regulation of inflammation7. Instead, allergies result in a 

departure from the protective nature of type-2 inflammation against helminth infection, 

which can result in tissue damage and fibrosis.  

Helminth infections, asthma and allergy each generate a very similar course of 

inflammation in the lung and other peripheral tissues, characterized by the presence of 

lymphocytes and eosinophils, epithelial molting, goblet cell hyperplasia, and thickening 

of the mucosal lining4,10-12. Type-2 immune cells release inflammatory mediators to 

trigger smooth muscle contraction, mucus overproduction and airway constriction. 

Additionally, helminth- or allergen-specific IgE amplifies inflammation through IgE-

mediated activation and degranulation of basophils and mast cells13. These convergent 

pathologies imply that a better understanding of the mechanisms that drive type-2 

responses can help elucidate ways to eradicate helminth infections and ameliorate 

pathologies associated with allergic disease. 

 

Type-2 inflammation (modeled in Figure 1) is initiated when exposure to 

allergens or helminths causes epithelial irritation or damage4,6. Such distressed epithelia 

release alarmin molecules, thymic stromal lymphopoietin (TSLP), interleukin (IL)-25, 

and IL-33 initiating the type-2 inflammatory response. Type-2 cytokines, IL-4, IL-5, IL-9, 

and IL-13 are expressed by a number of innate and adaptive immune cells in mucosal 
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tissues and their associated draining lymphoid organs. IL-4 and IL-13 are considered the 

most influential within the type-2 immune response, each with important functions.  

For nearly three decades, the prevailing dogma suggested that IL-4 and IL-13 

were subject to coordinate regulation14-17. While a degree of functional overlap exists 

between these cytokines, their expression appears more restricted than previously 

appreciated18. A seminal study by William Paul’s group showed that in vitro-generated 

Th2 cells exhibited stochastic expression of IL-4 and IL-1319.  More recently, cytokine-

reporter mouse models have validated that type-2 cytokine regulation is much more 

dynamic than previously appreciated18,20. In fact, these studies showed that IL-4 and IL-

13 are rarely coordinately expressed in vivo suggesting that coordinate expression is the 

exception rather than the rule. Since then, cytokine expression by type-2 immune cells 

have been more thoroughly evaluated. Specifically, CD4+ T follicular helper (Tfh) cells 

(IL-4), CD4+ T helper (Th) 2 cells (IL-4, IL-5 and IL-13), Th9 cells (IL-9), group-2 innate 

lymphoid cells (ILC2 cells) (IL-5 and IL-13), eosinophils (IL-4), basophils (IL-4) and mast 

cells (IL-4) all contribute to type-2 inflammatory amplification, in which each cell subset 

has a distinct cytokine profile21-24. CD4+ Tfh and Th2 cells represent critical sources of IL-

4 and IL-13 and are considered essential activators in the response. Interestingly, Tfh 

and Th2 cells display disparate cytokine profiles, which indicate nuances in cytokine 

regulation exist even among closely related cells.  
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At the initiation of inflammation, the release of TSLP by damaged epithelia 

enhances the activation of antigen-exposed dendritic cells (DCs)25. These DCs prime 

CD4+ T cells in the nearby draining lymph nodes for differentiation into Tfh and Th2 

cells26. Tfh cells mediate humoral immunity, while Th2 cells are responsible for the 

coordination of peripheral inflammation. While the functions of these two cell types 

have been teased apart in the context of type-2 inflammatory responses, the mechanisms 

that result in the divergence of fate determination between Tfh and Th2 cells has yet to 

be fully characterized and may lend insight into how they differentially regulate 

cytokine expression.  

Multiple mechanisms of Th cell fate and function have been discussed, however, 

a clear and convergent theory has yet to be determined. One model suggests that T cell 

receptor (TCR) signal strength can mediate cell fate determination27,28. In support of this 

model, the kinetics of dwell time at the TCR revealed that stronger and longer-lasting 

TCR stimulation correlated with Tfh cell generation, whereas weaker TCR stimulation 

correlated instead with Th effector cell fate28. Individual clones of naïve CD4+ T cells 

were expanded and adoptively transferred into recipient mice. Subsequently, tetramer-

based cell tracking revealed that differentiation of clonal donor cells resulted in 

convergent cell fates, which suggested that individual clones were “predestined” for a 

particular Th fate based on TCR expression.  
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Figure 1: Cellular Model of Type-2 inflammation. 

Epithelial damage or irritation induces type-2 inflammation through the release of 
alarmins: TSLP, IL-25 and IL-33. TSLP-activated dendritic cells (DCs) polarize naïve 
CD4+ T cells in the nearby, draining lymph nodes to develop into Tfh cells or Th2 cells. 
Tfh cells stay in the lymph node and participate in germinal center (GC) reactions by 
providing GC B cells with IL-4 to make antigen-specific IgG1 and IgE as part of the 
humoral immune response. Th2 cells migrate to sites of allergic inflammation and 
produce IL-4, IL-5 and IL-13 to aid in the progression of allergic inflammation both 
directly and through the recruitment and activation of additional innate cells. ILC2 cells 
are directly activated by IL-25 and IL-33, and produce IL-5 and IL-13. IL-5 is important 
for the recruitment of eosinophils. Eosinophils and basophils make IL-4. Together, IL-4 
and IL-13 in the periphery instigate mucus production and smooth muscle contractions 
that occur during allergy and asthma and worm clearance.  
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Additional studies concluded that B cells mediate selection for Tfh cell fate. By 

restricting antigen presentation to either DCs or B cells, these studies showed that DCs 

were necessary for the proper initiation of Tfh programing by inducing the expression of 

B-cell Lymphoma 6 (BCL6), the lineage determining factor of Tfh cells, and B cells are 

required to sustain BCL6 expression in DC-activated CD4+ T cells26,29. However, other 

studies demonstrated that excessive antigen priming also facilitated B-cell-independent 

Tfh generation, suggesting that TCR signaling is essential during fate determination30,31.  

CD4+ Tfh cells are essential to germinal center (GC) reactions and antibody 

production. GCs are sites within secondary lymphoid organs that form after infection or 

immunization to generate appropriate antibody responses and mediate humoral 

immunity32. Tfh cells provide CD40 ligand that interacts with CD40 expressed on GC B. 

This interaction is essential for GC B cell proliferation and affinity maturation33,34. 

Treatment with anti-CD40 ligand antibodies leads to compromised GC formation and as 

a result, impaired humoral immunity33,35. Additionally, Tfh-derived IL-4 drives the 

selection of antigen-specific B cells in GC reactions36-38. Selected GC B cells express 

activation-induced cytidine deaminase (AID) to induce class-switch recombination to 

IgG1 and IgE and somatic hypermutation during iterative rounds of affinity 

maturation38. Thus, competition for survival elements from Tfh cells can influence GC B 

cell selection and high-affinity antibody production39,40.  
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To mediate peripheral aspects of type-2 inflammation, CD4+ Th2 cells generated 

in the draining lymph node are recruited back to the site of infection to produce IL-4, IL-

5 and IL-1326,41. Meanwhile, epithelia-released alarmins IL-25 and IL-33 directly activate 

group2 innate lymphoid (ILC2) cells to produce IL-5 and IL-1342,43. Thus, Th2 and ILC2 

cells coordinate the peripheral inflammatory responses of mucus production and 

smooth muscle contractility primarily through IL-13 production.  

Th2 and ILC2 cell-derived IL-5 induces the differentiation and mobilization of 

eosinophils from the bone marrow into circulation44,45. Cooperative pathways between 

IL-5 and eotaxin, made by respiratory endothelial cells, are essential for eosinophilia in 

the airways, a major hallmark of peripheral type-2 inflammation22,46. Additionally, innate 

immune cells assist in eosinophil recruitment through the release of leukotriene B4 by 

macrophages47,48. Once eosinophils reach the airways, they expel toxic granules to 

promote oxidative stress via the release of cytotoxic cationic molecules and increase 

vascular permeability to enhance the recruitment of additional inflammatory cells, 

including more eosinophils12. Thus, eosinophils aid in the expulsion of worms but in 

doing so, or through excessive activation, can also cause collateral tissue damage. 

Intriguingly, IL-5 and eosinophils are not required to achieve allergic inflammation in 

the lung49. Thus, although IL-5 contributes to type-2 inflammation, IL-4 and IL-13 appear 

to be the more important for peripheral type-2 inflammation.  
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Antigen-specific IgE production is a defining characteristic of type-2 immunity4,6. 

During primary responses, IgE-mediated effects are limited as levels of IgE are often 

below that required for efficient IgE receptor crosslinking (discussed below). However, 

secondary exposure to allergen or helminth, results in elevated levels of IgE50. Thus, 

circulating IgE is an important factor in allergic inflammation during secondary 

exposure to antigen.  

Basophils and mast cells express the high-affinity IgE receptor FcERI which 

binds to the Fc portion of IgE antibodies50. Antigen recognition by IgE bound to the 

surfaces of basophils and mast cells, induces IgE crosslinking and degranulation of the 

attached cell. The immediate release of inflammatory mediators, such as histamine, 

tryptase, chymase, eicosanoids and additional IL-4 cytokine, allows for the amplification 

of type-2 immunity. Thus, basophils and mast cells likely play a smaller role in type-2 

inflammation during primary exposure to helminth or allergen but are much more 

potent role upon secondary reactions due to elevated levels of circulating IgE. 

Intriguingly, while basophils and mast cells are key mediators of inflammation in 

settings of allergic inflammation, their roles in helminth clearance vary as mast cell-

mediated expedited worm clearance is helminth-specific and the role of basophils in 

secondary clearance of helminths remains unclear51-53.  

The primary immune response primes adaptive immune cells to rapidly induce 

protection upon re-exposure. During helminth infection, most antigen-specific CD4+ Th2 
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and Tfh cells formed during the primary response contract after parasite clearance, but 

those that remain serve as memory cells11. Re-exposure induces memory cells to expand 

and mediate effector functions at a much faster rate than during the primary response11. 

Importantly, the greater expansion of Tfh cells drives a more robust production of IgE 

during secondary infections. Higher titers of IgE accelerates IgE-mediated basophil and 

mast cell degranulation which can prevent larval access to the blood stream, and result 

in decreased worm burden54. However, both mast cells and basophils appear to play a 

minor role in protection against the helminth Nippostrongylus brasiliensis (discussed 

below) 51-53. On the other hand, during settings of allergic inflammation, increased 

production of IgE upon rechallenge with allergens exacerbates the allergic response.  

Tissue-resident Th2 cells also play an important role during secondary allergic 

responses in the lung. Using a model of house dust mite (HDM)-induced allergic 

inflammation, one study developed HDM-specific MHC class II tetramers to track the 

location and function of CD4+ Th2 lung resident (Trm) cells upon secondary challenge55. 

They found through parabiotic experiments between HDM-experienced and naïve 

parabionts that Trm cells localized to allergic tissues only in animals previously exposed 

to HDM and did not traffic to its naïve partner. Accordingly, memory Trm cells were 

sufficient and responsible for local, not systemic inflammation upon re-challenge.  

It is obvious that type-2 inflammation is very complex, and dysregulation can be 

harmful. Thus, since the context in which inflammation is induced (helminth infection or 
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allergy) dictates protective immunity or unnecessary tissue damage, an accurate 

characterization of the molecular biology that regulates the primary response may have 

lasting implications during re-exposure. 

 

1.3.1 Nippostrongylus brasiliensis 

IgE production, mucus production and smooth muscle contractility represent 

pathologies induced during all type-2 inflammatory diseases. The physiological 

response driven by parasitic infection with Nippostrongylus brasiliensis, the mouse 

helminth infection model of human hookworm, has been well described, therefore it is a 

powerful tool to measure, study and broadly characterize type-2 inflammation in vivo on 

various genetically manipulated backgrounds 56.  

Infection with N. brasiliensis is initiated with stage 3 (L3) infectious larvae at the 

skin, and within a few hours, larvae enter the rodent’s circulation where it accumulates 

in the capillary beds of the lungs56. There, the larvae molt and traverse the alveoli. Their 

presence causes robust type-2 inflammatory responses including mucus production and 

smooth muscle contraction to promote the passage of the worms out of the lung. The 

detached worms are coughed up and ingested and once they reach the small intestine 

they attach to the epithelial lining to feed and draw nutrients from the host to 

supplement their growth and maturation into adult worms, mate and produce eggs. The 

inflammatory response induced in the gut, is similar to the lung, in which mucus  
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Figure 2: Model of N. brasiliensis course of infection. 

Mice are injected subcutaneously with 500 L3 larvae in 200uL saline in the rear flank (a). 
The worms migrate through the circulation into the lung by 1-2 days after infection (b). 
Worms are then coughed up and swallowed into the small intestine by day 3-4 (c). In the 
intestine, the worms mature and lay eggs by day 5 of infection (d). The host immune 
system then causes expulsion through the feces which is achieved by day 8-956 (e).  
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production provides a physical barrier to prevent worm-attachment to the epithelia, and 

peristalsis encourages parasites and eggs expulsion through the feces, 8-10 days after 

infection. The course of N. brasiliensis infection in mice is modeled in Figure 2. 

N. brasiliensis provides a self-limiting model in which to study of multiple facets 

of type-2 inflammatory responses in mammals. The consistency of the controlled aspects 

of this model system include of dosage, timing, and route of infection represent 

important advantages and strengths not inherent to allergen sensitivity models56. Apart 

from the lack of chronicity, infection with N. brasiliensis evokes in a physiological 

response to a pathogen, similar to that established in humans by hookworm infection 

which facilitate translational therapeutic studies. Importantly, this system is ideal for the 

assessment of both humoral (mediastinal lymph node) and peripheral (lung and 

intestine) arms of type-2 inflammation in the same animal.  

1.3.2 Cytokine reporter mice 

The detection of type-2 cytokines IL-4 and IL-13 has historically been especially 

difficult and required artificial restimulation ex vivo or in vitro. These methods of 

secondary restimulation were likely to mask the true nature of cytokine production in 

vivo and which generated results that were more indicative cytokine expression 

potential. Whether such results were physiologically relevant in vivo was not definitively 

clear and accurate assessment of IL-4 and IL-13 and type-2 inflammation was 

challenging due to technical limitations. Recent advances in genetic tools have allowed 
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for more systematic re-characterizations of specific cell types during type-2 

inflammation in vivo. The development of cytokine reporter mouse strains to measure 

cytokine responses directly in tissues or ex vivo without restimulation has been 

especially instrumental in reshaping our understanding of the true mediators of type-2 

inflammation1,2,18,22,38,57.  

Il44get mice contain a viral, internal ribosomal entry site (IRES) element-linked 

enhanced green fluorescent protein (GFP), inserted immediately after the translational 

stop codon, before the endogenous polyadenylation signal in the 3’ untranslated region 

of exon 4 of the Il4 locus1,2 (Figure 3). This construct allows for transcription of the 

endogenous IL-4 allele while concomitantly expressing the reporter eGFP via the IRES 

element as a surrogate reporter of mRNA transcript production.  

Il4KN2 reporter mice have an insertion of cDNA from the human CD2 (huCD2) 

gene replacing the first two exons of the Il4 locus2 (Figure 3). All cis- regulatory elements 

of the Il4 locus remain intact, and the huCD2 fragment lacks signaling moieties 

associated with the huCD2 protein. Thus the KN2 cassette serves as a knock-in, IL-4 

knock-out at its inserted allele. When compared directly to intracellular staining for IL-4 

protein from the endogenous allele in heterozygous mice, IL-4 cytokine staining largely 

overlaps with huCD2 staining2. Thus, the KN2 mouse serves as a reporter for recent IL-4 

protein production via huCD2 expression.  
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Figure 3: IL-4 reporter constructs. 

Schematic model of IL-4 reporter constructs. Heterozygous Il44get/KN2 mice report IL-4 
transcription (GFP) and IL-4 protein (huCD2) production. The Il44get reporter construct 
(top) generates endogenous Il4 transcript and enhanced GFP (eGFP) via the viral, 
internal ribosomal entry site (IRES) element, as a surrogate reporter for Il4 transcript1,2. 
The Il4KN2 reporter construct (bottom) generates human-CD2 from a knock-in of the 
huCD2 cassette that replaces the first two exons of the Il4 locus disrupting the 
production of endogenous Il4 transcript at the knock-in allele2.  

 



 

15 

Breeding of Il44get and Il4KN2 reporter strains together generates heterozygous 

mice, Il44get/KN2, that contain one functional copy of IL-4 (Il44get) on one allele that 

simultaneously generates GFP, while the other allele produces huCD2 (Il4KN2) to report 

transcript and protein, respectively.  

 

CD4+ Th2 cells produce IL-4, IL-5 and IL-13 and are essential for peripheral type-

2 inflammation. Although initial differentiation does not require outside sources of 

cytokine, maintenance of Th2 cell fate and function is dependent on external sources of 

IL-4 and IL-13 that signal through the IL-4 receptor (IL-4R) 58,59. Downstream of IL-4Ra 

(an essential IL-4R subunit, described in more detail below) engagement, Janus kinase 

(JAK) phosphorylation activates Signal transducer and activator of transcription (STAT) 

6 signaling60. Dimers of phosphorylated STAT6 are trafficked to the nucleus to drive 

expression of GATA Binding Protein 3 (GATA-3), the lineage determining factor of Th2 

cells. Together, STAT6 and GATA-3 drive the expression of type-2 cytokines by 

facilitating chromatin access at the loci of Il4, Il5 and Il1361,62. GATA-3 autoregulates its 

own expression, directly regulates type-2 cytokine expression and negatively regulates 

the expression of IFNg (the signature cytokine of Th1 cells)61-63. As a result, increased IL-4 

and IL-13 production by Th2 cells maintains Th2 fate commitment in an autocrine 

fashion.  
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Although STAT6- and GATA-3-signaling is considered the canonical method of 

cytokine regulation in Th2 cells, STAT6-independent cytokine production exists as well. 

IL-2 signaling has been implicated in Th2 polarization64-67. IL-2 engagement of the IL-2R 

activates JAK-mediated phosphorylation and activation of STAT5. STAT5 signaling is 

composed of two very closely related proteins, STAT5A and STAT5B. Although studies 

have suggested that STAT5A and STATB are largely synonymous in function, Th2 cell-

based findings have shown a greater correlation between STAT5A and IL-4 expression 

in Th2 cells68. Stat5a-deficient CD4+ T cells exhibit decreased IL-4 expression, and in the 

absence of STAT6 signaling overexpression of STAT5A was sufficient to induce IL-4 

expression67. Accordingly, STAT6- and STAT5A-mediated mechanisms of IL-4 

production work independently68,69. Similar to STAT6, dimers of phosphorylated 

STAT5A translocate to the nucleus and directly bind to the Il4 locus to induce its 

transcription69.  

The basic leucine zipper domain (bZIP) transcription factor c-Maf, the cellular 

homolog of the avian viral oncogene, is an additional regulator of IL-4 production in Th2 

cells70,71. Under non-polarizing conditions, TCR-stimulated c-Maf-deficient CD4+ T cells 

fail to produce IL-4, but maintain IL-5 and IL-13 expression72. Furthermore, exogenous 

IL-4 treatment was sufficient to drive STAT6-activation and IL-4 production; therefore 

STAT6- and c-Maf-mediated regulation of IL-4 appear to be distinct from one another72. 

Additional studies demonstrated that ectopic expression of c-Maf resulted in 
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transactivation of the Il4 promoter in many cell types, including B cells and non-

lymphoid cells71.  

 

CD4+ Tfh cells are among the most recently identified T cell subset based on the 

unique chemokine receptor expression pattern, confirmed by transcriptome analysis73-75. 

Tfh cells express the follicular homing chemokine receptor C-X-C chemokine receptor 

type 5 (CXCR5), and high levels of BCL6, features that parallel that of follicular resident 

B cells. BCL6 is classically defined as the lineage-determining factor of Tfh fate76-78. Due 

to its overlapping expression profile in Tfh cells, GC B cells and Natural Killer T cells 

involved in B cell responses, BCL6 likely represents an important regulator for the 

process across cell types that lead to the coordinated events in B cell follicles79. 

Tfh cells are induced under infectious and vaccine-induced settings and are 

essential for T-cell-dependent antibody generation. Studies using mathematical 

modeling and two-photon microscopy to visualize GC reactions have revealed that 

selection and affinity maturation in GCs depend on competition for antigen on follicular 

DCs as well as competition for T cell-help80-83. Only five percent of the cells found in GCs 

are Tfh cells, of which a smaller fraction are found engaged with cognate B cells39. Thus, 

Tfh cells represent integral, limiting factors of antibody production. 

Currently, there are multiple models of Tfh generation. Tfh cells are generally 

thought to be maintained by BCL6 and are phenotypically characterized by surface 
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expression of CXCR5 and programmed cell death protein (PD)-1. One study used 

repeated peptide immunization and generated CXCR5+ PD1+ Tfh cells in mice uMT 

mice, which lack B cells31. They concluded that the Tfh phenotype is dependent on 

constant stimulation by antigen, and suggested that Tfh generation was independent of 

inherent B cell properties. Other studies, however, have determined that B cells are 

required for the maintenance of BCL6 expression in Tfh cells that is initially induced by 

DCs26,84,85. Mice in which B cells lacked antigen presentation capacity, failed to maintain 

Tfh cells85. The specific signals that induce the termination of the GC reaction have yet to 

be fully elucidated, but likely depend on reduced Tfh cell function and availability.  

During helminth- and allergy-induced inflammation, Tfh cells express IL-4 and 

provide additional survival signals to facilitate the selection of antigen-specific B cells as 

GC B cells engage in affinity maturation86. In addition, IL-4 drives AID expression in B 

cells at the follicular boarder and in the GC reaction to induce antibody-isotype class 

switching to IgE and IgG1 and SHM87.  

Tfh cells have been closely associated or correlated with many 

immunopathologies such as immune deficiency syndromes, autoimmunity and 

cancers88,89. For example, Tfh cells have been shown to impact diabetes through the 

Roquin mutation90-93. Tfh cells are also likely involved in the progression of some cancers 

as most B cell lymphomas arise from mutated, post-GC B cell clones, and there is 

mounting evidence that IL-4-expressing Tfh cells are found in lymphoma tissues94-96. 
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However, Tfh cells are also essential for long-lasting protection to viral and bacterial 

infections97,98. Therefore, a closer characterization of Tfh cell regulation is highly 

beneficial for understanding how to better target autoimmunity, B cell malignancies, as 

well as vaccine development.  

 

IL-4- and IL-13-producing Th2 cells and IL-4 producing Tfh cells have been 

identified as critical cellular contributors to type-2 inflammation. Currently, the field has 

yet to come to a consensus about the mechanisms of lineage determination that separate 

Th2 from Tfh cells. Some models suggest that Tfh and Th2 cells share an early precursor, 

while others imply that they arise independently99. Moreover, two studies regarding Tfh 

and Th2 cell generation using models of HDM-induced allergic inflammation raised 

contrasting conclusions55,100. As such, the relationship between Tfh and Th2 cells during 

type-2 immunity remains largely unclear. 

Data from our lab and others support a model in which CD4+ T cell fate 

commitment in vivo depends on B-cell-derived stimulation in secondary lymphoid 

organs26,29,38.  Our model suggests that allergen- or helminth- exposed DCs activate and 

initiate naïve CD4+ T cell differentiation in secondary lymphoid organs. Naïve CD4+ T 

cells express C-C chemokine receptor type-7 (CCR7), a chemokine receptor that 

responds to chemokine (C-C motif) ligand 21 (CCL21) that restricts these cells to the 

paracortex of the secondary lymphoid organ101. In recent CD4+ T cell activation also 
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gives rise to IL-4 competency and transcription of the Il4 locus38. Our studies, with 

support from other reports suggest that these IL-4-competent CD4+ T cells express a 

wave of BCL6, that initiates a pre-Tfh cell fate102-104. This is followed by the expression of 

transcription factor achaete-scute homologue 2 (Ascl2) which directly induces surface 

expression of the chemokine receptor CXCR5105. CXCR5 facilitates the migration of IL-4-

competent pre-Tfh cells to the chemokine (C-C motif) ligand 13 (CCL13)-rich, B cell 

follicle38,101. At the follicular boarder, pre-Tfh cells that interact with B cells presenting 

cognate-antigen are recruited into the follicle and stabilize BCL6 expression and the Tfh 

cell fate. Pre-Tfh cells that fail to form doublets with cognate B cells downregulate BCL6 

and CXCR5 expression and increase sphingosine-1-phosphate receptor 1 (S1P1) 

expression, allowing these cells to emigrate from the lymph node. These IL-4-competent, 

non-Tfh cells, become canonical Th2 cells through the upregulation of STAT6 

(previously inhibited by BCL6), and external IL-4 and IL-13 cytokine induce the 

phosphorylation and activation of STAT6, leading to increased expression of GATA-3, 

the lineage determining factor of Th2 cells.  

This proposed model emphasizes that Tfh and Th2 differentiation occur 

independently but likely arise from a common early IL-4-competent precursor. The 

timeline in this model of differentiation suggests that Tfh phenotype is initiated and 

resembles a “default” program, however, requires stimuli provided by cognate B cells 

(likely related to increased TCR engagement) for Tfh fate maintenance.  
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By characterizing mechanisms of CD4+ T cell differentiation, we can broaden our 

understanding of plasticity and the interrelatedness of Th cell subsets. Of great 

therapeutic interest is whether Th cells can be reprogrammed to modulate immunity. 

Thus, the vast majority of my thesis work, summarized herein is to elucidate potential 

commonalities and differences in the development and regulation of CD4+ Th2 and Tfh 

cells in the context of helminth infection. 

 

ILC2 cells represent innate counterparts to Th2 cells. Like Th2 cells, ILC2 

development requires GATA-3 expression106. Also like Th2 cells, ILC2 cells express IL-5 

and IL-13, which are important for recruiting eosinophils and driving peripheral allergic 

hallmarks, respectively. ILC2 cells reside in many tissues in the body, but are most 

important at mucosal barriers, such as the lung and intestine during type-2 immune 

responses107. 

Helminth infections and allergens cause the exposed host-epithelia to release 

alarmins IL-25 and IL-33. ILC2 cells are directly activated by IL-25 or IL-33 thus are 

among the first cellular responders to injury108. Experimental mouse models of helminth 

infection, have demonstrated that administration of IL-25 or IL-33 is sufficient to drive 

ILC2 cell-mediated worm expulsion, even in the absence of adaptive immunity or Th2 

cells109,110. These findings show that ILC2 cells are central to type-2 inflammation.  
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Although IL-2542,107,109-113 and IL-3342,107,109,111,114 are understood to directly elicit 

expansion and effector function of ILC2 cells, conflicting conclusions have been made 

regarding the modes of induction. One study indicated that IL-25 and IL-33 activate the 

same population of ILC2 cells, however, IL-25 is less potent than IL-33 in terms of the 

magnitude of the elicited response109,111. Alternative studies concluded that an IL-33-

responsive subset of ILC2 cells reside within peripheral tissues at steady state and 

inflammatory conditions elicit the recruitment and activation of IL-25-responsive ILC2 

cells to the inflamed tissues, and subsequently develop into an IL-33-responsive subset42. 

These studies suggested that IL-25-responsive ILC2 cells served to amplify the IL-33-

responsive subset during inflammation. Thus it is possible that subsets of ILC2 cells exist 

on a continuum of maturation and that their development and functions are 

dynamically regulated during inflammation42.  

An intriguing aspect of ILC2 cell biology during type-2 inflammation is their 

interplay with the adaptive immune system. ILC2 cell depletion inhibited the generation 

of Th2 cells during papain-induced allergic responses41,115. However, Rag-/- mice, which 

lack T and B cells, have difficulty maintaining ILC2 cell numbers after helminth 

infection108. Therefore, optimal effector function of both CD4+ T cells and ILC2 cells likely 

results from some level of symbiotic dependency. Characterization of the mechanisms 

responsible for ILC2 cell function and their relationship with CD4+ T cells will be 

invaluable for understanding how to best modulate type-2 inflammation.  
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The loci of Il4 and Il13 are situated closely together and likely arose from gene 

duplication. Previously oversimplified definitions of type-2 cytokine expression 

converged the regulation of IL-4 and IL-13 production and suggested that they 

overlapped in function. However, it is now appreciated that divergent cytokine 

expression patterns among type-2 inflammatory cells exist and suggest that 

environmental conditions and/or cell types can regulate cytokine transcription 

differently for divergent functions.  

In support of differential regulation between IL-4 and IL-13 is through the 

activation of two classes of type-2 cytokine receptors: type-I and type-II IL-4Rs116-119. 

Type-I receptors are composed of IL-4Ra and the common gamma chain and type-II 

receptors are composed of IL-4Ra and the IL-13Ra. IL-4 binds IL-4Ra directly, thus can 

activate both type-I and type-II receptors, while IL-13 binds only the IL-13Ra and signals 

through the type-II receptor exclusively. Since IL-4 and IL-13 both bind the IL-4Ra 

subunit and induce the phosphorylation and activation of STAT6, it was assumed that 

these cytokines exhibited a high degree of functional overlap. However, differential 

expression of type-I and type-II receptors by different cell types imply that IL-13 may 

have a more targeted function by signaling through different cells.  

It became more evident that IL-4 and IL-13 exhibited disparate functions during 

type-2 inflammation when mice deficient in either cytokine resulted in distinctive 
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phenotypes after helminth exposure. Mice deficient in IL-4 production were sufficient 

for the clearance of N. brasiliensis while Il13-deficient mice were not18. Il13-deficient mice 

produced wild-type levels of serum IgE, whereas IgE was undetectable in Il4-deficient 

mice18. These studies substantiated in vivo, a discrepancy in our knowledge of the non-

redundant functions of these cytokines. Additionally, these studies indicated Th2 cells 

express both IL-4 and IL-13, while Tfh cells express only IL-4, and Th2 and Tfh-mediated 

functions were also clearly isolated by their respective tissue compartment18,38. Th2 cells 

mediate peripheral aspects of inflammation, whereas Tfh cells drive the humoral 

response by facilitating antibody production. Moving forward, it will be important to 

understand how differences in Th2 and Tfh differentiation results in the restrictive 

cytokine profile and functionality to elucidate non-redundant functions of IL-4 and IL-13 

during type-2 inflammation.  

CD4+ T cells represent a valuable starting point to learn about the differential 

regulation of type-2 cytokine expression, however, many other type-2 immune cells also 

exhibit alternative patterns of IL-4 and IL-13 expression. For example, ILC2 cells are 

essential to peripheral type-2 inflammation, but unlike Th2 cells that make both IL-4 and 

IL-13, ILC2 cells produce copious amounts of IL-13, but not IL-4. Interestingly, ILC2 cells 

and Th2 cells both express high levels of GATA-3, which has been correlated with IL-13 

production20. Thus, it will be important to understand how GATA-3 regulates IL-13 

expression, but is uncoupled from IL-4 expression between Th2 and ILC2 cells.  
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Basophils and eosinophils express only IL-4 protein, however have been reported 

to produce both IL-4 and IL-13 transcript20. The confounding results likely resulted from 

the overstimulating conditions used to measure IL-4 and IL-13 production and were 

likely indicative of expression potential, rather than active cytokine production. Thus, 

specifics of cytokine regulation within these immune cells remain poorly defined.  

Il4 and Il13 share many cis- and trans-regulatory elements, thus were historically 

expected to be similarly regulated14-17. However, recent studies revealed that even within 

populations of CD4+ Th2 cells, type-2 cytokines are not always coordinately 

expressed18,19,120-122. These findings confirmed that each cytokine locus is susceptible to 

differential regulation. Most studies have evaluated type-2 cytokine expression and 

regulation in Th2 cells, however, the characterization of available mechanisms are far 

from complete.  

The Th2 locus, located on mouse chromosome 11, is 140 kilobases and contains 

the genes for Il4, Il13, Rad50 and Il5 (Figure 4A). Rad50 is an important factor in the 

DNA damage response and is constitutively expressed. However, a role for Rad50 in 

type-2 immunity remains uncharacterized. Instead, many DNase hypersensitive sites 

across the Rad50 locus have been characterized to be important for type-2 cytokine 

production (Figure 4A). The constitutive nature of rad50 expression (as a critical 

component of the DNA damage response) renders Rad50 DNase hypersensitivity sites 

(RHS) 1-7 easily accessible throughout T cell differentiation. Specifically, RHS4-7, found 
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embedded in the introns at the 3′ end of the Rad50 gene, are essential for optimal Th2 

cytokine expression123-126. Together, RHS4-7 represent the core of an essential 

transcriptional enhancer of type-2 cytokines, referred to as the Th2 locus control region 

(LCR). The Th2 LCR serves as a docking point for transcription factors that tether the 

promoters of cytokine loci, forming a chromatin hub before and during active cytokine 

transcription62,124.  

The first annotated LCR was described for the beta-globin locus. Transgenic 

expression of the beta-globin LCR revealed that LCR copy number dictated the 

magnitude of expression of its linked-genes127. The beta-globin LCR provides a central 

hub of transcription factors, while its promoter recruits a distinct set of transcriptional 

regulators itself128-130. Chromosomal looping brings the beta-globin LCR and promoter 

together to generate a super-complex of the of pre-formed transcriptional complexes, 

and enhance Bglobin transcription. Many additional LCR-dependent gene expression 

profiles have since been defined124,131-133. Moreover, these discoveries have yielded new 

appreciation for multi-dimensional mechanisms of gene regulation across cell types that 

depend on both locus-proximal regulatory elements and long-range chromatin 

interactions.  

The Th2 LCR is central to many regulatory events at the Th2 locus during Th2 

cell differentiation. Cells that do not produce type-2 cytokines, like fibroblasts, exhibit a 

relatively unorganized or “unpoised” structure at the Th2 locus (Figure 4B, left). 



 

27 

However, in CD4+ T cells, prior to differentiation, the Th2 locus is “poised” to undergo 

rapid epigenetic manipulation for cytokine expression (Figure 4B, middle). This 

chromatin hub provides a mechanism for activation- and differentiation-induced 

recruitment of transcription factors to immediately induce cytokine expression once Th2 

differentiation is initiated. During differentiation and fate commitment, Th2-specific 

transcription factors, such as STAT6134, are recruited to the LCR to recruit additional 

chromosomal sites forming the “active” chromatin hub (Figure 4B, right). Only in this 

configuration does optimal expression of IL-4, IL-5, and IL-13 in CD4+ Th2 cells occur.  

Each RHS within the LCR serves as important docking sites for essential factors 

in type-2 cytokine expression. Critically, RHS7 is a required site for the formation of the 

“poised” chromatin conformation. Deletion of RHS7 results in reduced interactions 

between the LCR and the Il4 promoter as well as the promoters of Il5 and Il13125. CD4+ T 

cells from Rhs6-deficient mice were impaired for type-2 cytokine production both in vitro 

and in vivo126. Chromatin immunoprecipitation (ChIP) using antibodies against 

permissive (H3Ac, H3K4me3) and repressive (H3K27me3) histone modifications, 

revealed that Th2-polarized Rhs6-deficient CD4+ T cells exhibited largely inactive 

chromatin across Th2 cytokine loci compared to wild-type cells. Thus it was concluded 

that RHS6 is likely an important docking site for transcription factors that generate 

permissive epigenetic modifications along the Th2 locus during Th2 differentiation.  
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Figure 4: Model of the Th2 locus chromatin conformation. 

Model of chromatin configurations during Th2 cell polarization. (A) Th2 cytokine 
locus spans ~140kb and includes genes for IL-5 (orange), Rad50 (red/blue), IL-13 
(yellow) and IL-4 (green). Arrows define Rad50 DNase hypersensitivity sites 1-7. 
RHS4-7, located at the 3’ end of the Rad50 gene represent the Th2 LCR (blue). (B) 
Model of chromatin conformations of the Th2 locus throughout differentiation of Th2 
cells. Cells that don’t produce type-2 cytokines, such as fibroblasts, exhibit an 
“unpoised” chromatin structure (left). Cells that have type-2 cytokine potential, such 
as naïve CD4+ T cells, exhibit a “poised” chromatin structure (middle). Th2 cells that 
actively transcribe type-2 cytokines, achieve an “active” chromatin conformation 
(right). 
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Four factors have been identified to bind to the LCR at RHS6 and/or RHS7 and 

mediate chromatin remodeling at the Th2 locus: STAT662,134, GATA-3135, SATB homeobox 

1 (SATB1)136 and Ying Yang 1 (YY1)137. These factors provide a strong foundation for 

understanding LCR functionality, however, regulation at the Th2 locus remains 

incompletely understood. Importantly, the current models of LCR-mediated type-2 

cytokine regulation center around the coordinate expression of Th2 cytokines. How the 

LCR is regulated during non-coordinate cytokine expression is still unclear, but likely 

involves the recruitment of an alternative compilation of transcription factors to the 

chromatin hub. As evidenced in CD4+ T cells, many individual Th2 cell clones express 

both IL-4 and IL-13, while others produce either cytokine independently18,19,120-122. 

Therefore, it is clear that our understanding of cytokine expression remains incomplete, 

and closer examination of the specific events that impact the chromatin landscape of a 

given type-2 immune cell is still of great interest.  

 

Activator Protein (AP)-1 family transcription factors are induced upon cellular 

activation. AP-1 factors largely consist of variations of JUN and FOS proteins. The 

permutations of AP-1 homo- and hetero-dimers, post-translational modifications and co-

factors give rise to specificity of positive or negative transcriptional regulation. These 

proteins have alpha-helical bZIP domains to enable protein-protein dimerization and 

subsequent attachment to AP-1 palindromic TPA response elements (TREs) within 
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DNA138,139. Contextual cues, including cell type and external microenvironment define 

the specificity of AP-1 transcription factor expression140.  

Basic leucine zipper transcription factor ATF-like (BATF) proteins, BATF, BATF2, 

and BATF3 comprise a subgroup of AP-1 factors141. All share similar leucine zipper 

motifs, however BATF and BATF3 are 125 and 118 amino acids in length and are most 

homologous within the family as they both lack transactivation domains. BATF2, 

contains an extended domain at its C-terminus, however, the function of this domain 

has yet to be characterized142. Expression of BATF and BATF3 are restricted to 

hematopoietic cells, whereas BATF2 is expressed more broadly143,144. In CD4+ T cells, 

BATF is expressed in Th1, Th2, Th17 and Tfh cells, BATF3 is expressed in Th1 and to a 

much lesser degree in Th17 and Th2 cells, and BATF2 does not seem to be expressed in 

any145-147. Because BATF and BATF3 expression sometimes overlap, it is likely that some 

degree of compensation exists in the absence of either factor148. However, of the BATF 

proteins, BATF seems to have the most prevalent role in Th cell regulation.  

BATF and JUN proteins forms heterodimers which coordinate with interferon-

regulatory factor (IRF)-4 by binding to AP-1-IRF composite elements (AICEs) to mediate 

transcriptional regulation149,150. BATF and IRF4 bind to the same regions following TCR 

stimulation in Th17 cells, and Batf-deficient T cells phenotypically resemble Irf4-deficient 

T cells. Binding assays showed that IRF4 could not bind DNA on its own, and required 
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BATF for optimal binding to induce transcription. Therefore, both BATF and IRF4 are 

likely required for optimal transcriptional regulation.  

As mentioned earlier, BATF lacks transactivation domains and was therefore 

previously regarded as a negative transcriptional regulator143. However, a number of 

exciting findings within the last decade determined that BATF is essential for the 

positive regulation of many transcriptional processes within adaptive immunity. 

Specifically, BATF is required for the differentiation and effector function of multiple 

lineages of T cells and GC B cells.  

BATF is critical for Th17 differentiation both in vitro and in vivo. Using the mouse 

model for multiple sclerosis, experimental autoimmune encephalomyelitis (EAE), it was 

reported that Batf-deficient mice were protected from the Th17-dependent disease147. 

More recently, studies identified the genomic regulator elements and motifs responsible 

for BATF binding in Th17 cells, and used network modeling to describe the integrative 

components necessary for Th17 specification. BATF, in collaboration with IRF4, STAT3, 

p300, and c-Maf, was defined as an essential transcription factor, or pioneer factor, for 

chromatin modification151.  

BATF deficiency resulted in a stark phenotype that inhibited the development of 

germinal center responses after immunization and infection. BATF is required for the 

formation of both Tfh cells and GC B cells and is also intrinsically important for 

antibody isotype class-switching in B cells146,152. ShRNA-mediated knock down of BATF 
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expression after CD8+ T cell differentiation revealed that BATF was required for 

differentiation but not maintenance of the cell lineage153. A different study later bolstered 

these findings by identifying BATF-mediated transcriptional regulation of the CD8+ T 

cell lineage-specifying genes Tbet and Blimp-1, while repressing IFNg and granzyme B 

production154. This study emphasized that BATF served as an early lineage-defining 

checkpoint during CD8+ T cell fate commitment while antagonistically regulating 

effector function. In fact, many of the conclusions made by the studies mentioned above 

suggest that BATF has an overarching role in the initiation of cell fate determination.  

At present, mechanisms of BATF-mediated regulation during type-2 

inflammation have yet to be fully understood. Various publications have drawn 

conflicting conclusions regarding the role of BATF both in vitro and in vivo. Studies by 

Schraml et. al. and Ise et. al. showed no impairment in in vitro Th2 differentiation by Batf-

deficient CD4+ T cells146,147, while Betz et. al. showed a clear defect in IL-4 mRNA in Batf-

deficient CD4+ T cells in vitro, although this finding did not hold true in vivo152. Thus, the 

role BATF plays in Th2 development and function remained unclear.   

More recently, two independent studies examined the role of BATF in settings of 

allergic inflammation. Ubel et. al. used both asthmatic human samples and Ovalbumin 

(OVA)-induced allergic mouse models to validate that levels of BATF were elevated in 

peripheral tissues during allergic inflammation compared to non-allergic controls155. The 

same study demonstrated that BATF deficiency in mice resulted in reduced OVA-
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induced inflammation, and conversely, that BATF overexpression predisposed mice to 

allergic responses. In this study, OVA-induced inflammation upregulated IFNg in both 

wild-type and Batf-deficient mice, but when neutralized (using an anti-IFNg antibody), 

only wild-type mice were susceptible to allergic inflammation. This finding suggests 

that suppressing IFNg levels can exacerbate the degree of type-2 inflammation in wild-

type mice. However, removal of IFNg in BATF-deficient animals had little effect on 

allergic inflammation.  

In the second study, Jabeen et. al. demonstrated that BATF plays an essential role 

in the generation of Th9 cells24. Th9 cells arise from Th2 cell intermediates when exposed 

to an appropriate balance of IL-4 and TGFb after OVA sensitization. The study revealed 

that BATF was essential for Th9-mediated expression of IL-9, IL-10 and IL-21, which 

they concluded, was responsible for BATF-mediated allergic inflammation.  

This year, Sahoo et. al. identified a novel mechanism of BATF-mediated 

regulation in Tfh cells during OVA-induced allergic inflammation156. They showed that 

by binding to the CNS2 enhancer of the IL-4 locus, BATF regulates IL-4 production in 

Tfh cells. In contrast, they observed normal levels of IL-4 production in Batf-deficient 

Th2 cells, suggesting that defects found in allergic phenotypes result specifically from a 

lack of Tfh-mediated IL-4 production. Interestingly, prior studies using similar OVA-

induced hypersensitivity models showed that the CNS2 region, has no effect on allergic 
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lung inflammation157,158. Thus, there is still a gap in our understanding as to how BATF 

deficiency results in reduced allergic inflammation. 

To summarize, the current conclusions regarding the roles of BATF in type-2 

inflammation have only been explored using OVA-induced models of allergic 

inflammation. Such studies have concluded that inflammatory defects in Batf-deficient 

animals are a direct result of 1) enhanced IFNg production, 2) decreased IL-9 production, 

or 3) impaired Tfh-mediated expression of IL-4 and IgE production, while the specific 

roles of BATF in Th2 cells have raised incongruous conclusions in vitro. Thus, the 

function of BATF in Th2 cells and type-2 inflammation requires additional 

characterization.   
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 Materials and Methods 

*Disclosure: portions of the following section were adapted from my 

forthcoming research article.  

 

Balb/c Stat6-/- and stat5a-/-stat6-/- and C57/Bl6 and Balb/c IL-4 reporter mice: Il4KN2 

and Il44get were generously provided by Rich Locksley (UCSF, San Francisco, CA). 

C57/Bl6- Batf-deficient, Icos-deficient, Stat3flox/flox and OT-2 transgenic mouse lines were 

purchased from Jackson laboratories. Cmafflox/flox mice were graciously provided by 

Carmen Birchmeier (Max-Delbrück-Center for Molecular Medicine, Berlin, Germany). 

Mice were crossed on to IL-4 reporter backgrounds. Mice with floxed alleles were 

crossed on the CD4Cre background to mediate excision of the floxed gene only in cells 

expressing CD4. Batf-deficient mice were also crossed on to an OT2 transgenic 

background for some studies. All mice were used in accordance with the NIH 

guidelines. The procedures in this study were approved by the Duke University IACUC. 

Mice were housed in a specific pathogen-free facility.  

 

N. brasiliensis was prepared by filtering live L3 worms through a Kimwipe 

submerged in saline solution, such that all live larvae swim through, leaving any dead 

larvae behind. Live larvae were then washed 3 times with saline. Mice were injected 
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subcutaneously in the rear flank with 500 L3 N. brasiliensis larvae in 200uL saline 

solution.  

For experiments in which secondary immunological recall was examined, mice 

were re-infected with the same dose of N. brasiliensis larvae 21 days after the initial 

infection.  

 

Single cell suspensions of lymph nodes from wild-type OT2 and Batf-deficient 

OT2 mice and labeled with 5µM CellTrace Violet (Invitrogen). A total of 1.5x106 CD4+ T 

cells were adoptively transferred (as indicated) intravenously into wild-type or Batf-

deficient mice. Twenty-four hours after transfer, recipient mice were immunized 

subcutaneously in the footpad with 100µg OVA emulsified in aluminum hydroxide gel 

(Alhydrogel; InvivoGen). Three days after immunization, proliferation of CD4+ T cells 

was analyzed in the draining popliteal lymph nodes. Donor and recipient cells were 

distinguished by congenic (CD45.1 and CD45.2) markers.  

 

For flow cytometry, the 7AAD (Invitrogen), Live/Dead Violet (Life Technology), 

and 4′, 6-diamidine-2′-phenylindole dihydrochloride (DAPI, Roche) were used to 

determine cell viability. The following surface markers were stained with antibodies 

purchased from Biolegend, BD Pharmingen, eBioscience and Invitrogen: GL7 (GL7); 

CD90.2 (30-H12); PD-1 (RMP1-30); CD49b (DX5); ICOS (C398.4A); IL-4Ra (I015F8); CD8 
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(53-6.7); B220 (RA3-6B2); SiglecF (E50-2440); CD131 (J0R050); CD95 (Jo2); CD4 (RM4-5); 

CD45R/B220 (RA3-6B2); CD185/CXCR5 (SPRCL5) and anti-human CD2 (S5.5).  

The following intracellular proteins were stained with antibodies purchased 

from BD, Biolegend and eBioscience: BCL6 (K112-91); GATA-3 (TWAJ); IFNg (XMG1.2;); 

IL-13 (eBio13A) and STAT6-Y641 (J71-773.58.11; BD Phosflow).  

 

96-well plates were coated with rat-anti-mouse-IgE (R35-72; BD), and incubated 

with 1:2 serial dilutions of serum. Total IgE was detected by biotinylated anti-mouse-IgE 

(R35-118; BD), followed by streptavidin-horseradish peroxidase and o-

phenylenediamine. Concentrations of total IgE were determined by Emax-precision 

microplate reader (Molecular Devices) and compared to standard curves generated with 

purified IgE (MEB- 38; Biolegend).  

 

2.1.1 Antibodies for Flow Cytometry 

For flow cytometry, the 7AAD (Invitrogen), Live/Dead Violet (Life Technology), 

and 4′, 6-diamidine-2′-phenylindole dihydrochloride (DAPI, Roche) were used to 

determine cell viability. The following surface markers were stained with antibodies 

purchased from Biolegend, BD Pharmingen, eBioscience and Invitrogen: GL7 (GL7); 

CD90.2 (30-H12); PD-1 (RMP1-30); CD49b (DX5); ICOS (C398.4A); IL-4Ra (I015F8); CD8 
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(53-6.7); B220 (RA3-6B2); SiglecF (E50-2440); CD131 (J0R050); CD95 (Jo2); CD4 (RM4-5); 

CD45R/B220 (RA3-6B2); CD185/CXCR5 (SPRCL5) and anti-human CD2 (S5.5).  

The following intracellular proteins were stained with antibodies purchased 

from BD, Biolegend and eBioscience: BCL6 (K112-91); GATA-3 (TWAJ); IFNg (XMG1.2;); 

IL-13 (eBio13A) and STAT6-Y641 (J71-773.58.11; BD Phosflow).  

2.1.2 Cell surface staining 

Mice were perfused with 15 mL of PBS. Single cell suspensions were prepared 

from mediastinal or popliteal lymph nodes by homogenation. Single cell suspensions 

were prepared from lungs digested with: 250ug/ml Collagenase (Sigma: C7657), 50ug/ml 

Liberase (Roche: 145495), 1mg/ml Hyaluronidase (Sigma: h3506), 200ug/mL DnaseI 

(Sigma: DN25) in RPMI, followed by ACK lysis buffer (0.15M NH4CL, 10mM KHCO3, 

0.1mM EDTA pH7.4) treatment to eliminate red blood cells. Cell suspensions were 

filtered through mesh with 80 micron pores to eliminate debris. Prior to surface staining, 

cells were incubated with TruStain (Biolegend) to block non-specific Fc Receptor 

binding. Surface staining was diluted in FACS buffer (2% FCS and 0.1% Sodium Azide 

in PBS). Cells were then washed and resuspended in FACS containing DAPI. Stained 

cells were collected on FACSCanto II (BD Biosciences). Flow plots were analyzed with 

FlowJo (Ashland, OR).  
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2.1.3 Intracellular Staining 

Cells were first stained for surface markers as described in 2.5.1, then with a 

fixable viability stain, Live/Dead (Life Technologies). For staining of transcription 

factors, surface stained cells were then fixed and permeabilized with the FOXP3 staining 

kit (eBioscience) according to the manufacturer’s recommendation. Cells were then 

stained in the dark, on ice, for 30 minutes with fluorochrome-conjugated antibodies.  

For intracellular cytokine staining of IL-13 and IFNg, cells were incubated with 

PMA and ionomycin for 5 hours, and monensin for the the last 2 hours. Cells were 

surface stained as described above and then fixed in 2% formaldehyde, permeabilized 

(0.5% Saponin, 2% FCS, 0.1% Sodium Azide in PBS) and stained with the appropriate 

antibodies (clones identified in Section 2.5). For phosphorylation assays: anti-phospho-

mouse STAT6-Y641 (identified in Section 2.5) was used as recommended by the 

manufacturer.  

 

Single cell suspensions of lymph nodes from naïve mice were prepared, and 

CD4+ T cells were negatively selected (Stemcell Technologies; 19860) and purity was 

assessed by flow cytometry. CD4+ T cells of >90% purity were cultured at a density of 

3x106 cells per ml on plate-bound anti-CD3 (5µg/ml; 145-2C11; Biolegend) and anti-CD28 

(2 µg/ml; 37.51; Biolegend). For Th1 cultures, cells were polarized with 10µg/ml anti-IL-4 

(XMG1.2; Biolegend), 10µg/ml IL-12 (Biolegend: 577002), and 10µg/ml IL-2 (Biolegend: 
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575402). For Th2 cultures, cells were polarized with 10µg/ml anti-IFN-gamma (XMG1.2; 

Biolegend), 10µg/ml IL-4 (Biolegend: 574302), and 10µg/ml IL-2. All cultures used RPMI 

medium (Gibco) supplemented with 2% fetal calf serum, 55µM 2-mercaptoethanol, 100U 

Penicillin, and 100µg/mL Streptomycin. Cells were cultured for 3 (Th1) or 4 (Th2) days 

unless otherwise indicated. Culture efficiency prior to biochemical or molecular analysis 

was assayed by IL-4 production (GFP+) or IFN-gamma production (YFP+) where 

applicable.  

 

Draining mediastinal lymph nodes were fixed in 4% paraformaldehyde for 2-3 

hours, washed with PBS for 4-6 hours, and placed in 30% sucrose overnight. Tissues 

were then embedded and frozen in Optimum Cutting Temperature (O.C.T.) embedding 

compound (Sakura Finetek USA). Tissue sections were cut at 8 microns and quenched of 

endogenous peroxidase activity with 1% H2O2 and 0.5% sodium azide in PBS. Slides 

were subsequently blocked for non-specific Fc Receptor binding (TruStain Fc block-

clone 93, Biolegend) and endogenous biotin (Avidin/biotin block; Vector Labs). eGFP 

was detected by anti-mouse-GFP (Novus Biologicals: NB600-308), followed by 

biotinylated F(ab’)2 donkey anti-rabbit (Jackson Immuno Research Laboratories). 

Tyramide amplification was applied to maximize detection of biotinylated-anti-eGFP. 

Briefly, following addition of biotinylated F(ab’)2 antibodies, tissue sections were 

incubated with streptavidin-HRP followed by fluorescein isothiocyanate–tyramide from 
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the TSA Fluorescein System according to the manufacturer's instructions (PerkinElmer: 

NEL 701001KT). Prior to CD4 detection, a second round of peroxidase quenching and 

blocking of biotin (Avidin/Biotin Block; Vector labs) was performed. CD4 was detected 

using biotinylated- anti-CD4 antibody (RM4-5 Biolegend), and signal was amplified 

with tyramide–Alexa Fluor 555 (Invitrogen). After a third round of blocking and 

quenching of biotin and peroxidase, B220 was detected by biotinylated-anti-B220 (RA3-

6B2; Biolegend), followed by Dylight649 conjugated to anti-Streptavidin (Biolegend). 

Nuclei were counterstained with DAPI (4′, 6-diamidine-2′- phenylindole 

dihydrochloride; Roche) in PBS before mounting (Vectashield: Vector Laboratories) on 

coverslips. Digital images were collected with Zeiss Axio Imager. Images were 

converted to red-green-blue, colored and overlaid with Photoshop CS5 software (Adobe 

Systems).  

 

Mice were sacrificed 8 days after N. brasiliensis exposure. Four percent 

paraformaldehyde was used to inflate lung tissues. Ten centimeter sections of the small 

intestines were collected and coiled into a Swiss roll to facilitate efficient visualization. 

Inflated lungs and small intestines were fixed in 4% formaldehyde overnight. 

Embedding, sectioning, and staining was performed by the Duke University histology 

core. Digital images in brightfield were acquired with Zeiss Axio Imager through the 

Duke University Light Microscopy Core Facility.  
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2.10.1 Native ChIP 

Chromatin was prepared from 5x106 cultured Th1 or Th2 cells (5x106) and 

immunoprecipitated using antibodies specific for acetylated histone H3 (H3ac; EMD 

Millipore, 06-599), trimethylated histone H3 lysine 4 (H3K4me3; EMD Millipore; 07-473) 

following a protocol described previously (61) with modifications: micrococcal nuclease 

was purchased from NEB, and sonication step was omitted. Immunoprecipitated and 

input samples were quantified by SYBR green (Bio-Rad) qPCR (LightCycler 480II, 

Roche) with previously described primers against the IL-4 promoter (40). Experimental 

values were normalized to values obtained with primers for β2-microglobulin (61) and 

enrichment was expressed as percent input.  

2.10.2 Fixed ChIP 

Naïve CD4+ T cells were sorted as CD25-, CD44lo, CD62L+ and cultured under Th2 

polarizing conditions for 48 hours. 5x106 to 15x106 live, cultured cells were cross-linked 

with 1% paraformaldehyde for 10 minutes at room temperature. Nuclei were generated 

with Farnham Lysis buffer. Nuclear lysates were isolated with RIPA buffers and 

fragmented with a Vibra-Cell VCX130PB (Sonics & Materials). For immunoprecipitation, 

anti-mouse IgG1 Dynabeads or Protein G were incubated overnight at 4°C with 5ug 

anti-BATF (WW8; Santa Cruz Biotechnology), anti-JunB (sc-46x, rabbit polyclonal, Santa 

Cruz Biotechnology), or anti- IRF4 (sc-6059x, goat polyclonal, Santa Cruz 
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Biotechnology), washed and incubated overnight with sonicated chromatin at 4°C. After 

immunoprecipitation, protein-DNA crosslinking was reversed by heating at 65°C, 

followed by proteinase K and RNase A treatment. DNA was purified by extraction with 

phenol-chloroform and ethanol precipitation and amplified by qPCR (LightCycler 480II, 

Roche) with indicated primers (see Table 1) for conserved AP1 binding sites at the Th2 

locus and a conserved non-AP-1 site within the locus (negative control). The 

Evolutionary Conserved Region (ECR) browser (http://ecrbrowser.dcode.org/) was used 

to identify conserved transcription factor binding sites, and promoter regions were 

defined to include approximately 500 basepairs upstream of the transcription start sites 

of Il4 and Il13.  
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Table 1: Primers for quantitative PCR 

 Primer 

Region Forward Reverse 

Negative 
control 

(non-AP-
1 site) 

CAGATGTTCGTTAGATAGTTGAGTG CCAGATCTCTTCTAAACTGATTGAC 

IL-13 
promoter TGGGCAGGTGAGTATCAGTCTATT AAAGGAAGGAAGGGAGGAAGGA 

IL-4 
promoter TACACCATAATCGGCCTTTCAG ACCTGTGACCTCTTCCTTCT 

AP-1 
site 1 AGTCAAGAGGAAATGGTGCAAAT CTGTGATGCCATTTCAGGTCAG 

AP-1 
site 2 

(RHS6) 
CTGTACAATCATTCCGTGATCTT CTGCATCTGATACTTAGACGTATTT 

AP-1 
site 3 

(RHS7) 
GGGTCTACCTAGAATTCTTCCTC ATCTCACTCATAGCCGATACCT 

AP-1 
site 4 AAGGTGGCAGATCCCTTGGA GCATGCCTTCTGCTTGTCTTGA 

AP-1 
site 5 TGCACAGCTCCTCTGCATACT CCGTTGAACTCCACAGCAAACA 

AP-1 
site 6 GGAGATGACGAGGTTTGCTATATT CATCTCGAGTGGAAAGTGATCC 

AP-1 
site 7 
(Kif3a 

5’UTR) 

TCTTAGTGCCTTTGAGCTGACC ACAGTTTGTTTCCTGGTCGGTA 
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Cells were cultured under Th1 or Th2 polarizing conditions (as described in 

Section 2.8). Genomic DNA was prepared by overnight incubation with proteinase K in 

lysis buffer (50mM Tris pH8, 100mM EDTA, 0.5% SDS), phenol-chloroform extraction 

and ethanol precipitation. Bisulfite treatment and purification was performed with the 

EpiTect (Qiagen) kit according to the manufacturer’s protocol. Primers used to amplify 

bisulfite- treated genomic DNA of RHS7 were previously described (60). Amplicons 

were cloned into the TOPO-TA pCR2.1 vector (Invitrogen) and individual clones were 

sequenced.  
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 BATF modulates anti-helminth immunity and type-2 
cytokine production 

*Disclosure: portions of the following section were adapted from my 

forthcoming research article.  

 

Thus far, the role of AP-1 transcription factor BATF has been extensively studied 

in various T helper cell contexts. However, its role in Th2 cells in type-2 inflammation is 

not yet fully understood. Thus far, the studies conducted to understand BATF in type-2 

inflammatory responses have used variations of OVA-induced allergic models. I was 

instead interested in the role of BATF in non-allergic models of type-2 inflammation. 

Using a well-defined mouse model of human hookworm infection with the helminth 

Nippostrongylus brasiliensis, Il44get/KN2 reporter mice were infected and assessed for the 

presence and function of CD4+ Th2 and Tfh cells in the lung and the lung-draining 

mediastinal lymph node, respectively. Antibody production and worm clearance were 

used as a measure of inflammation of the humoral and peripheral immune responses, 

respectively. Finally, cultured Th2 cells were used to assess the molecular mechanisms 

associated with BATF in cytokine production.  
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3.2.1 BATF is required for type-2 inflammation and immunity to 
N. brasiliensis 

To study the impact of BATF deficiency on type-2 inflammation, mice were 

infected with N. brasiliensis. Ten days after infection, wild-type mice mounted an 

appreciable titer of serum IgE (Figure 5A), and effectively cleared the intestinal worm 

burden (Figure 5B). Contrastingly, serum IgE was not detected in Batf-deficient mice 

(Figure 5A) and worm clearance was impaired (Figure 5B). BATF is required for 

antibody isotype class-switching, thus the lack of IgE production was consistent with 

those findings146,152. To examine the peripheral response in more detail, histology of the 

lung and small intestine was performed. Periodic Acid Schiff (PAS) staining is used to 

identify goblet cell hyperplasia in settings of type-2 inflammation. Batf-deficient mice 

exhibited substantially less goblet cell hyperplasia compared to wild-type mice (Figure 

5C). Together, these results show that BATF deficiency blocks the development of type-2 

inflammation during helminth infection, and implicate BATF as an essential component 

of both the humoral and peripheral arms of type-2 inflammation.  
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Figure 5: BATF deficiency impairs type-2 immunity against N. brasiliensis. 

Wild-type and Batf-deficient mice were exposed to N. brasiliensis. Ten days after 
exposure, (A) serum IgE was measured by ELISA and (B) small intestine was harvested 
for the quantification of intestinal worm burden. (C) PAS staining was used to assess 
mucus production 8 days after infection. *P = 0.004 (two-tailed t-test), **P = 0.0002 (two-
tailed t-test). Data are representative of 3 (A,B) or 2 (C) independent experiments. (A,B) 
n= 4 per group, (C) n=2-3 per group. Data are represented as mean +/- SD. 
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3.2.2 BATF deficiency prevents the establishment of 
immunological memory 

Surveillance by type-2 cytokine-producing, memory CD4+ T cells provides 

lasting immunity to N. brasiliensis 11,159,160. To understand if BATF deficiency impacts 

long-term immune protection, IL-4 reporter mice were used to evaluate the maintenance 

and function of Tfh and Th2 cells during secondary helminth infection. Il44get mice report 

transcript and Il4KN2 mice report protein expression via GFP and huCD2 production 

respectively1,2 (Figure 3). Dual IL-4 reporter mice (Il44get/KN2) were re-exposed to N. 

brasiliensis 21 days following primary infection (Figure 6A). Wild-type mice mounted a 

rapid memory response 5 days after the secondary infection, indicated by enhanced 

numbers of CXCR5+PD1+ Tfh cells in the draining mediastinal lymph nodes (Figure 6B, 

5C), and IL-4+ (GFP+) Th2 cells in the lung (Figure 6D, E).  

During a primary infection, IgE is not an essential component of the immune 

response to helminths54,161. However, elevated levels of circulating IgE potently 

accelerate immunity and type-2 inflammation upon secondary exposure to antigens. 

Accordingly, wild-type mice produced ~20ng/mL serum IgE eight days after the 

secondary infection (Figure 6F). BATF deficiency, however, inhibited the production of 

IgE in both the primary and secondary infections (Figure 6F). As memory CD4+ Tfh and 

Th2 cells, and increased titers of IgE are responsible for both limiting the progression of 

helminth infection and expediting the clearance of worms during secondary exposures, 

wild-type mice exhibited worm expulsion in five days compared to the normal 8-10 days  
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Figure 6: BATF deficiency prevents the establishment of immunological 
memory. 

(A) Model of experimental procedure: mice were infected to N. brasiliensis once (1o) or 
rechallenged 21 days after initial infection (2o) and assessed five or eight days later. (B) 
Representative contour plots of CD4+ T cells isolated from mediastinal lymph nodes 
five days post-secondary infection. Gates indicate Tfh cells (CXCR5+, PD1+). (C) 
Quantification of the total number of Tfh cells (CXCR5+ PD1+) isolated from the lung-
draining mediastinal lymph node five days after primary (1o) and secondary (2o) 
exposure. (D) Representative contour plots of total CD4+ T cells isolated from the left 
lobe of the lung five days after the secondary infection. Gates represent IL-4 
producing, Th2 cells (GFP+, CD4+). (E) Quantification of the total number of IL-4 
producing, Th2 cells (CD4+ GFP+) isolated from the left lobe of the lung, 5 days after 
primary (1o) and secondary (2o) infection. (F) Quantification of serum IgE detected five 
and eight days after secondary infection. (G) Quantification of total worm burden 
found in the small intestines five and eight days after secondary infection. *P<0.05; 
**P<0.005, ***P<0.0001 (two-tailed t-test). n= 3-6 per group. Data are represented as 
mean +/- SD. 
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during primary infections. Contrastingly, Batf-deficient mice did not show enhanced 

worm clearance during secondary exposure to the parasite (Figure 6G). Together, this 

represents the first evidence that BATF has an essential role in non-allergic settings of 

type-2 inflammation and demonstrate that BATF is required for both humoral and cell-

mediated aspects of a protective type-2 inflammatory response against helminth 

infection.  

3.2.3 BATF is required for Tfh cell generation, and the 
establishment of IL-4 competency in response to N. 
brasiliensis infection 

During type-2 inflammation, early IL-4 competency of activated CD4+ T cells 

occurs in the paracortex of draining lymphoid tissues38. These primed CD4+ T cells 

become IL-4 protein-producing Tfh cells or Th2 cells, and respectively mediate humoral 

and peripheral immunity. Therefore, to first assess the humoral response in detail, mice 

were infected with N. brasiliensis and the lung-draining mediastinal lymph nodes were 

inspected eight days later. Wild-type mice showed a significant increase in Tfh cell 

numbers and developed robust germinal center responses, however, Batf-deficient mice 

were devoid of both Tfh cells (Figure 7A) and germinal center B cells (Figure 7B). These 

results were consistent with previous findings that demonstrated intrinsic requirements 

for BATF in both Tfh cells and GC B cells in settings of routine protein immunizations146. 

Importantly, these data showed for the first time that BATF plays an equally important 

role in humoral immunity after infection.  
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Figure 7: BATF is required for the development of Tfh and GC B cells and Tfh 
function. 

Mice were exposed to N. brasiliensis, and draining mediastinal lymph nodes were 
analyzed eight days after infection. (A) Representative contour plots and quantification 
of Tfh (CXCR5+PD1+) cells (gated through CD4+ T cells). (B) Representative contour plots 
and quantification of GC B (CD95+GL7+) cells (gated through B220+ cells). (C) 
Representative contour plots (gated through CD4+ T cells) depicting IL-4 competency 
(GFP-expression) in non-Tfh (CXCR5-; left gate) and Tfh (CXCR5+; right gate) cells. 
Graph shows the frequency of CXCR5 expression among GFP+, CD4+ T cells isolated 
from mediastinal lymph nodes. *P<0.0001 (two-tailed t test). Data are cumulative of 3 
independent experiments, n=3-5 per group. Data are represented as mean +/- SD.  
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To understand whether BATF has a role in establishing IL-4 competency among 

lymph node resident CD4+ T cells, Il44get/KN2 reporter mice were infected with N. 

brasiliensis and Il4 transcript was accessed by GFP. At the peak of the response, twenty 

percent of the CD4+ T cells found in the mediastinal lymph nodes of wild-type mice 

were GFP+ (or could produce IL-4 transcript) (Figure 7C). In contrast, BATF deficiency 

resulted in significantly reduced IL-4 competency (Figure 7C). Importantly, none of the 

few IL-4-competent cells found in Batf-deficient mice expressed the follicular homing 

receptor CXCR5 (Figure 7C). This was in stark contrast to the majority of wild-type IL-4 

competent CD4+ T cells that expressed this Tfh-associated chemokine receptor. These 

findings corroborate with previous studies suggesting that BATF is required for the 

development of Tfh cell fate146. Thus, BATF appears to be required at multiple stages of 

CD4+ T cell development. In addition to its role in Tfh cell generation, germinal center 

development and antibody production, these results show that BATF is important for 

the establishment of IL-4 competency and mRNA expression among CD4+ T cells in vivo.  

3.2.4 Migration of CD4+ T cells to the B cell follicles is impaired in 
Batf-deficient animals 

Next, immunohistochemistry was performed on mediastinal lymph nodes ten-

days post-helminth infection to examine spatial organization of IL-4 expressing 

lymphocytes during the response. Wild-type lymph nodes showed GFP+ CD4+ T cells in 

the paracortex, although these cells were further enriched in and around the B220-rich B 

cell follicles (Figure 8A). This finding is consistent with previous studies that reported  
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Figure 8: BATF deficiency prevents IL-4 competency and CD4+ T cell migration. 

Mice were exposed to N. brasiliensis, and draining mediastinal lymph nodes were 
analyzed 8 days after infection. (A) Immunohistochemistry of mediastinal lymph nodes 
10 days after helminth exposure. Sections were stained for IL-4 competency (anti-GFP; 
green) of CD4+ T cells (anti-CD4; red) and B cell follicles (anti-B220; blue). Top panels 
show all three stains, and middle panels show only CD4 and GFP staining with dashed 
lines outlining the boarders of the B cell follicle, and bottom panels are an enlargement 
of B cell follicles from the white box in respective middle panels. (B) Quantification of 
the area in the follicles in (A) comprised of GFP staining. Data points represent 
individual images of separate follicle regions. *P<0.0001 (two-tailed t test). Data are 
representative of 2 independent experiments, n=3 per group. Data are represented as 
mean +/- SD.  
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the majority of IL-4 protein made in the lymph node was derived from follicular 

resident Tfh cells18,38. In contrast, BATF deficiency resulted in the absence of GFP+ cells as 

well as CD4+ staining in the B cell follicles (Figure 8A). Furthermore, quantification of 

the GFP+ cells found in the B cell follicles confirmed significantly impaired Tfh fate 

commitment by the lack of IL-4 competent CD4+ T cell present in the B cell follicles in 

Batf-deficient mice (Figure 8B). These results demonstrate that BATF deficiency results 

in significantly impaired IL-4 production and no follicular migration of CD4+ T cells in 

the draining lymph node after helminth infection.  

3.2.5 BATF deficiency does not impair proliferation after TCR 
stimulation 

To test whether impaired T cell responsiveness could explain the defects in 

migration and function in Batf-deficient CD4+ T cells, wild-type and/or Batf-deficient 

OT2 CD4+ T cells were adoptively transferred into congenic wild-type or Batf-deficient 

mice (Figure 9A, experimental model). Recipient mice were immunized with ovalbumin 

(OVA) emulsified in aluminum, and the draining lymph nodes were assessed three days 

later. Wild-type and Batf-deficient -donor CD4+ T cells proliferated equally well, detected 

by CellTrace Violet staining (Figure 9B). Therefore, no intrinsic impairment in either T 

cell activation or proliferation was detected. Together, my data show that impaired IL-4 

competency, Tfh cell generation and follicular migration collectively contribute to the 

humoral defects observed in Batf-deficient mice after helminth exposure.  
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Figure 9: BATF is not required for TCR-stimulated proliferation. 

(A) Experimental outline: wild-type OT2 and/or Batf-deficient OT2 CD4+ T cells were 
labeled with 5uM CellTrace Violet, and adoptively transferred into wild-type recipient 
mice. Donor cells were analyzed for proliferation 3 days after immunization with OVA 
emulsified in aluminum. (B) Representative dot plots depicting proliferative capacity of 
wild-type (CD45.1+; blue) and/or Batf-deficient (CD45.1-; red) donor cells labeled with 
CTViolet. Wild-type recipient (CD45.1+; grey) *P<0.0001 (two-tailed t test). Data are 
representative of 2 independent experiments. n=3 per group. 
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3.2.6 Type-2 inflammation and the recruitment of innate immune 
cells to infected mucosa is impaired in Batf-deficient animals 

The section above demonstrated that BATF is essential for humoral immunity 

elicited by helminth infection. To investigate the necessity of BATF in peripheral 

hallmarks of type-2 inflammation, the lungs of mice infected with N. brasiliensis were 

analyzed eight days later. Quantification of type-2 immune cells revealed that total 

numbers of eosinophils (Siglec-F+, DX5-, SSChigh), basophils (DX5+,CD135+, SSClow), group 

2 innate lymphoid cells (ILC2) (Lin-, ICOS+, CD90+) and CD4+ Th2 (GFP+) cells were 

significantly reduced in Batf-deficient animals compared to wild-type mice (Figure 10A). 

In particular, as eosinophilia represents a hallmark of human hook worm infection in the 

lung, the absence of eosinophil recruitment in the lung, indicates that BATF is required 

for the establishment of peripheral type-2 immunity. Thus, BATF plays a fundamental 

role in the recruitment of innate cells to sites of allergic inflammation.  

To further appreciate the impact of BATF on immune cell function at peripheral 

sites of infection, IL-4 expression was assessed in lung immune cells of Il44get/KN2 reporter 

mice, 8 days after N. brasiliensis exposure. Eosinophils, basophils and a subset of CD4+ T 

cells in wild-type lungs were expectedly, IL-4 competent (GFP+)22 (Figure 10B). 

Interestingly, although significantly reduced in cell number, Batf-deficient eosinophils 

and basophils retained constitutive IL-4 transcription, like wild-type cells (Figure 10B). 
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Figure 10: Type-2 lung inflammation is impaired in Batf-deficient mice. 

Wild-type Il44get/KN2 and Batf-deficient Il44get/KN2 mice were exposed to N. brasiliensis, and 
the lung (left lobe) was analyzed eight days later. (A) Quantification of lung 
eosinophils, basophils, ILC2 cells and CD4+ T cells. (B) Histogram overlays show 
relative Il4 transcript (GFP+) of eosinophils, basophils, ILC2 cells, and CD4+ T cells from 
wild-type (reporter negative control, filled), wild-type Il44get/KN2 (dashed line) and Batf-
deficient Il44get/KN2 (solid line) mice. *P=0.0132; **P=0.0029; ***P<0.0004 (two-tailed t-test). 
Data are representative of 4 independent experiments. N=3-4 per group. Data are 
represented as mean +/- SD. 
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Additionally, a large fraction of wild-type CD4+ T cells expressed both IL-4 

transcript (GFP+) (Figure 10B, 11A) and protein (huCD2+) (Figure 11A, B). However, Batf-

deficient CD4+ T cells lacked both IL-4 transcript and protein production (Figure 11A). 

Furthermore, unlike wild-type Th2 cells in the lung, Batf-deficient CD4+ T cells did not 

express high levels of GATA-3, confirming impaired Th2 lineage commitment (Figure 

11B). Together, my data show that, BATF is required to establish IL-4 expression in both 

lymph node-resident CD4+ T cells and lung-resident Th2 cells. Interestingly, this role 

appears to be specific to CD4+ T cells as wild-type and Batf-deficient type-2 innate 

immune cells exhibited comparable IL-4 competency (GFP).  
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Figure 11: BATF deficiency inhibits Th2 cell fate commitment. 

Wild-type Il44get/KN2 and Batf-deficient Il44get/KN2 mice were exposed to N. brasiliensis, and 
the lung (left lobe) was analyzed eight days later. (A) Representative contour plots 
depicting Il4 transcript (GFP+; left gate) and IL-4 protein (GFP+huCD2+; right gate) 
expression in CD4+ T cells. Bar graphs quantify Il4 transcript-expressing (GFP+; left) and 
Il4 transcript and IL-4 protein-expressing (GFP+huCD2+; right) CD4+ T cells. (B) 
Representative contour plots of CD4+ T cells stained for GATA-3 and IL-4 protein 
(huCD2). Gates indicate: GATA-3hihuCD2- (top left); “Th2 cells” GATA-3hihuCD2+ (top 
right); and GATA-3lohuCD2+ (bottom right). Bar graph depicts the proportions of CD4+ T 
cells that are GATA-3hi (Top gates added together). *P<0.0004 (two-tailed t-test). Data are 
representative of 4 independent experiments. N=3-4 per group. Data are represented as 
mean +/- SD. 
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3.2.7 BATF is required for Th2 differentiation and function 

IL-4 positively regulates its own expression in Th2 cells, and thereby stabilizes 

the Th2 cell fate63. Since BATF deficiency resulted in impaired IL-4 expression from CD4+ 

T cells, and impaired recruitment of additional IL-4 producing innate cells after 

infection, it was possible that the low levels of IL-4 in the lungs of Batf-deficient mice 

may be insufficient to reinforce cytokine expression and Th2 commitment. To test this 

possibility, CD4+ T cells were cultured under Th2-polarizing conditions to determine if 

providing exogenous IL-4 could rescue IL-4 production in Batf-deficient CD4+ T cells. In 

wild-type Th2 cultures, 35-38% of cells acquired IL-4 competency (GFP+) of which a 

subset made IL-4 protein (huCD2+) (Figure 12A-C). In contrast, Batf-deficient CD4+ T 

cells exhibited negligible IL-4 competency and protein production (Figure 12A-C). 

Therefore, even under conditions in which IL-4 is not limiting, BATF was required for 

IL-4 competency and optimal IL-4 production. Similarly, I found that IL-13 expression 

was also impaired among Batf-deficient CD4+ T cells cultured under Th2 conditions 

(Figure 12D, E). Together, these results support an intrinsic role for BATF in Th2 

differentiation and IL-4 production in vitro and in vivo suggest that BATF may have a 

role in the coordinated regulation of IL-4 and IL-13 expression. 

As discussed in the introduction, Th2 cell differentiation and polarization is 

classically initiated upon engagement of the IL-4 receptor-α (IL-4Rα) by IL-4 (or IL-13) in 

TCR-stimulated CD4+ T cells117. IL-4Rα engagement induces STAT6 phosphorylation  
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Figure 12: BATF is required for Th2 differentiation and function. 

Naïve CD4+ T cells were isolated from wild-type Il44get/KN2 and Batf-deficient Il44get/KN2 
mice and cultured under Th2 polarizing conditions. (A) Representative contour plots 
of the proportion of CD4+ T cells expressing Il4 transcript (GFP+; top left) and cells 
expressing Il4 transcript and IL-4 protein (GFP+, huCD2+; top right). Histogram 
overlays and bar graphs depict the relative levels and frequency of (B) IL-4 mRNA 
(GFP+) expression and (C) protein (huCD2+; right) production in wild-type (reporter 
negative, filled), wild-type Il44get/KN2 (dashed) and Batf-deficient Il44get/KN2 (solid) CD4+ T 
cells. (D, E) Th2 cultured CD4+ T cells, were stimulated with PMA/Ionomycin for 5 
hours on the day of harvest. (D) Representative contour plots of total CD4+ T cells 
from wild-type and Batf-deficient mice. Gates depict the proportion of IL-13 protein. 
(E) Bar graphs show the relative frequencies of IL-13 protein production by CD4+ T 
cells. *P<0.001 (two-tailed t-test). Data are representative of 3-4 (A-C), or 2 (D, E) 
independent experiments. (A-E) n=2-4 replicate wells per group. Data are represented 
as mean +/- SD.  
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(pSTAT6) which drives GATA-3 expression. Together, as Th2 lineage determining 

factors, pSTAT6 and GATA-3 induce IL-4 expression.  

To determine if the levels of these critical components were altered with BATF 

deficiency, CD4+ T cells were cultured under Th2 inducing conditions. BATF deficiency 

did not alter the expression levels of surface IL-4Rα (Figure 13A) or the phosphorylation 

of STAT6 (Figure 13B); however, intracellular GATA-3 levels were reduced (Figure 13C). 

Thus, I concluded that BATF is likely not required for canonical IL-4R signaling nor 

phosphorylation of STAT6, however, reduced levels of GATA-3 may explain, at least in 

part, the impaired IL-4 and IL-13 expression. However, since early IL-4 competency 

occurs independently of STAT6 signaling in vivo22, my data support a model in which 

BATF functions upstream of Th2 differentiation and highlight a more general and 

overarching role for BATF in type-2 cytokine production.  

 To determine whether BATF deficiency impacted Th1 cell generation, I used an 

IFNg reporter strain (IfngGreat). IfngGreat reporter mice utilize a bicistronic reporter to 

generate both IFN-gamma and yellow fluorescent protein (YFP) expression from the 

same transcript38,57. In these mice, cells that produce IFN-gamma concomitantly express 

YFP. Both wild-type- and Batf-deficient IfngGreat CD4+ T cells cultured under Th1 

conditions readily expressed Ifng transcript (YFP) (Figure 14A, B). and IFNg protein 

(Figure 14C). This finding is consistent with previous studies showing uncompromised 

Th1 differentiation in Batf-deficient CD4+ T cells146-148.  
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Figure 13: BATF deficiency does not impair the activation of canonical IL-4R 
signaling, however GATA-3 expression is impaired. 

Naïve CD4+ T cells were isolated from wild-type and Batf-deficient IL-4 reporter mice 
and cultured under Th2 polarizing conditions. (A) Histogram overlays show the relative 
IL-4Ra expression of CD4+ T cells. IL-4Ra isotype control is shown by a filled histogram. 
(B) Histogram overlay shows the relative levels of STAT6 phosphorylation in CD4+ T 
cells. Stat6-deficient CD4+ T cells (negative staining control) are shown by a filled 
histogram. Bar graph quantifies the mean fluorescence intensity (MFI) of 
phosphorylated STAT6 detected in Th2 cultured CD4+ T cells. Phosphorylated STAT6 
isotype staining control is shown in grey bars. (C) Histogram overlay depict the levels of 
GATA-3 expression. GATA-3 isotype staining control is shown as filled histogram. Bar 
graph depicts the MFI of GATA-3 detection in CD4+ T cells after Th2 culture. Wild-type 
(dashed), Batf-deficient (solid). *P<0.001 (two-tailed t-test). Data are representative of 3 
(A, C) or 2 (B) independent experiments. N=2-4 replicate wells per group. Data are 
represented as mean +/- SD.  

 

  



 

65 

Since Th1 cells are also induced during type-2 inflammation155, wild-type- and 

Batf-deficient IfngGreat mice with N. brasiliensis and analyzed the lung eight days later to 

assess Th1 differentiation in vivo. Batf-deficient mice showed similar levels of Ifng 

transcription among CD4+ T cells (Figure 14D). Furthermore, I found that Batf-deficient 

mice exhibited a higher percentage of Ifng expressing CD4+ T cells, however, in contrast 

to other models of type-2 lung inflammation155, I did not find elevated numbers of Batf-

deficient Ifng-producing CD4+ T cells (Figure 14E). Together, these results demonstrate 

that BATF has a fundamental role in Th2 cell differentiation and function but is not 

necessary for Th1 differentiation in vitro or in vivo.  

  



 

66 

 

Figure 14: BATF is not required for Th1 differentiation in vitro and during 
helminth infection. 

CD4+ T cells isolated from wild-type, IfngGreat, and Batf-deficient, Batf-/-IfngGreat, mice 
were cultured under Th1 polarizing conditions. Cells were restimulated for 5 hours 
with PMA/Ionomycin on the day of harvest prior to analysis. (A) Representative 
contour plots of total CD4+ T cells. Gates depict the proportions of Ifng transcript (YFP). 
Histogram overlays and bar graphs depict the relative levels and frequency of Ifng 
transcript (YFP)  (B) and protein production (C). (D, E) Mice were exposed to N. 
brasiliensis and the lung (left lobe) was assessed 8 days later. (D) Representative 
contour plots of isolated CD4+ T cells from indicated mice. Gate represents the 
percentage of Ifng transcript (YFP+) producing CD4+ T cells. Histogram overlay depict 
the levels of Ifng transcript. (E) Bar graph represents the total number of cells 
producing Ifng transcript (YFP+). Ns: P>0.235 (two-tailed t-test). Data are representative 
of 3-4 (A-C) and cumulative of 2 (D, E) independent experiments. (A-C) n=2-3 replicate 
wells per group; (D, E) n=4-5 per group. Data are represented as mean +/- SD. 
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My studies used a mouse model of intestinal helminth infection to show that 

BATF is an essential regulator of Tfh cell generation and IgE production during non-

allergic settings of type-2 immunity. In addition, I have shown that BATF is required for 

canonical Th2 generation as well as many of the Th2-associated pathologies during type-

2 inflammation, such as mucus production and innate cell recruitment to peripheral sites 

of inflammation. For the first time, I demonstrated that BATF plays an important role in 

a non-allergic setting of type-2 inflammation and highlight its necessity in establishing 

anti-helminth immunity and immunological memory.   

Currently, the literature suggests that potential mechanisms for the diminished 

allergic inflammation observed in Batf-deficient mice is due to BATF-mediated 

regulation of IL-9 production24, and the specific requirement for BATF in Tfh-mediated 

IL-4 expression and IgE production156. Indeed, Th9 cells are induced during N. 

brasiliensis infection162, and in collaboration with IRF4, BATF is critical for Th9 

differentiation and IL-9 expression24,163. However, the functional contributions of Th2-

derived cytokines, IL-4 and IL-13 during N. brasiliensis infection overshadow that of Th9-

derived IL-918,164. Accordingly, my results from helminth-infected Batf-deficient mice 

more closely resemble that of helminth-infected Il4-, Il13-deficient mice than that of 

helminth-infected Il9-deficient mice164. Thus, as my results demonstrate that BATF is 



 

68 

intrinsically responsible for Th2-dependent type-2 hallmarks, I anticipate that BATF is 

also important for Th9-dependent mechanisms of type-2 inflammation.  

Another mechanism of BATF-mediated allergic inflammation centers around the 

requirement of BATF in Tfh-derived IL-4156. This study, using an OVA-induced model of 

allergic asthma, suggested that Th2-derived IL-4 production was normal in Batf-deficient 

mice. As such, they concluded that the defects in type-2 inflammation found in Batf-

deficient mice were a result of impaired IL-4 production by Tfh cells. These findings are 

in stark contrast to my studies observed using helminth-induced type-2 inflammation. 

My studies highlighted that BATF is equally important in Tfh and Th2 cell development 

and function during type-2 inflammation. Furthermore, Th2 cells and Th2-derived IL-13 

are required to mediated the peripheral hallmarks of type-2 inflammation18,165. Because 

Tfh cells do not produce IL-1338, a defect in Tfh-cell function (with normal Th2 function) 

cannot explain the impaired development of peripheral type-2 inflammation found in 

Batf-deficient mice. My data demonstrated that BATF deficiency resulted in impaired 

Th2 differentiation, and impaired IL-4, and IL-13 production during infection, 

suggesting that BATF likely plays a central role in Th2-mediated peripheral 

inflammation. In addition, BATF itself has been described to be essential for Tfh cell 

generation146. Thus, rather than a specific defect in IL-4 production from Batf--deficient 

Tfh cells, the phenotype is predicated by the impaired ability to generate Tfh cells 

altogether. Consistent with the findings that BATF is required for Tfh cell 
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generation146,152, I found no Tfh cells in helminth-exposed Batf-deficient mice. Lastly, 

BATF was described to regulate IL-4 production in Tfh cells by binding the CNS2 

enhancer of the IL-4 locus156. However, prior studies have shown that deletion of the 

CNS2 region has little impact on airway responsiveness to OVA157,158. Thus, a defect in 

IL-4 production by Tfh cells likely is not sufficient to explain the defect in type-2 

inflammation during either OVA-induced allergic airway inflammation or helminth 

infection. Instead, my studies indicate that BATF deficiency results in a failure to 

generate type-2 cytokine producing, Tfh and Th2 cells during both allergic and non-

allergic settings of type-2 inflammation, resulting in the abrogation of both humoral and 

peripheral aspects of the inflammatory response.  

How can we explain the disparate conclusions made about type-2 inflammation 

in Batf-deficient animals, particularly as they pertain to the necessity for BATF in Th2 

generation and function? One possible explanation for these differences is the use of 

different model systems to instigate type-2 inflammation. Helminth colonization may 

elicit differences in the immune response from those induced by allergen sensitization 

models.  

A second possibility may be in the methods used to determine T cell fate and 

function. In my studies, cytokine expression in Tfh and Th2 cells was assessed in vivo by 

histology or directly ex vivo by flow cytometry using sensitive reporter systems. My 

assessment of IL-4 production did not require ex vivo manipulation. In other studies that 
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employed models of OVA-induced inflammation, cytokine potential was assessed after 

spleens were harvested from immunized mice and restimulated ex vivo with antigen for 

an additional three days156. Thus it is possible that extended culture conditions ex vivo, 

may be an accurate reflection of biology in vivo. I believe it is likely that this method of 

extended culture may not be physiologically relevant, and certainly does not reflect 

conditions elicited by acute helminth infection. The extended culture system may 

however, reveal a unique BATF-independent mechanism for Tfh generation under 

conditions of prolonged T cell receptor engagement. In fact, this ex vivo system bares 

resemblance to findings in which Tfh-like cells emerged independently of B cells in mice 

that were repeatedly dosed with high concentrations of antigen31. The use of extended 

cultures may also explain discrepancies among conclusions made from studies using 

additional variations of OVA-induced airway inflammation24,155,156.  

Antigen dose and cytokine availability may also explain the mixed results 

obtained by different groups investigating the role of BATF during Th2 differentiation in 

vitro. Similar to the methods used in my study, Th2 culture periods of 4-5 days have 

shown that BATF deficiency greatly impairs IL-4 production24,152. Other publications that 

used longer culture periods reported no effect on IL-4 production146,147,156. However, the 

same studies that detected no defect in IL-4 expression, showed that BATF deficiency 

led to significant impairments in IL-13 production, which are consistent with my 

findings156. The precise reason for these variable results in vitro are unclear, but may be 
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caused by differences in methods of culture and restimulation. Cultures that lasted 7-15 

days or that required prolonged restimulation conditions prior to cytokine analysis, 

showed little or no defect in Th2 development147,148,156. These results suggest that the 

duration of T cell receptor (TCR) engagement or greater cytokine availability may be 

sufficient to bypass the early requirement for BATF in developing Th2 cells. Thus in 

conditions when antigen and/or local type-2 cytokine availability are persistent and 

high, respectively, BATF-independent pathways for Tfh and Th2 cell generation may be 

possible.  
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 BATF binds to the Th2 locus LCR and modulates 
epigenetic regulation 

 

The mechanism of BATF-mediated regulation of Th2 differentiation and function 

as yet to be understood. Previous studies of BATF-mediated lineage specification and 

cytokine regulation demonstrated that BATF bound directly at cytokine loci. In Th17 

cells, BATF binds to the il17 locus and facilitates the recruitment of transcription factors 

that drive il17 transcription early during differentiation151. In Th9 cells, BATF binds to 

the il9 promoter and regulates IL-9 transcription24. Whether BATF binds to the Il4 locus 

in Th2 cells is unknown. However, previously published chromatin 

immunoprecipitation sequencing (ChIPseq) datasets from Th17 and Th0 cells show no 

enrichment of BATF binding across the Il4 locus149,151.  

A recent study revealed that BATF bound to the CNS2 enhancer of the Il4 locus 

in Tfh cells to regulate Il4 expression156. Although an intriguing mechanism of IL-4 

regulation, the study demonstrated that BATF does not bind the CNS2 enhancer in Th2 

cells, and furthermore, the CNS2 enhancer is dispensable for Th2-mediated IL-4 

production166,167. Thus, BATF-mediated regulation of IL-4 production in Th2 cells has yet 

to be fully understood. In order to elucidate this standing question, a series of molecular 

assays were performed to understand potential mechanisms of BATF-mediated cytokine 

expression in Th2 cells.  
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To determine whether BATF bound to the Th2 cytokine locus, chromatin 

immunoprecipitation (ChIP) was performed using an anti-BATF antibody in wild-type 

CD4+ T cells cultured under Th2 inducing conditions. Putative conserved AP-1 binding 

sites were identified across Il4 and Il13 loci and their promoters (Figure 15A, B). No 

enrichment of BATF binding at Il4 or Il13 promoters or promoter-proximal AP-1 sites 

was detected (Figure 15C). This suggested that the mechanism of BATF-mediated 

regulation of Th2 cytokine expression was indirect and distinct from that described for 

Il17 and Il9 expression in Th17 and Th9 cells, respectively. Importantly, BATF 

enrichment at the CNS2 enhancer of the IL-4 locus was not found in Th2 cells, implying 

that BATF-mediated regulation of Th2-mediated IL-4 expression is also distinct from its 

role in Tfh-mediated IL-4 expression156.  

Type-2 cytokine expression in Th2 cells is dependent on the transcriptional 

enhancer, the Th2 LCR, which serves to promote long-range intra-chromosomal 

interactions between Il4, Il5 and Il13, to generate an active transcriptional, chromatin 

hub62,123,124,168. Specifically, the LCR is composed of Rad50 DNase hypersensitivity sites 

(RHS) RHS4-7 located at the 3’ end of Rad50 (Figure 15A). Using ChIP, BATF enrichment 

was found at AP-1 sites within the LCR in wild-type Th2 cells (Figure 15C). BATF 

binding was enriched at two DNase hypersensitivity sites, RHS6 and RHS7 (Figure 15B,  
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Figure 15: BATF binds to the Th2 locus control region. 

(A) Diagram of the Th2 locus encompassing Il5, Rad50, Il13 and Il4. Conserved AP-1 
bindings sites (1-7) underscored with solid lines and promoter regions underscored with 
dotted lines throughout. A non-AP-1 site (negative control) is underscored with a red 
line. Rad50 DNase hypersensitivity sites (RHS) 4-7 are labeled with downward pointing 
arrows and represent the Th2 locus control region (LCR, blue). BATF binding is 
identified with arrows at RHS6 and RHS7. (B) List of conserved AP-1 motifs 1-7 labeled 
in (A), capitalized letters indicate consensus sequences. (C, D, E) Wild-type (filled bar) 
and Batf-deficient (open bar) cells were cultured under Th2 conditions. Antibodies 
against BATF (C), JunB (D), and IRF4 (E) were used in ChIP to evaluate binding at 
designated sites along the Th2 locus. Data are representative of 2 independent 
experiments. Data are represented as mean +/- SD.  
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Figure 15C). These results support that BATF may facilitate Th2 LCR function in Th2 

cells.   

BATF forms heterodimers with JUN proteins and synergizes with IRF4 during 

Th17 differentiation. Therefore, to understand whether these factors participated in 

BATF-mediated regulation in Th2 cells, ChIP was performed with antibodies JunB and 

IRF4. Both JunB and IRF4 demonstrated an enrichment at RHS6 in a BATF-dependent 

manner (Figure 15D, E). Together, these results indicated that BATF-JunB-IRF4 

complexes are likely involved in the regulation of type-2 cytokine expression, perhaps 

via the modulation of LCR activity. Since the LCR is required for the expression of IL-4 

and IL-13 in CD4+ Th2 cells123, these data suggest that Batf-deficient CD4+ T cells may 

lack LCR activity, providing an explanation for the impaired expression of IL-4 and IL-

13 observed in chapter 3 (Figure 12). 

To examine possible mechanisms of BATF-mediated regulation, I investigated 

the mechanisms of cytokine regulation associated with RHS6 and RHS7. RHS6 is 

required for the generation of permissive epigenetic modifications at the Th2 locus 

during Th2 differentiation126. As a result, Rhs6-deficient mice are impaired for Th2 

cytokine production in CD4+ T cells differentiated under Th2 conditions in vitro, and 

after OVA-induced allergic inflammation in vivo. To assess whether BATF deficiency 

affected the epigenetic modifications at the Th2 locus in Th2 cells, native ChIP was used 

to assess histone modifications in Batf-deficient CD4+ T cells. Th1 cells were used as 
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negative controls, since IL-4 expression is silenced in these cells. As expected, wild-type 

CD4+ T cells cultured under Th2 inducing conditions revealed an open locus at the Il4 

promoter, while similar to results obtained from Rhs6-deficient CD4+ T cells, permissive 

chromatin modifications, histone 3 pan-acetylation (H3Ac) (Figure 15A) and H3 lysine 4 

tri- methylation (H3K4me3) (Figure 15B) were decreased in Batf-deficient CD4+ T cells 

cultured under Th2 conditions. Therefore, BATF is required for the appropriate 

epigenetic licensing associated with the roles attributed to RHS6 in type-2 cytokine 

expression. 

I next investigated how BATF deficiency impacted RHS7 at the Th2 LCR. RHS7 is 

important for maintaining intrachromasomal contacts between various found loci 

throughout the Th2 locus and the LCR to form the chromatin hub125. However, RHS7 is 

subject to its own epigenetic regulation. RHS7 is rapidly demethylated early during Th2 

differentiation, a process that does not occur in differentiating Th1 cells124,169. To assess 

demethylation in Batf-deficient CD4+ T cells, I performed bisulfite conversion of genomic 

DNA isolated from CD4+ T cells cultured under Th1 and Th2 conditions. As expected, 

both wild-type and Batf-deficient Th1 cells were highly methylated at the RHS7 region 

(Figure 16C, left). In wild-type Th2 cells, RHS7 was demethylated, however, Batf-

deficient CD4+ T cells cultured under Th2 conditions remained largely methylated 

(Figure 16C, right). Given the importance of both RHS6 and RHS7 in LCR regulation of  
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Figure 16: BATF is required for optimal epigenetic modifications at the Th2 locus. 

Wild-type or Batf-deficient CD4+ T cells were cultured under Th1 or Th2 polarizing 
conditions. (A, B) ChIP was performed to analyze the levels of permissive Histone 3 
modifications at the IL-4 promoter. Bar graphs depict relative levels of H3Ac (A) and 
H3K4me3 (B). (C) Bisulfite conversion was performed and percent demethylation of the 
RHS7 region was determined of Th1 (left) and Th2 (right) cells at indicated basepair sites 
within the amplicon. Wild-type (filled bars) and Batf-deficient (open bars). Data are 
representative (A, B) and combined (B) of 3 independent experiments. Data are 
represented as mean +/- SD.  
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type-2 cytokine production, these data support a model in which BATF is essential to 

LCR function and cytokine expression early during Th2 differentiation.  

 

In this chapter, the data show that BATF likely regulates type-2 cytokine 

expression in CD4+ T cells through its interaction with the Th2 LCR. Because BATF 

deficiency generated fewer permissive histone modifications at the IL-4 promoter than 

that found in wild-type Th2 CD4+ T cells, and defective demethylation patterns at RHS7, 

it is likely that BATF is important for the function of the Th2 LCR during Th2 cell 

differentiation. ChIP analyses demonstrated that BATF most prominently binds at RHS6 

and is required for the binding of both JunB and IRF4. Combined with my results from 

chapter 3 that demonstrated BATF-dependent CD4+ T cell function in both humoral and 

peripheral arms of type-2 inflammation, these results support a model in which 

heterodimers of BATF and JunB facilitate IRF4 recruitment to the Th2 LCR, in a process 

that is required at the early stages of CD4+ T cell differentiation. 

In support of the early role of BATF in CD4+ T cell differentiation, the results in 

chapter 3, demonstrated that early IL-4 competency was lost in Batf-deficient CD4+ T 

cells after N. brasiliensis infection, implying that the complex of BATF, JunB, and IRF4 is 

required to facilitate IL-4 competency. These activities elucidate the function of BATF in 

Th2 cells, and enhances our appreciation for BATF as a potential pioneer factor in Th2 

cells.  
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Since the functionality of RHS6 and RHS7 are closely tied to epigenetic 

regulation and conformational chromatin changes, one interpretation of the results herin 

is that BATF is required for the docking of transcription factors throughout Th2 cell 

differentiation. It is possible that BATF is required for the formation of the “poised” 

conformation, the “active” conformation, or, alternatively, BATF may be an integral 

component for both conformations. Given that AP-1 transcription factor expression is 

enhanced after cellular activation, BATF is likely required for the transition between the 

“poised” and “active” configurations. Additionally, my results demonstrate that BATF 

deficiency leads to impaired demethylation at RHS7 in CD4+ T cells, which suggests that 

BATF is required for RHS7 function. However, whether BATF-facilitated demethylation 

is required for the assembly of intrachromosomal interactions associated with RHS7 

function has yet to be elucidated. 

It is of interest to identify additional factors or tethering molecules at the 

transcriptional hub that facilitate transitions between different conformations at the 

LCR. This area of investigation will not only better our understanding of Th2 function 

but will also provide insight into LCR function that may extend beyond CD4+ T cells. 

In addition to intrachromosomal interactions at the Th2 locus, the Th2 LCR has 

also been implicated in long-range interchromosomal interactions to facilitate negative 

transcriptional regulation at the Ifng locus170. These interactions dissipate as CD4+ T cells 

polarize toward Th1 and Th2 cells, presumably, in a mechanism that potentially 
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antagonizes transcription of opposing lineage defining genes early during 

differentiation. This seminal finding demonstrated that RHS6 of the Th2 LCR physically 

interacts with the Ifng locus, a process that depended on RHS7. RSH7 is required for 

RHS6-dependent contributions to the Th2 chromatin hub by bringing the promoters of 

type-2 cytokines into proximity125. Thus it will be interesting to understand whether 

BATF also facilitates this assembly process, as it would reinforce the working hypothesis 

that BATF is important early during CD4+ T cell fate decisions. 
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 BATF is important for IL-25-responsive ILC2 cell 
function 

 

ILC2 cells play important roles in lung and intestinal homeostasis and immunity 

to helminth infection, however, these cells remain incompletely characterized. 

Currently, an ongoing investigation into ILC2 cell function involves alarmin induction 

of ILC2 cell cytokine expression. A consensus about the roles of IL-25 vs IL-33 in ILC2 

cell function has yet to be fully reached. Some groups have proposed that these 

cytokines elicit two different subsets of ILC2 cell types, while others believe these 

alarmins are largely redundant in function, inducing the same set of cells, but differing 

in efficiency.  

In wild-type mice, N. brasiliensis is expelled within 8-10 days after infection, a 

process that is dependent on Th2 cells11,56. This was shown in helminth-infected, rag-

deficient mice, which lack T and B cells, as worm clearance was substantially impaired 

within this time frame112. However, when infected rag-deficient mice were concurrently 

treated with IL-25or IL-33, worm clearance was achieved within 5 days of infection 

(similar results were observed in wild-type mice)110,112. These findings implied that, 

while Th2 cells are critical for expedient worm clearance under normal conditions, non-

T, non-B cells, could mediate worm expulsion in the absence of adaptive immune cells if 

provided with exogenous IL-25 or IL-33. Importantly, alarmin-driven worm clearance in 
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the absence of adaptive immunity remained dependent on type-2 cytokines, as Il4-, Il5-, 

Il13-deficient mice treated with either IL-25 or IL-33 were unable to clear worms110,112.  

Since these seminal studies, various groups have concluded that IL-25 can induce 

the activation and expansion of both MPPtype-2 cells and a subset of ILC2 cells, while IL-

33 predominantly induces ILC2 cells42,109. MPPtype-2 cells are multipotent and can further 

differentiate into macrophages and granulocytes that produce IL-4109,171. ILC2 cells 

expand upon activation by alarmins and produce IL-5 and IL-13107-109,112,113. Together, 

under wild-type conditions, MPPtype-2 and ILC2 cells are innate lineage cells that help 

Th2 cells amplify the type-2 response in peripheral tissues.  

Mice treated with IL-25 elicit the expansion of MPPtype-2 cells in rag-/- mice in the 

presence and absence of ILC2 cells109. In mice treated with anti-CD90 antibody to deplete 

ILC2 cells, IL-25-mediated induction of MPPtype-2 cells was able to elicit the production of 

IL-4, IL-5 and IL-13 to generate type-2 inflammation. MPPtype-2 cells were able to 

differentiate in the absence of lymphoid lineage specifying transcription factor inhibitor 

of DNA binding 2 (Id2), which is known to be essential for ILC2 cell differentiation; 

therefore, these cells are a distinct population from canonical ILC2 cells172.  

Although ILC2 cells are not required for MPPtype-2 cell function in type-2 

inflammation, numbers of MPPtype-2 cells were drastically decreased in the absence of 

ILC2 cells172. Thus it is possible that Id2 plays a role in optimal MPPtype-2 cell 

development, or alternatively, ILC2 cells are important for the maintenance of MPPtype-2 
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cells. It is also possible that the type-2 inflammatory response conferred by MPPtype2 cells 

is made possible through the activation of Th2 cells that amplify peripheral type-2 

inflammation.  

While MPPtype-2 cells have been described to be responsive to IL-25 but not IL-33, 

ILC2 cells have been shown to be responsive to both IL-25 and IL-3342,108,109,112. Some 

studies reported redundant induction by IL-25 and IL-33108,111, while others reported that 

IL-25 and IL-33 induce distinct subpopulations of ILC2 cells109,112. In one study, IL-25-

responsive cells were mobilized and activated upon IL-25 administration and termed 

“inflammatory ILC2 cells” or iILC2 cells42. This study named IL-33-responsive cells 

“natural ILC2 cells” or nILC2 cells and suggested that they represented resident ILC2 

cells within mucosal tissues during steady state42. Neither subset expressed lineage-

defining surface markers: CD3e, CD5, CD19, B220, TCRgd, NK1.1, CD11b, CD11c, Gr1 

FcER1 or Ter119. IL-33-responsive, nILC2 cells were CD90+, KLRG1-, ST2+, IL7Ra+; and 

IL-25-responsive iILC2 cells were CD90int, KLRG1+, ST2-, IL7Ralo, IL17Rb+.  

In the lungs of mice infected with N. brasiliensis, IL-25-responsive ILC2 cells 

expanded initially, peaked, and dissipated, whereas, IL-33-responsive ILC2 expansion 

began at the peak of IL-25-responsive ILC2 accumulation42. Additionally, through 

various transfer experiments into Rag-/- mice, that lack T and B cells, this study 

determined that both IL-25-responsive and IL-33-responsive ILC2 cells could reduce 

worm burden after infection. Intriguingly, transferred IL-25-responsive ILC2 cells 
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adopted a IL-33-responsive ILC2-like phenotype after helminth infection. The study 

therefore concluded that IL-25-responsive ILC2 cells are a transient subset of cells 

mobilized during infection and induced to become IL-33-responsive ILC2-like effectors.  

My data in chapters 3 and 4 demonstrated a clear role for BATF in Th2 

generation and function. However, it remained possible that BATF may also be 

important for additional aspects of peripheral type-2 inflammation, thus I focused on a 

potential role for BATF in ILC2 cells for two reasons. First, my studies in chapter 3 

showed that IL-4 competency by eosinophils and basophils appeared normal in Batf—

deficient mice. Since prior studies have shown that these innate cells are not required for 

worm clearance during primary helminth infection, BATF likely is not required for 

eosinophil and basophil function. Second, worm clearance is largely dependent on IL-13, 

and ILC2 cells are a major source of IL-13 during helminth infection. Therefore, the 

defect in worm clearance observed in Batf-deficient mice may be in-part, due to an 

impairment in Batf-deficient ILC2 cells. 

 

5.2.1 Alarmin induced worm clearance is impaired in Batf-deficient 
mice 

In chapter 3, I demonstrated that Batf-deficient mice were impaired for worm 

clearance (Figure 5B), which I attributed to the defects I identified in Th2 differentiation, 

function, and Th2-orchestrated type-2 immunity (Figure 10). Here, I investigated 
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whether IL-25 or IL-33 alarmin treatment could bypass the requirement for Th2 cells, 

and rescue worm clearance in Batf-deficient mice. Mice were treated with PBS, IL-25 or 

IL-33, and infected with N. brasiliensis (Figure 17A). Worm clearance from the small 

intestine was assessed five days after infection. As expected, IL-25 and IL-33 induced 

worm clearance in both wild-type and Rag-deficient mice (compared to those treated 

with PBS) (Figure 17B). Worm clearance was also observed in Batf-deficient mice treated 

with IL-33, however, IL-25 treatment failed to induce worm clearance in Batf-deficient 

mice. These results implied that BATF, in addition to its intrinsic role in Th2 cell 

function, may also be required for an IL-25 responsive cell type during type-2 

inflammation.  

  



 

86 

 

Figure 17: Worm clearance is induced in Batf-deficient mice with IL-33 but not IL-
25. 

(A) Experimental layout: mice were infected with N. brasiliensis on day 0 and were 
treated with PBS, 300ng IL-25 or 300ng IL-33, on days 0-3. Mice were then sacrificed on 
day 5 to assess intestinal worm burden (B). Data are representative of 2 independent 
experiments; n=2-5 mice per group. 
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5.2.2 BATF is not required for MPPtype-2 activation, however, BATF 
deficiency impairs recruitment of ILC2 cells to the lung during 
helminth infection 

Previous characterizations of ILC2 cells suggested that IL-25 and IL-33 induced 

distinct subsets of ILC2 cells42, thus I assessed whether BATF deficiency affected the 

presence of these populations in mucosal tissues. To do so, I harvested and quantified 

ILC2 cells found in the lung on days 0, 5, and 8 after N. brasiliensis infection. IL-25-

responsive, inflammatory ILC2 cells (Lin-, CD90int, KLRG1hi) and IL-33-responsive, 

natural ILC2 cells (CD90+ KLRG1int) were found in wild-type mice (Figure 18A), and 

total numbers of both populations of ILC2 cells demonstrated expansion over the course 

of the infection (Figure 18B, C). However, Batf-deficient mice infected with N. brasiliensis 

did not exhibit expansion of either ILC2 cell subset (Figure 18B, C). These data suggest 

that BATF is required for the expansion and possibly the development of ILC2 cells.  

IL-25 can also elicit CD90-, IL-7Ra-, c-Kit+, type-2 multipotent progenitors (MPPtype2), 

which can differentiate into mast cells and basophils during type-2 inflammation109,171. 

Therefore, I also quantified MPPtype2 cells during N. brasiliensis infection. I found similar 

proportions and total numbers of MPPtype2 cells in the lung between wild-type and Batf-

deficient mice after N. brasiliensis infection (Figure 18D, E). Therefore, it is likely that 

BATF is not required for the induction of MPPtype-2 expansion and is instead, more likely 

important for ILC2 cell development or function after helminth infection.  
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Figure 18: BATF is required for the expansion of ILC2 cells after N. brasiliensis 
infection. 

Mice infected with N. brasiliensis were sacrificed on day 0 (naïve), 5, and 8 of the 
infection to assess type-2 inflammation in the lung. (A) Representative contour plots of 
lin- cells. Gates depict the proportion of IL-33-responsive nILC2 cells (top) and IL-25-
responsive iILC2 cells (right). Graphical representations of quantified number of cells 
defined by gates in (A) of IL-33-responsive ILC2 cells (B) and IL-25-responsive ILC2 
cells (C). (D) Representative contour plots derived from the bottom left gate defined in 
(A) of lin-CD90-KLRG1- cells. Gate depicts the proportion of MPPtype-2 cells. (E) 
Graphical representations of quantified number of cells defined by gates in (D). Data 
are representative of 2 independent experiments; n=1-3 mice per group. 
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My data supplement a growing number of reports aimed to understand alarmin-

induced regulation of type-2 inflammation. I observed that BATF deficiency renders 

animals unable to expel worms in the normal 10-day time course after helminth 

infection. Furthermore, unlike wild-type and Rag-/- mice, that can clear worms in five 

days if administered with either IL-25 or IL-33, I found that Batf-deficient mice can only 

clear worms after IL-33 treatment. Therefore, it is likely BATF deficiency compromised 

the function of an IL-25-responsive population of inflammatory cells.  

My studies show that BATF deficiency is not necessary for MPPtype-2 expansion, 

however, ILC2 cell accumulation is impaired in the absence of BATF (Figure 18). These 

findings suggest that the expansion of MPPtype-2 cells during helminth infection is not 

dependent on the presence or absence of ILC2 cells, which supports studies that showed 

IL-25 treatment could induce MPPtype-2 cells in the absence of both T cells and ILC2 

cells109. In their study, however, it was suggested that MPPtype-2 cells could perpetuate 

type-2 inflammation in the absence of ILC2 cells.  My results differ in that, although IL-

25-treated Batf-deficient mice showed normal MPPtype-2 generation, these mice did not 

develop type-2 inflammation. Two possible explanations might explain the 

discrepancies between our findings. One possibility is that MPPtype-2 cells, and/or their 

progeny, are functionally impaired in Batf-deficient mice and thus cannot mount an 

efficient type-2 inflammatory response. Another possible explanation is that in the 
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previous study, anti-CD90 antibody treatment resulted in incomplete elimination of 

ILC2 cells in the prior study. In a separate report, Huang et. al. identified a CD90lo 

population of ILC2 cells that are responsive to IL-25, therefore, although anti-CD90 

treatment would deplete CD90+, IL-33-responsive ILC2 cells and Th2 cells, CD90lo ILC2 

cells may remain42. As such, MPPtype-2-mediated type-2 inflammation may have, in part, 

been perpetuated by IL-25-responsive ILC2 cells. Future studies will be needed to 

determine whether Batf-deficient MPPtype-2 cells are functionally equivalent to those 

found in wild-type mice, and whether their function depends on Th2 cells or ILC2 cells 

in the context of type-2 inflammation.  

Based on my studies of alarmin-induced ILC2 cell function, BATF deficiency 

resulted in a specific impairment in IL-25-responsive ILC2 cell-mediated worm-

clearance, but not IL-33-responsive ILC2 cell function. However, during N. brasiliensis 

infection, BATF deficiency impaired both IL-25-responsive ILC2 and IL-33-responsive 

ILC2 cell expansion. Based on previous studies that postulated IL-25-responsive ILC2 

cells expand initially and convert to IL-33-responsive ILC2 cells, my results raise the 

possibility that BATF may be important initially during the induction of IL-25-

responsive ILC2 cells which become IL-33-responsive ILC2 cells. However, since IL-33 

treatment induced worm clearance in Batf-deficient mice, it is possible that direct 

activation of existing IL-33-responsive ILC2 cells can bypass the requirement for the IL-

25-responsive ILC2 cell intermediate, at least in this non-physiologic context. Thus, it 
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will be important to expand my studies beyond helminth infection to include the 

assessment of IL-25-responsive and IL-33-responsive ILC2 cell expansion and function in 

Batf-deficient mice after alarmin treatment. If BATF is required for the induction of IL-

25-responsive ILC2 cell expansion and conversion to an IL-33-responsive ILC2-like 

phenotype, IL-25 treatment should result in limited or no expansion of either, while IL-

33 treatment should result in a specific expansion of IL-33-responsive ILC2 cells.  

How might BATF be responsible for the function of IL-25-responsive ILCS2s? 

Five possibilities may individually or in combination, provide an explanation: 1) BATF 

regulates the expression or downstream signaling of IL-17Rb (the IL-25 receptor); 2) 

BATF is required for the development or differentiation of ILC2 cells or their precursors; 

3) BATF is required for the migration or expansion of ILC2 cells; 4) BATF is required for 

the effector function of IL-25-responsive iILC2 cells; 5) BATF plays a non-intrinsic role 

that modulates ILC2 cell function or generation. 

IL-25-responsive ILC2 cells express IL-17Rb, while IL-33-responsive ILC2 cells 

express ST2 (IL-33 receptor)42. Therefore, a possible explanation for why IL-25 treatment 

fails to induce worm expulsion in Batf-deficient mice, but IL-33 treatment can rescue 

worm clearance, is through the differential regulation of these cytokine or alarmin 

receptors. It is possible that BATF is differentially required for receptor expression and 

modulates IL-17Rb but not ST2 expression, thus BATF deficiency renders only one 

subset of cells susceptible to alarmin treatment. Likewise, whether BATF is required for 
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signaling cascades downstream of either IL-17Rb or ST2 is also unknown, and provides 

another potential mechanism by which BATF may be required for activation and 

function.  

Alternatively, it will be important to determine whether ILC2 precursors exist in 

Batf-deficient mice. GATA-3 is required for ILC2 development. My results from chapter 

3 showed reduced levels of GATA-3 expression in Th2 cells, therefore it is possible that 

BATF deficiency may also dysregulate expression of GATA-3 in ILC2 cells leading to 

impaired development. Certainly, GATA-3 is an important factor in ILC2 cell generation 

in both mouse and humans, making this an intriguing possibility106,173. 

BATF was recently characterized to be required for chemotaxis of T helper cells 

to the intestine. CCR9 and α4β7 are important receptors for lymphocyte migration to the 

gut, and BATF was needed for the expression of both CCR9 and a4b7 by T helper cells in 

response to retinoic acid174. Although, it remains unclear whether failed differentiation 

by Batf-deficient CD4+ T cells skewed the interpretation of the data in that study, it is 

possible that BATF may regulate pathways for chemokine-mediated migration of ILC2 

cells. ILC2 cells are found predominantly associated with type-2 immunity at mucosal 

sites making this an exciting area for future studies.  

Importantly, as suggested in chapter 4, BATF regulates cytokine expression in a 

cell-specific manner. In CD4+ T cells, BATF deficiency compromised the cytokine 

expression of both IL-4 and IL-13, likely through dysregulated LCR activity. How BATF 
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affects cytokine expression in ILC2 cells is still unknown Therefore, whether BATF is 

important for ILC2 cell function will be an essential question to address. One disparity 

between Th2 and ILC2 cells is that Th2 cells can express IL-4, IL-5 and IL-13 

coordinately, whereas ILC2 cells express only IL-5 and IL-13. Thus, non-coordinate 

regulation of IL-4 and IL-13 in ILC2 cells may suggest a different mechanism for 

cytokine regulation that may or may not require BATF activity. It will be interesting to 

characterize whether BATF is essential for the selective expression of disparate cytokine 

profiles via- or independent of- the Th2 LCR. Together, these studies represent a critical 

point of investigation of BATF-mediated regulation of the Th2 LCR in non-CD4+ T cells.  

Lastly, validating the expression of BATF in different ILC2 and MPPtype-2 cells 

will help to address whether BATF required for cell development and/or function, or 

perhaps instead, BATF is important in a non-lymphoid compartment essential to worm 

clearance. BATF expression has been previously annotated to be restricted to 

hematopoietic cells, thus this possibility would challenge this characterization to suggest 

that additional cell types were overlooked. Certainly, one area of interest is whether 

BATF plays a role in intestinal homeostasis by interfering with epithelial cell-mediated 

basal expression of alarmin or regulation of ILC2 cell homeostasis and function43,175. 
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 C-Maf is essential for development and function of Tfh 
cells during helminth-induced type-2 inflammation 

 

Currently, our understanding of the relationships of differentiation and function 

between CD4+ Th2 and Tfh cells is incomplete. Tfh cells make IL-4 and Th2 cells make 

IL-4, IL-5, and IL-13, thus differences in differentiation lead to differential functions. 

Although both cell types express IL-4, Tfh and Th2 cells appear to regulate IL-4 

expression differently. Classical mechanisms of IL-4 expression in Th2 cells activate the 

IL-4Ra-STAT6-GATA-3 and IL-2R-STAT5A pathways. However, these pathways are not 

required for IL-4 expression in Tfh cells, and the details of IL-4 production by Tfh cells 

remain to be characterized18,176.  

Th2 cells require classical pathways of IL-4 production to maintain and stabilize 

Th2 cell fate. However studies of type-2 inflammation in vivo have demonstrated that 

CD4+ T cells acquire IL-4 competency independent of STAT6 and GATA-318; yet the 

factors that give rise to early IL-4 competency remain ill-defined. One intriguing 

candidate for this role is the bZIP transcription factor c-Maf. C-Maf has been implicated 

in the differentiation of Tfh cells and is essential for IL-4 expression in Th2 cells70,72,146,177. 

In Th2 cells, c-Maf binds directly to the Il4 promoter and upregulates Il4. To support 

non-coordinate cytokine regulation, c-Maf does not regulate IL-5 and IL-13 expression in 

Th2 cells72. Thus, c-Maf deficiency in CD4+ T cells has been described to impair IL-4 
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production, while IL-5 and IL-13 expression remain unaffected. Due to the facts that c-

Maf plays a role in Tfh development, and is a known IL-4-specific regulator in Th2 cells, 

c-Maf represents a strong candidate for the regulation of both early IL-4 competency and 

non-canonical regulation of IL-4 expression in Tfh cells.  

C-Maf is induced early during CD4+ T cell differentiation independent of IL-4R 

signaling178. C-Maf expression was described to occur downstream of STAT3, BATF and 

ICOS signaling146,177-180. In fact, STAT3, BATF and ICOS all provide necessary signals for 

the development and maintenance of Tfh cells. IL-6 and IL-21 are both important for Tfh 

cell development, maintenance and function and both activate STAT3 signaling179. 

BATF, as our studies and others have demonstrated is required for Tfh cells, and was 

suggested to directly regulate both BCL6 and c-Maf expression in Tfh cells146. ICOS is a 

costimulatory molecule induced after CD4+ T cell activation, and its ligand, ICOS-L, is 

expressed by antigen presenting cells including B cells in the B cell follicle. Interaction of 

ICOS and ICOS-L has been suggested to be necessary for B cells to pull CD4+ T cell into 

the follicle, linking ICOS to Tfh cell fate179. Additionally, ICOS signaling was shown to be 

associated with IL-4 production by Tfh cells38,180-182. Together, these pathways have all 

been connected to Tfh development and represent compelling mechanisms to potentiate 

c-Maf expression in Tfh cells.  

The conserved noncoding sequence 2 (CNS2) enhancer region of the Il4 locus is 

not critical for IL-4 production in Th2 cells, basophils or eosinophils, however is 
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essential for IL-4 production in Tfh cells157,158. Sahoo et. al. identified that BATF binds at 

the 3’ end of the CNS2 enhancer in Tfh cells and is important for IL-4 expression156. In 

the same study, c-Maf also bound to the CNS2 enhancer and can raise the level of IL-4 

expression in vitro in CNS2-dependent luciferase assays. While a more comprehensive 

definition of CNS2-driven IL-4 production in Tfh cells is emerging, our understanding of 

the factors and mechanisms outside of CNS2-mediated IL-4 production remains 

incomplete.  

C-Maf as a likely candidate for non-canonical IL-4 production in Tfh cells based 

on three findings in the literature. First, initial studies in Th2 cells demonstrated that c-

Maf potentiates IL-4 but not IL-5 or IL-13 expression72. This is a cytokine profile 

reminiscent of Tfh cells found in vivo18,38. Second, c-Maf expression is induced early 

during CD4+ T cell differentiation in a mechanism independent of classically defined IL-

4 expression pathways and binds to the CN2 region in Tfh cells, a site known to be 

critical for Tfh-derived IL-4 production156. Lastly, c-Maf has been described to be an 

important factor in Tfh cell development177,183.  

To investigate the molecular regulation of IL-4 production by c-Maf in Tfh cells, 

mouse models in which select transcription factors or surface molecules implicated in c-

Maf expression were deleted and used to examine the properties of CD4+ T cell function 

and IL-4 expression by Tfh cells. To examine processes that may be dependent on c-Maf, 

I utilized a novel mouse model, CD4CrecMaffl/fl, in which c-Maf is deleted in all cells that 
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have expressed CD4, which ablates c-Maf expression in CD4+ T cells, CD8+ T cells, and a 

subset of Natural Killer T cells. All mice used were crossed onto Il44get/KN2 reporter 

backgrounds thorough assessment of IL-4 transcript and/or protein expression after N. 

brasiliensis infection to induce type-2 inflammation in vivo.  

 

6.2.1 Tfh cells can produce IL-4 independent of canonical 
regulators, GATA-3, STAT6 and STAT5A 

Il44get/KN2 reporter mice were infected with N. brasiliensis and lung-draining 

mediastinal lymph nodes were assessed 8 days later for IL-4, GATA-3 and BCL6 

expression. IL-4 protein producing (huCD2+), CD4+ T cells were largely GATA-3low 

(Figure 19A, right, B), a profile consistent with IL-4-producing Tfh cells18. Additionally, 

IL-4 protein-producing, GATA-3low, CD4+ T cells expressed high levels of BCL6, the 

lineage-determining factor of Tfh cells (Figure 19C). GATA-3 and BCL6 expressing cells 

were found in mutually exclusive subsets of lymph node-resident CD4+ T cells (Figure 

19D, E), validating the results of our prior studies demonstrating that GATA-3high and 

BCL6+ profiles define Th2 and Tfh cells, respectively18.  

Low GATA-3 expression by lymph node-resident CD4+ T cells suggests that Tfh 

cells do not require IL-4Ra-STAT6 signaling for IL-4 production. To confirm, Stat6-

deficient mice were used to assess the impact of STAT6 deficiency on Tfh-derived IL-4 
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Figure 19: Tfh cells express IL-4 protein via a GATA-3-independent mechanism. 

Mice were infected with N. brasiliensis and lung-draining mediastinal lymph node were 
harvested eight days later to assess the CD4+ T cell response. (A) Representative contour 
plots show CD4+ T cells from wildtype mice to show IL-4 protein (huCD2) expression 
and correlating GATA-3 expression. Gates show IL-4 protein producing populations 
that correlate with GATA-3high (top) and GATA-3low (bottom) expression. A reporter 
negative control is shown on the left. (B) Quantification of proportions of the 
populations within the gates defined in (A). (C) Graph showing the mean fluorescence 
intensity of BCL6 staining within gates defined in (A). (D) Contour plots show CD4+ T 
cells from wildtype mice. Top gate represents GATA-3high populations. Gate to the right 
shows BCl6+ populations. Isotype staining controls are shown in the plots on the left and 
middle. (E) Graphical representation of the proportion of cells within gates in (D). Data 
are representative of 5 independent experiments; n=3-5 mice per group. 
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production. Tfh generation in Stat6-deficienct mice was only slightly reduced compared 

to wild-type animals (Figure 20A, B). Thus, STAT6 is not required for Tfh cell 

differentiation, a finding consistent with our previous studies18. Interestingly, 

assessment of total CD4+ T cells showed impaired IL-4 expression in N. brasiliensis-

infected Stat6-deficient mice (Figure 20C, D). The loss of IL-4 competency was derived 

from the non-Tfh, CXCR5-, CD4+ T cell compartment, while IL-4 transcription (GFP+) 

remained in the CXCR5+ compartment (Figure 20C, D). These results support the 

hypothesis that Tfh cells do not use canonical IL-4R-STAT6 signaling for IL-4 expression.  

STAT5 is another factor that is important for Th2 cell differentiation and IL-4 

expression67,184. Therefore, to test whether STAT5 could mediate STAT6-independent, IL-

4 expression by Tfh cells, mice deficient in both STAT6 and STAT5 (Stat5a-/-Stat6-/-) were 

infected with N. brasiliensis and the lung-draining mediastinal lymph node was assessed 

on day 8 after infection. Tfh cells were generated in Stat5a-/-Stat6-/- mice but reduced in 

number compared to wild-type mice (Figure 20A, B). Similar to Stat6-deficient mice, IL-4 

competency among lymph node-resident CD4+ T cells was lower in Stat5a-/-Stat6-/- mice 

(Figure 20C, D). The most dramatic loss of IL-4 production was again found within the 

non-Tfh, CXCR5-, CD4+ T cell population. This selective loss of IL-4 expression within 

CXCR5- CD4+ T cells implied that both STAT5A and STAT6 were not required for Tfh-

mediated IL-4 (GFP) expression. Instead, these factors are likely more important for IL-4 

expression by non-Tfh, CXCR5- T cells. The increasing ratio of CXCR5+ to CXCR5- cells  
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Figure 20: Tfh cell-mediated IL-4 expression does not require STAT6 or STAT5A 
pathways. 

Mice were infected with N. brasiliensis and the lung-draining mediastinal lymph nodes 
were harvested 8 days later. (A) Contour plots depict CD4+ T cells. Gate depicts Tfh cells 
(CXCR5+PD-1+). The left plot shows an isotype control for CXCR5 staining. (B) 
Graphical representations of proportions and total numbers of Tfh gate in (A). (C) 
Contour plots depict CD4+ T cells from the mediastinal lymph nodes of indicated mice. 
The left gate comprises the non-Tfh, CXCR5-, IL-4 expressing cells. The right gate 
depicts the Tfh, CXCR5+, IL-4 expressing cells. (A,C) The plots on the left show an 
isotype control for CXCR5 staining. (D) Graphical representation of the proportion of 
CD4+ T cells that are GFP+ from quantities added from both gates in (C). (E) Graphical 
representation of the ratio of GFP+, CD4+, CXCR5+ to GFP+, CD4+, CXCR5- cells from 
gates in (C). Data are representative of 3 independent experiments; n=3-5 mice per 
group. 
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among IL-4-expressing (GFP+) CD4+ T cells found between wild-type, Stat6-/-, and Stat5a-/-

Stat6-/- mice, further validated the hypothesis that Tfh-mediated IL-4 production is 

regulated by mechanisms independent of both STAT6 and STAT5 (Figure 20E). 

6.2.2 C-Maf is expressed in BCL6+ CD4+ T cells in the draining 
lymph node upon helminth infection 

As mentioned previously, c-Maf specifically regulates IL-4 expression in Th2 cells, 
and has been implicated in Tfh cell generation72,146,177. To investigate the potential 

role of c-Maf in non-canonical IL-4 production by Tfh cells, I first assessed its 
expression in Th2 and Tfh cells. In support of my hypothesis, c-Maf was induced 

in both wild-type GATA-3high Th2 cells found in the lung ( 

Figure 21A, B) and BCL6+ Tfh cells found in the lung-draining mediastinal lymph 
nodes ( 

Figure 21C, D) after infection with N. brasiliensis. Compared to naïve, non-infected 
mice, infection induced a large proportion of CD4+ T cells that co-expressed c-Maf 

and high levels of GATA-3 ( 

Figure 21B). Similarly, CD4+ T cells in the draining lymph nodes of naïve mice 
showed no expression of c-Maf, however after infection, c-Maf expression 

increased significantly ( 

Figure 21D). BCL6 expression was present in nearly half of the c-Maf-positive cells 
( 

Figure 21C). Given that GATA-3high Th2 cells and BCL6+ Tfh cells constitute the 

major populations of IL-4 protein-expressing CD4+ T cells during helminth infection, and 

high levels of c-Maf correlated with both populations, these results suggest that c-Maf is 

a likely factor that regulates STAT6- and STAT5A-independent mechanisms of IL-4 

production in Tfh cells.  
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Figure 21: IL-4 expressing CD4+ Th2 and Tfh cells both express high levels of c-
Maf. 

Wild-type (Il44get/KN2) mice were infected with N. brasiliensis. (A) Representative contour 
plots show CD4+ T cells from the lung, gate identify Th2 cells by high GATA-3 
expression and correlated c-Maf expression. Plots on the left show isotype staining 
controls. (B) Graphical representation of gates in (A). (C) Representative contour plots 
show CD4+ cells from the mediastinal lymph node, gate represents coexpression of BCL6 
and c-Maf. Plots on the left show isotype staining controls. (D) Graphical 
representations of the proportions and total cell numbers of gates in (C). Data are 
representative of 3-5 independent experiments; n=3-5 mice per group.  

 

  



 

103 

STAT5A and STAT6 are dispensable for both Tfh formation (Figure 20A, B), and 

Tfh-mediated IL-4 production (Figure 20C). To further support my hypothesis that c-

Maf regulates non-canonical IL-4 production, I wanted to validate its expression in 

CXCR5+, CD4+ Tfh cells from helminth-infected wild-type and Stat5a-/-Stat6-/- mice. Using 

CXCR5 expression as an indicator of Tfh cells, I found that c-Maf expression was 

induced to the same level in both wild-type and Stat5a-/-Stat6-/- Tfh cells (Figure 22A). 

Therefore, c-Maf expression in CD4+ T cells is sustained in Tfh cells generated in the 

absence of both STAT6 and STAT5A, and is a relevant candidate for non-canonical IL-4 

production.  

C-Maf expression has been found downstream of STAT3, BATF, and ICOS in 

CD4+ T cells 146,177,185,186. To test whether these factors were required for c-Maf expression, 

I infected various mouse strains with N. brasiliensis and assessed c-Maf protein 

expression in the lung-draining mediastinal lymph nodes.  

In CD4CreStat3fl/fl mice, STAT3 is selectively deleted in all cells that expressed 

CD4+. CD4CreStat3fl/fl and Batf-deficient mice were infected with N. brasiliensis. I found 

that CD4+ T cells in the lymph node maintained c-Maf expression at levels comparable to 

wild-type CD4+ T cells (Figure 22B, C). In Icos-deficient mice, I found that c-Maf 

expression was compromised, but present in CD4+ T cells (Figure 22D). Collectively, the 

data suggests that STAT3, BATF and ICOS are not individually responsible for c-Maf  
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Figure 22: C-Maf expression is maintained in the absence of STAT6, STAT5A, 
STAT3, BATF, or ICOS signaling. 

Mice were infected with N. brasiliensis and the mediastinal lymph nodes were harvested 
to assess the expression of c-Maf in CD4+ T cells. (A) Histogram of c-Maf expression in 
CXCR5+CD4+ T cells. (B-D) c-Maf expression in CD4+ T cells found in the mediastinal 
lymph nodes. Wild-type representations of c-Maf expression are shown in solid lines. TF 
deleted representations of c-Maf expression are shown in dotted lines. C-Maf isotype 
staining controls are shown in the grey-filled histograms. Data are representative of 3-5 
independent experiments; n=3-5 mice per group.  
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expression, however it remains possible that they may participate in overlapping 

mechanisms that drive c-Maf expression.  

6.2.3 C-Maf is required for the development of Tfh and GC B cells 
to mediate the humoral response 

My prior experiments suggested that c-Maf may have an essential role in Tfh-

mediated IL-4 production. As IL-4 production by Tfh cells is required for humoral 

immunity during type-2 inflammation, I hypothesized that depletion of c-Maf within 

CD4+ T cells would impair both GC B cell responses and IgE production. To test this, the 

mediastinal lymph nodes eight days after wild-type and CD4CrecMaffl/fl mice were 

infected with N. brasiliensis. Compared to wild-type mice that generated a strong 

CXCR5+, PD1+ Tfh response (Figure 23A, B), c-Maf deficiency prevented CXCR5+, PD1+ 

Tfh cell formation (Figure 23A, B). These findings are consistent with previous studies 

demonstrating a role for c-Maf in the generation of Tfh cells146,177.  

Accordingly, since Tfh cells are required for the formation of germinal centers, 

and c-Maf deficiency impaired the development of Tfh cekks, CD95+, GL7+ GC B cells 

also failed to develop in CD4Crec-Maffl/fl mice after infection (Figure 23C, D). Furthermore, 

consistent with an integral role for c-Maf in Tfh cell function, no IgE production was 

detected in CD4Crec-Maffl/fl mice (Figure 23E). As B cell-mediated IgE class-switching is 

dependent on Tfh-derived IL-4, undetectable IgE production, suggests that c-Maf is 

important for non-canonical production of IL-4 in Tfh cells. Together, my  
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Figure 23: C-Maf is required for Tfh and GC B cell formation and humoral 
immunity to helminth infection. 

Mice were infected with N. brasiliensis and lung-draining mediastinal lymph nodes were 
assessed eight days later. (A) Contour plots show CD4+ Tfh cells, marked by CXCR5+ 
and PD1+ expression. Plot on the left show isotype staining control. (B) Graphical 
representation of the proportions and total numbers of CD4+ Tfh cells based on gates in 
(A). (C) Contour plots show B220+ cells, gate shows GC B cells marked by CD95+ and 
GL7+ expression. (D) Graphical representation of the proportions and total numbers of 
GC B cells based on gates in (C). (E) Graph of levels of serum IgE post-N. brasiliensis 
infection. Data are collective of 2 (A-D) and representative of 1 (E) independent 
experiment(s); n=3-5 mice per group. 
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results demonstrate that c-Maf is required for the development of IL-4 producing Tfh 

cells during N. brasiliensis infection and is an essential factor in humoral immunity.   

6.2.4 C-Maf deficiency inhibits the migration of CD4+ T cells into 
the B cell follicles 

Impaired IgE production implied that CD4Crec-Maffl/fl mice were impaired for Tfh-

derived IL-4 secretion. To confirm, I assessed CD4+ T cell-mediated IL-4 production in 

the mediastinal lymph nodes following N. brasiliensis infection. In both wild-type and 

CD4Crec-Maffl/fl mice I observed similar proportions (Figure 24A, B) and total numbers 

(Figure 21C) of IL-4-expressing, CXCR5-, CD4+ T cells. However, c-Maf deficiency 

resulted in a significant loss of IL-4 producing CXCR5+ Tfh cells (Figure 24A) by both 

percentage (Figure 24B) and total numbers (Figure 24C). Contrary to the results found in 

Stat5a-/-Stat6-/- mice, c-Maf deficiency resulted in an enrichment of IL-4 producing 

CXCR5-, non-Tfh cells compared to CXCR5+ IL-4 expressing cells (Figure 24D). This 

highlight that c-Maf is more important in Tfh-mediated IL-4 expression, and less 

important in non-Tfh-mediated IL-4 production, likely regulated by STAT6 and STAT5. 

It was possible that the impaired CXCR5 expression and lack of CD4+ T cell 

migration could explain the absence of Tfh-derived IL-4 production. Thus, I used 

immunohistochemistry to examine mediastinal lymph nodes for the presence or absence 

of CD4+ T cells and IL-4 production in the B cell follicles of mice infected with N. 

brasiliensis. As expected, wild-type mice demonstrated a generous distribution of CD4+ T  
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Figure 24: c-Maf deficiency in CD4+ T cells inhibits the formation of IL-4 producing 
Tfh cells. 

Mice were infected with N. brasiliensis and the lung-draining mediastinal lymph nodes 
were harvested eight days after infection for assessment of IL-4 production from CD4+ T 
cells. (A) Contour plots show CD4+ T cells. Non-Tfh cells (left gate) and Tfh cells (right 
gate) marked by CXCR5- and CXCR5+ respectively. Plot on the left shows isotype 
staining and reporter-negative controls. Graphical representation of the proportions (B) 
and total numbers (C) of CD4+ T cells that are GFP+ of non-Tfh (left) and Tfh (right) cells 
based on gates in (A). (D) Graph depicts the ratio of IL-4 producing (GFP+) CD4+, 
CXCR5+ to IL-4 producing (GFP-) CD4+, CXCR5- cells. Data are representative of 2 
independent experiment; n=2-5 mice per group.  
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cells (red) throughout the lymph node, including the B220-rich regions of the B cell 

follicles (blue) (Figure 25, top row). IL-4 transcript (GFP, green) was also found 

throughout the lymph node, both in the paracortex and B cell follicles. These results 

were in stark contrast to both Batf-deficient, and CD4Crec-Maffl/fl mice (Figure 25, middle 

and bottom panels). As previously shown in chapter 3, BATF deficiency causes a 

abrogation of both IL-4 competency and follicular migration by CD4+ T cells (Figure 8A, 

Figure 25, middle). C-Maf-deficient CD4+ T cells, resulted in an intermediate phenotype 

between that found in wild-type (Figure 25, top row) and Batf-deficient mice (Figure 25, 

bottom row). Similar to Batf-deficient CD4+ T cells, very few c-Maf-deficient CD4+ T cells 

were observed in the B cell follicles (Figure 25, middle row). However, in contrast, while 

BATF deficiency resulted in overall impaired IL-4 transcript (GFP) production in CD4+ T 

cells, c-Maf-deficient CD4+ T cells in the paracortex maintained IL-4 transcription further 

supporting that c-Maf is required for IL-4 production in Tfh cells. Importantly, c-Maf 

deficiency disrupts the migration of IL-4 competent CD4+ T cells towards the B cell 

follicles, which prevents Tfh cell fate commitment.  

Together, these results imply that compared to wild-type mice, c-Maf deficiency 

results in an enrichment of IL-4 producing CD4+ T cells in non-Tfh cells found in the 

mediastinal lymph node of N. brasiliensis infected mice (Figure 24D). These results, 

compared to the trend found between wild-type mice and Stat5a- Stat6- double deficient  
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Figure 25: C-Maf deficiency impairs Tfh fate commitment. 

Immunohistochemistry of mediastinal lymph nodes of indicated mice eight days after 
infection with N. brasiliensis. Sections were stained for IL-4 competency (anti-GFP; green) 
of CD4+ T cells (anti-CD4; red) and B cell follicles (anti-B220; blue). Images in the middle 
and right columns are magnified images of the white inset from the left column. Images 
in the right column show only CD4 and GFP staining. Data are representative of 2 
independent experiment; n=2-5 mice per group.  
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mice (Figure 20E), demonstrating the opposite trend of enrichment show that c-Maf has 

a greater role in CXCR5+ Tfh-mediated IL-4 expression, while classical pathways 

through STAT5A and STAT6 appear more important for non-Tfh-mediated IL-4 

expression.  

6.2.5 C-Maf expression is required for IL-4 protein production in 
the lymph node 

C-Maf deficiency inhibited Tfh cells accumulation in the B cell follicles, but not 

IL-4 transcription (GFP) in the paracortex (Figure 24). To further examine whether c-Maf-

deficient CD4+ T cells were capable of IL-4 protein production, I used the Il4KN2 reporter 

to quantify IL-4 protein expression in the mediastinal lymph nodes. Compared to wild-

type CD4+ T cells, IL-4 protein (huCD2) was abrogated in c-Maf-deficient CD4+ T cells 

eight days after N. brasiliensis infection (Figure 26A, B). Furthermore, wild-type CD4+ T 

cells showed a positive enrichment of BCL6+ and huCD2+ within the CD4+ T cell 

population (Figure 26C, D). In contrast, c-Maf deficiency in CD4+ T cells eliminated the 

population expressing both BCL6 and huCD2 (Figure 26C, D). Therefore, c-Maf is 

indeed essential for IL-4 producing Tfh cells. 

Intriguingly, I found that c-Maf was not required for BCL6 expression. 

Quantification of BCL6+ CD4+ T cells found in wild-type and c-Maf-deficient CD4+ T cells 

revealed similar proportions (Figure 27A) and total numbers (Figure 27B) after helminth 

infection. BCL6 expression implies that CD4+ Tfh cell development was initiated,  
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Figure 26: C-Maf is required for Tfh-mediated IL-4 protein expression. 

Mice were infected with N. brasiliensis and lung-draining mediastinal lymph nodes were 
harvested eight days later. (A) Contour plots show CD4+ T cells. Gates show IL-4 
transcript+ (GFP) and protein- (huCD2) producing cells (left), and IL-4 transcript+ protein+ 
producing cells (right). A reporter negative control is shown on the left. (B) 
Quantification of total numbers of the populations within the right gate defined in (A). 
(C) Contour plots show CD4+ T cells. Gates show BCL6+ IL-4 protein- (huCD2) producing 
cells (left), and BCL6+ IL-4 protein+ producing cells (right). A reporter negative control is 
shown on the far left, and a BCL6 isotype control is shown in the middle left plot. (D) 
Quantification of total numbers of the populations within the right gate defined in (C). 
Data are representative of 2 independent experiments; n=3-4 mice per group. 
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Figure 27: C-Maf is not required for BCL6 expression in CD4+ T cells. 

Mice were infected with N. brasiliensis and assessed eight days later. Graphical 
representation of proportions (A) and total numbers (B) of CD4+ T cells found in the 
lung-draining mediastinal lymph nodes. Ns: not significant, p> 0.05. Data are 
representative of 2 independent experiments; n=3-4 mice per group. 
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however, c-Maf deficiency impaired further progression in a way that may or may not 

be directly related to CXCR5 expression. This critical finding suggests that c-Maf is more 

important for Tfh cell migration and function rather than Tfh cell generation as was 

previously suggested146,177. 

 

The results in this chapter demonstrate that c-Maf is essential for humoral 

immunity during N. brasiliensis infection. My findings highlight that c-Maf may drive 

non-canonical regulation of IL-4 production in Tfh cells. Specifically, c-Maf expression is 

maintained independent of classical IL-4 regulatory pathways using STAT6 and 

STAT5A. By flow cytometry and immunohistochemistry, I showed that c-Maf was not 

required for IL-4 competency in CD4+ T cells as IL-4 expressing cells were present in 

CD4+, CXCR5- cells found in the mediastinal lymph nodes, within the paracortex. 

Importantly, my studies reveal that c-Maf is required for the expression of CXCR5. 

Therefore, c-Maf deficiency likely impairs the migration of CD4+ T cells to the B cell 

follicle, which prevents Tfh fate commitment and subsequent production of IL-4 protein.  

Interestingly, although CXCR5 upregulation was impaired in c-Maf-deficient 

CD4+ T cells, I found that the proportion of the BCL6-positive c-Maf-deficient CD4+ T 

cells remained the same as that found in wild-type mice. The induction of BCL6 

expression in the absence of CXCR5 expression among c-Maf-deficient CD4+ T cells 

suggests that BCL6 expression precedes CXCR5 expression during differentiation which 
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is consistent with previous findings demonstrating that BCL6 expression occurs prior to 

the induction of Ascl2, which is believed to directly upregulate CXCR5 expression and 

downregulate CCR7 expression105. Of note, the study speculated that c-Maf-mediated 

mechanisms of lineage instruction did not overlap with Ascl2-mediated regulation of 

CXCR5 and Tfh differentiation. However, my findings presented herein link c-Maf to 

CD4+ T cell migration and to the regulation of CXCR5 expression. Thus, it appears likely 

that Ascl2 and c-Maf-mediated pathways do in fact, intersect. Whether Ascl2 expression 

is induced in c-Maf-deficient CD4+ T cells during type-2 inflammation will be important 

to determine. Additionally, since upregulation of CXCR5 expression complements the 

simultaneous downregulation of CCR7 expression during T cell migration towards the B 

cell follicle, it will also be important to determine whether CCR7 downregulation is 

impaired in c-Maf-deficient CD4+ T cells.  

Lastly, IL-4 protein production was not found in c-Maf-deficient CD4+ T cells. IL-

4 protein production in the lymph node is largely restricted to Tfh cells38. In many IL-4 

expressing cells, Il4 transcript is made and maintained prior to protein detection2. 

Transcript-positive CD4+ T cells can be induced for IL-4 protein production upon active 

restimulation, however, activation-induced protein expression also resulted in de novo 

transcript production187. How c-Maf might be involved in this process remains unclear. 

However, the fact that nascent transcripts are induced after restimulation, immediately 

prior to protein production may indicate that c-Maf participates in the generation of new 
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Il4 transcript. Whether restimulation-induced nascent transcript is translated into 

protein, or whether IL-4 protein can be generated from IL-4 transcript-reserves is 

unknown, thus how c-Maf may participate in this process is intriguing.  

In vivo, it is possible that in the GC, cognate GC B cells provide secondary signals 

that precede IL-4 protein production in Tfh cells. However, because the absence of 

CXCR5 expression in c-Maf-deficient CD4+ T cells prevents their anatomical distribution 

to the B cell follicles, the absence of secondary TCR stimulation may preclude IL-4 

protein production. Further studies about the mechanisms of c-Maf-mediated IL-4 

production in Tfh cells are needed to elucidate the regulation of Tfh migration and 

function.  
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 General Discussion and Future Directions 

Allergic diseases and helminth infections affect nearly half of the world’s 

population, with increasing incidences from year-to-year188. IL-4 and IL-13 are central to 

type-2 inflammation and are required to drive many of the convergent pathologies 

associated with helminth infection and allergic disorders. CD4+ T cells and ILC2 cells are 

the most critical producers of IL-4 and IL-13, although CD4+ Th2 cells, CD4+ Tfh cells, 

ILC2 cells, eosinophils, basophils, and mast cells all contribute to cytokine production 

during type-2 inflammation108.  

My studies have demonstrated that BATF regulates type-2 inflammation through 

its regulation of CD4+ Th2 and Tfh cell differentiation during N. brasiliensis infection. IL-

4 competency is induced early in wild-type CD4+ T cell differentiation during type-2 

inflammation, but was severely compromised in the absence of BATF. In addition, I 

found that BATF, JunB and IRF4 were highly enriched at the Th2 LCR at RHS6 and 

modestly at RHS7, both thoroughly characterized with essential roles in cytokine 

production in wild-type Th2 cells123,125,126. Based on these findings, I propose a model of 

BATF-dependent recruitment of JunB and IRF4 to the Th2 LCR in a novel and 

previously unappreciated mechanism of BATF-mediated cytokine regulation in CD4+ T 

cells. This BATF-JunB-IRF4 complex is likely required for IL-4 competency immediately 

after TCR-engagement in newly activated CD4+ T cells. Importantly, this model suggests 

that BATF-mediated cytokine regulation works at the initiation of both Th2 and Tfh 
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differentiation and emphasizes an early requirement for BATF during the development 

of type-2 inflammation.  

Interestingly, basophils and eosinophils elicited during helminth infection did 

not show reduced IL-4 competency in Batf-deficient animals raising the possibility that 

basophils and eosinophils utilize a BATF-independent mechanism for IL-4 transcription. 

Indeed, these cells do not require the CNS2 region for IL-4 production suggesting that 

these IL-4-restricted innate cells and IL-4-restricted Tfh cells regulate IL-4 production 

differently156,158. Basophils and eosinophils cells do not express IL-13, thus it is likely that 

these innate cell types that express only IL-4 regulate the LCR differently from Th2 cells 

that express IL-4 and IL-13 coordinately. It is also possible that BATF homologs or 

additional transcription factors are required to obtain a specific cytokine profile by 

modulating LCR function in basophils and eosinophils.  

My studies elucidate a new mechanism of BATF-mediated regulation of type-2 

cytokine expression in Th2 cells and has broadened our appreciation of CD4+ T cell 

biology in peripheral immunity. In addition to its role in Tfh cells and humoral 

immunity146,152,156, my data support a model in which BATF is required as a central factor 

for both Th2 and Tfh cell development and function. Additionally, although the 

mechanism of BATF-mediated regulation of ILC2 cells is not well understood, there may 

be interesting pathways that overlap with Th2 LCR-mediated regulation in Th2 cells. 

BATF, therefore, seems responsible for coordinating multiple layers of the peripheral 
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type-2 inflammatory response. Thus, my studies suggest that BATF represents a central 

regulator of both the peripheral and humoral arms of type-2 inflammation.  

In addition to BATF, my thesis work has revealed unappreciated mechanisms of 

c-Maf-mediated regulation of the humoral immune response. C-Maf has long been 

appreciated as a regulator of IL-4 in Th2 cells70,72.  Yet, the role of c-Maf in Tfh cells has 

not yet extended to encompass its regulation of IL-4 expression. My thesis work has 

identified c-Maf as a specific regulator of Tfh cell migration and function. Thus, c-Maf 

represents an essential factor for humoral type-2 immunity. Together, my studies of 

BATF and c-Maf-mediated regulation of type-2 inflammation have promising 

implications for new therapeutic targets against immuno-pathologies of helminth 

infections and allergic disease.  

 

The results summarized in chapter 3 uncover a novel and unique BATF-

dependent mechanism for optimal Th2 differentiation and function. I found that BATF, 

JunB, and IRF4 bound at RHS6 and RHS7 of the Th2 LCR enhancer in wild-type Th2 

cells. Compared to wild-type Th2 cells, Th2 polarized, Batf-deficient CD4+ T cells 

displayed appreciably lower levels of permissive histone modifications at the IL-4 

promoter, accompanied by impaired demethylation of the RHS7 region, both important 

modifications for cytokine expression in Th2 cells. Since LCR activity facilitates the CD4+ 
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T cell development and cytokine expression during type-2 inflammation, these findings 

indicate that BATF is required for optimal LCR activity in CD4+ T cells.  

My data support a model in which BATF-JunB heterodimers pair with IRF4 to 

bind at AP-1-IRF composite elements at the LCR. Although BATF/JUN-IRF4 complexes 

are known to influence the expression of il17 by binding directly to its promoter and 

enhancer regions151, my results suggest that these complexes work to control IL-4 and IL-

13 expression indirectly in developing Th2 cells. Due to the critical role of RHS6 in 

epigenetic regulation of Th2 cytokine loci, my data indicate that in collaboration with 

JunB and IRF4, BATF resembles a pioneer factor by regulating activities at the LCR and 

likely facilitating the recruitment of chromatin-modifying as well as lineage-determining 

factors. Future studies in Th2 cells will consist of characterizing whether BATF is also 

required for permissive histone modifications at the promoters of IL-13 and IL-5 to 

examine the possibility of BATF-mediated LCR regulation of coordinate cytokine 

expression.  

BATF, JunB, and IRF4 were detected at RHS7 in wild-type Th2 cells. Since RHS7 

is required to form the chromatin hub by facilitating the collection of Th2 cytokine 

promoters at the LCR, it will be informative to understand whether BATF has a role in 

the physical contortion of chromatin at the Th2 locus to form the “poised” and “active” 

conformations during Th2 differentiation125. Future studies that dissect the functions of 

BATF at the LCR in Th2 cells will broaden our understanding of T cell lineage 
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commitment and strengthen our appreciation of the relationship between Tfh and Th2 

cell subsets.  

Unraveling mechanisms of LCR regulation in Th2 cells will also provide insight 

into type-2 cytokine regulation in other immune cells. Of interest, is how LCR regulation 

before and during cytokine expression differs, and whether differences between the 

transcription factor complexes formed at the LCR dictates the cell-specific cytokine 

profiles. Currently, it is unknown whether all cells with type-2 cytokine expressing 

potential possess the same “poised” confirmation. Based on my findings that show IL-4 

competency is unaffected in Batf-deficient eosinophils and basophils, it is likely that 

cytokine expression in these innate cells is controlled by LCR-regulating transcription 

factors that are not dependent on BATF. It will be interesting to understand how much 

overlap exists in such LCR-regulating factors across different cell types. Learning of such 

overlaps can also elucidate potential compensatory mechanisms. These uncharacterized 

mechanisms of type-2 cytokine regulation are exciting areas of investigation that remain 

to be addressed.  

 

 My data show that BATF has an important role in ILC2 cell function. Type-2 

inflammation induces the release of the alarmins IL-25 and IL-33 that directly activate 

ILC2 cells to produce IL-13, the critical cytokine that induces worm clearance4,6,189. My 
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studies show that BATF is required for IL-25-induced worm clearance. Thus, these 

findings suggest an unknown role for BATF in ILC2 cell generation or function.  

IL-25-responsive ILC2 cells were suggested to represent transient progenitors 

that become IL-33-responsive ILC2 cells and mediate the majority of effector cytokine 

production during N. brasiliensis infection42. Thus, one possible interpretation of my 

results is that BATF is important for the transition of IL-25-responsive ILC2 cells to IL-

33-responsive ILC2 cells. Interestingly, IL-33 treatment is sufficient to induce worm 

clearance in N. brasiliensis-infected Batf-deficient mice. Therefore, it is possible that under 

normal conditions, IL-25-responsive ILC2 cells do not act as the effector subset that 

mediates worm clearance. Instead, perhaps IL-25-responsive ILC2 cells are precursors 

that are specifically induced during inflammation to substantially amplify the IL-33-

responsive ILC2 effector response.  

Another possibility is that BATF is important for the expression of IL-17Rb (IL-

25R) or its downstream signaling pathways. Furthermore, whether IL-17Rb- and ST2 

(IL-33 receptor)-mediated signaling pathways converge to induce IL-13 expression is 

unknown, thus, it is possible that IL-25 and IL-33 work through non-redundant 

pathways to induce IL-13 expression. Under this assumption, BATF may only be 

required only for IL-17Rb-mediated IL-13 expression, thus IL-33-induced ST2 signaling 

remains unimpaired, and IL-13 expression in IL-33-responsive ILC2 cells can proceed to 

induce worm clearance.  
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Considering that BATF is not required for IL-33-mediated worm clearance, BATF 

may not be required for IL-13 expression in IL-33-responsive ILC2 cells (although this 

requires further validation). My observations in Th2 cells suggest that BATF is required 

for IL-13 production through its modulation of the LCR. Therefore, it will be important 

to discern whether BATF binding at the LCR in a similar between Th2 and ILC2 cells. 

Furthermore, elucidation of how LCR regulation differs between Th2 and ILC2 cells is 

important as ILC2 cells produce only IL-5 and IL-13.  

ILC2-derived IL-13 induces the expansion of CCL17-expressing DCs that 

facilitate the recruitment of Th2 cells to the site of inflammation41,115. In these studies, IL-

33 treatment, led to the recruitment of Th2 cells. These observations suggest that in my 

studies, IL-33 treatment in Batf-deficient mice induces clearance of N. brasiliensis, in part, 

via the activation and recruitment of Th2 cells. However, my data suggest that worm 

clearance is not dependent on ILC2 cell-mediated recruitment of Th2 cells, because IL-33 

treatment is sufficient for worm clearance in Batf-deficient mice, which do not generate 

Th2 cells in vivo. Therefore, independent of Th2 cells, ILC2 cells are sufficient to mediate 

clearance of helminth infection, consistent with previous studies108,112. However, it is 

possible that this mechanism of ILC2 cell-dependent recruitment of Th2 cells by CCL17-

expressing DCs may be more pronounced in physiologic settings, in which alarmin 

levels are not artificially elevated.  



 

124 

One caveat in my studies regarding the functionality of Batf-deficient ILC2 cells 

is that I have relied on a germline, BATF-knockout animal model. Therefore, it will be 

important to validate my findings in future experiments that confine BATF deficiency to 

ILC2 cells. These experiments can be done in Batf-deficient mice crossed onto a Rag-

deficient background. Batf- Rag-doubly deficient mice lack T and B cells, and can serve 

as an informative model to assess Batf-deficient ILC2 cells. Additionally, in order to 

probe the interplay between the adaptive immune system and ILC2 function, T and B 

cells can be introduced via adoptive transfers. Although there is still much to be 

understood about the role of BATF in ILC2 cell induction and function, my findings 

have significant implications in the understanding of ILC2 cell-dependent type-2 

inflammation. 

 

My research shows that c-Maf is a specific regulator of Tfh-driven allergic 

hallmarks, which support previous findings suggesting that c-Maf is responsible for IL-4 

expression but not that of other type-2 cytokines72. C-Maf deficiency resulted in a loss of 

IgE production in response to N. brasiliensis infection. Furthermore, my preliminary 

results assessing worm clearance after N. brasiliensis infection, c-Maf deficiency does not 

impair IL-13-dependent worm clearance, suggesting that goblet cell hyperplasia, smooth 

muscle contraction and mucus production are likely unaffected. Therefore, c-Maf 
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deficiency in CD4+ T cells has a greater impact on hallmarks associated with Tfh cells 

than those associated with Th2 cells.  

C-Maf likely plays a significant role in the regulation of IL-4 expression in Tfh 

cells. Like BATF, c-Maf can also bind to the CNS2 enhancer of the Il4 locus in Tfh cells156. 

C-Maf can potentiate IL-4 expression via luciferase assays driven by CNS2 activity, 

however, whether these studies confirm that c-Maf regulates IL-4 production via this 

site in vivo remains to be validated. Additionally, these analyses relied on Tfh cells 

initially generated in vivo OVA-based immunization, however, were subsequently 

exposed to restimulating conditions for 72 hours prior to analysis. Moreover, BATF is 

required for Tfh generation146,152; yet many experiments in this report were conducted in 

Tfh cells derived from Batf-deficient mice under the same immunization and 

restimulation techniques156. Thus the true nature of the Tfh cells generated have yet to be 

validated. It will be important confirm this mechanism of c-Maf-mediated IL-4 

regulation in Tfh cells in more extensive studies that do not require such ex vivo 

restimulating conditions.  

After N. brasiliensis infection, I found Il4 transcript but no IL-4 protein production 

in cMaf-deficient CD4+ T cells in the mediastinal lymph node. Since IL-4 protein 

production within the lymph node is predominantly expressed by Tfh cells, it is unclear 

whether c-Maf deficiency is responsible for the defect in IL-4 protein production or 

whether the inability to form Tfh cells precludes IL-4 protein production. It is possible 
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that a checkpoint mechanism exists that is required for protein production, even while 

Il4 transcript is present. Il4 transcript has been observed in eosinophils, mast cells, 

basophils, and CD4+ T cells after initial priming, after which IL-4 protein can be induced 

by restimulation187,190. Interestingly, secondary stimulation induced the expression of 

both new transcript and translation of Il4187. Therefore, it is possible that c-Maf is 

required for protein synthesis through the generation of new transcript.  

Alternatively, the lack of IL-4 expression may be explained by the defect in Tfh 

fate commitment. To test whether c-Maf is required for IL-4 protein production in Tfh 

cells, ectopic expression of CXCR5 in c-Maf-deficient CD4+ T cells can be used to 

encourage migration towards the B cell follicle and enhance the potential of B cell-

mediated Tfh cell fate commitment. Whether these rescued, c-Maf-deficient Tfh-

committed cells can produce IL-4 protein will be an important area of future studies to 

understand mechanisms of c-Maf-mediated non-canonical IL-4 regulation in Tfh cells.  

Clearly, the regulation of IL-4 expression is multifaceted. Exogenous IL-4 can 

drive the STAT6-GATA-3 pathway in cMaf-deficient CD4+ T cells to produce wild-type 

levels of IL-472. Thus, it is likely that under physiological conditions, c-Maf synergizes 

with classical pathways of IL-4 regulation to amplify IL-4 expression. However, in the 

absence of classical mediators, c-Maf can work independently to promote IL-4 

expression, downstream of TCR stimulation and ICOS and STAT3 pathways.  
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C-Maf has been reported to function with AP-1 factor JunB at the IL-4 

promoter191. C-Maf and BATF have been implicated in the cooperative regulation of the 

Tfh differentiation program146. Thus, it will be interesting to elucidate whether c-Maf 

and BATF coordinate to regulate IL-4 expression in Th2 and Tfh cells. A potential 

mechanism of its specific regulation of IL-4 (but not other type-2 cytokines) may be that 

c-Maf is required for the tethering of the IL4 promoter to the LCR. This method of 

regulation may also occur in both Th2 and Tfh cells, while loci tethering of Il5 and Il13 

may be mediated by additional transcription factors. Defining the mechanism of c-Maf-

mediated IL-4 regulation in Tfh cells may provide broad implications of cytokine 

regulation in other immune cells that express only IL-4, such as eosinophils, basophils, 

and mast cells.  

 

My thesis research provide insight into the roles of both BATF and c-Maf 

throughout the timeline of Th2 and Tfh differentiation in vivo. In the context of helminth 

infection, I demonstrated that BATF is required for the initial stages of CD4+ T cell 

differentiation to achieve IL-4 competency and BCL6 expression. This is likely due to its 

role at Th2 LCR to facilitate the generation of permissive epigenetic modifications at 

type-2 cytokine promoters. This possibility was demonstrated by the decreased levels of 

permissive histone 3 modifications detected at the IL-4 promoter and impaired 

demethylation of RHS7 in Th2-polarized, Batf-deficient CD4+ T cells.  



 

128 

In chapter 6, I demonstrated c-Maf was not required for the induction of BCL6 

expression in differentiating CD4+ T cells after N. brasiliensis infection. Thus the role of c-

Maf in Tfh development is likely subsequent to the initiation of differentiation. 

Previously, it was shown that BCL6 expression preceded that of Ascl2, which is required 

for CXCR5. My results indicated that c-Maf is also required for CXCR5 expression, thus 

c-Maf deficiency prevented CD4+ T cell migration and commitment to follicular resident 

Tfh cells. Collectively, it is likely that Ascl2- and c-Maf-mediated pathways of Tfh-

differentiation intersect prior to CXCR5 expression105.  

In the context of type-2 inflammation, my data presented herein support a 

working model of CD4+ T cell programming that depends on numerous factors of which 

BATF and c-Maf are essential (Figure 28). In the paracortex of secondary lymphoid 

organs, CCR7-expressing, naïve CD4+ T are activated upon antigen priming by DCs 

during type-2 inflammation83,101,105. Activated, CD4+ T cells obtain IL-4 competency via 

BATF-mediated regulation of Th2 LCR activity. BCL6 expression is induced and ICOS- 

and STAT3-mediated pathways upregulate c-Maf expression, and together, these factors 

drive the progression of T helper cell differentiation. C-Maf likely converges with the 

function of Ascl2 to upregulate CXCR5. CXCR5 expression is paralleled by the 

downregulation of CCR7, and this inverse regulation of chemokine receptors 

encourages the migration of these pre-Tfh cells to the follicular boarder55,74,105. At the B 

cell follicle, ICOSL-expressing B cells present antigen to CD4+ T cells, and upon  
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Figure 28: Model of CD4+ Th2 and Tfh cell differentiation. 

Naïve CD4+ T cells are retained in the paracortex of the secondary lymphoid organs 
(such as the lymph node) by the chemotactic receptor CCR7 (pink). After activation via 
the T cell receptor (TCR), expression and activation of Tfh-associated factors and 
signaling pathways (mini-dotted, red lines) such as BCL6 (underlined, lineage 
determining factor of Tfh cells) and the activation of STAT3- and ICOS-mediated 
signaling, the upregulation BATF, and c-Maf (mini-dotted, green lines indicate potential 
drivers of expression) proceed with differentiation. BATF generates IL-4 competency 
(light green shading) and c-Maf is required for the expression of CXCR5 (blue) as these 
intermediate/Tfh-like cells migrate towards the B cell follicles. A second TCR stimulation 
from B cells at the follicular boarder triggers the maintenance of the Tfh phenotype 
(CXCR5+BCL6+). The absence of additional TCR stimulation, induces the downregulation 
of Tfh-associated factors, and an upregulation of Th2-factors, like STAT6, GATA-3 
(underlined, lineage determining factor of Th2 cells) and STAT5. Only fully 
differentiated Th2 and Tfh cells are capable of expressing IL-4 protein (green outline).  
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recognition of cognate receptor, pre-Tfh cells are recruited into the follicle stabilize BCL6 

and CXCR5 expression as bona-fide Tfh cells192,193. Alternatively, the CD4+ T cells that are 

not enveloped into the follicle, downregulate BCL6 and upregulate STAT6 and GATA-3 

to commit to and reinforce the Th2 cell fate63,194.  

Interestingly, overexpression of Ascl2 leads to upregulation of CXCR5 

expression, which results in the downregulation of GATA-3 and enhanced Tfh-mediated 

IL-4 production105. These findings support the model of differentiation in which 

enhanced CXCR5 expression encourages the migration of activated pre-Tfh cells 

towards the follicular boarder leading to a greater probability of encounter with a 

cognate B cell. Finding the appropriate B cell results in the maintenance of Tfh fate by 

the downregulation of Th2 master regulator, GATA-3. Thus, it will be informative to 

determine whether Ascl2 expression is impaired in c-Maf-deficient CD4+ T cells.  

Yet to be explored in these studies is CD4+ T cell plasticity. Previous reports have 

suggested that CD4+ T cell fate is reprogrammable, however the specific mechanisms 

remain elusive195-197. One study identified that the loci of opposing lineage-determining 

transcription factors, such as Tbet (Th1) or Gata3 (Th2) remained (at least partially) 

accessible in fully committed effector Th2 or Th1 memory cells, respectively, thus were 

susceptible to reprogramming if exposed to re-polarizing cytokines197. The mechanisms 

and transcription factors necessary to maintain the accessibility of these loci remain 

unclear. As a pioneer factor, BATF has been suggested to be necessary at the initiation of 
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differentiation for many T cell subsets24,151,153. My studies and previously published 

literature indicate that BATF facilitates locus accessibility at important cytokine and 

lineage-determining loci in naïve CD4+ T cells which is required for differentiation into 

various subsets. Therefore, BATF may be essential for multi-potency in T cells to 

differentiate appropriately in response to environmental signals. With this in mind, 

BATF may also be an integral factor in the regulation of plasticity between effector T 

cells as well. These observations generate additional questions: if the BATF governs the 

potential of lineage differentiation, would deleting BATF after differentiation undermine 

cell fate plasticity? It was suggested that BATF is unnecessary for the maintenance of a T 

cell program once committed153, however can reprogramming occur in its absence? A 

better understanding of the flexible nature of T cell biology will elucidate potential 

mechanisms to modulate inflammation.  

In summary, my studies reveal that the development of type-2 inflammation is 

highly dependent on bZIP transcription factors BATF and c-Maf. Both factors are tightly 

associated with Tfh cell development and humoral immunity146,152. In addition to its 

established role in Tfh generation, my findings have extended our appreciation of the 

roles of BATF to include in Th2 and ILC2 development. My results indicate that BATF is 

an essential factor at the initiation of CD4+ T cell differentiation, without which both Th2 

and Tfh cells fail to develop and type-2 inflammation is abrogated. I propose that BATF 

mediates such control of type-2 inflammation through its regulation of the essential 
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transcriptional enhancer, the Th2 LCR which is required for cytokine expression. 

Furthermore, BATF likely mediates essential regulation in IL-25-responsive ILC2 cells 

through a mechanism yet to be appreciated, but will merit interesting future studies. 

Results from my second project indicated that c-Maf has an underappreciated 

role in Tfh cell migration and function, deepening our understanding of c-Maf-mediated 

regulation of humoral immunity. Together, I have elucidated that both BATF and c-Maf 

are essential transcription factors in the development of protective immunity against 

helminth infection with many correlating implications in allergic disease. As essential 

modulators of cytokine expression, BATF and c-Maf represent important regulators in 

the coordination of type-2 inflammation, and provide a promising foundation in the 

search for targetable candidates for therapeutic amelioration of helminth infections and 

the pathologies associated with allergic disease.  
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