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ABSTRACT
During the course of an immune response, CD4+ T helper cells differentiate into a number of
subsets including: T helper 1 (TH1), TH2, TH17, and T follicular helper (TFH) populations. The
functional diversity of CD4+ T effector cells results in a coordinated, pathogen-specific immune
response. For example, the production of IFN by TH1 cells is vital for the clearance of
intracellular pathogens, while TFH cell engagement with cognate B cells is required for germinal
center (GC) formation and the generation of pathogen- and vaccine- induced antibody
production. The development of CD4+ subsets is contingent on extracellular signals, in the form
of cytokines, and downstream transcriptional networks responsible for promoting the unique
gene expression profile for each subset while simultaneously suppressing alternative cell fates.
However, the exact composition of, and stage-specific requirements for, these environmental
cytokines and transcription factor networks in the governance of TFH cell differentiation remain
incompletely understood. The work in this dissertation seeks to understand how cell-extrinsic
cytokine signals and cell-intrinsic transcription factor activities are integrated to properly
regulate TFH cell development. Here, we demonstrate that in response to decreased IL-2 and
constant IL-12 signaling, T helper 1 (TH1) cells upregulate a TFH-like phenotype, including
expression of the TFH lineage defining transcription factor Bcl-6. Intriguingly, our work
established that signals from IL-12 were required for both the differentiation and function of this
TFH-like population. Mechanistically, IL-12 signals are propagated through both STAT3 and
STAT4, leading to the upregulation of the TFH associated genes Bcl6, Il21, and Icos, correlating
with increased B cell helper activity. Conversely, exposure of these TFH-like cells to IL-7 results

in the STAT5-dependent repression of Bcl-6 and subsequent inhibition of the TFH phenotype.
Finally, we describe a novel regulatory mechanism wherein STAT3 and the Ikaros zinc finger
transcription factors Ikaros and Aiolos cooperate to regulate Bcl-6 expression in these TFH-like
cells. Collectively, the work in this dissertation significantly advances our understanding of the
regulatory mechanisms that govern TFH cell differentiation, setting the basis for the rational
design of novel immunotherapeutic strategies and increasingly effective vaccines.
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GENERAL AUDIENCE ABSTRACT
Specialized cells called T helper cells serve as a critical interface between the innate (first line of
defense) and adaptive (specialized and long-term) immune systems. During the course of an
infection, T helper cells are responsible for orchestrating the immune-mediated elimination of
invading viruses, bacteria, and parasites. This wide breadth of functionality is achieved through
the formation of distinct T helper subsets including T helper 1 (TH1), TH2, TH17, and T follicular
helper (TFH) populations. Individual subsets have distinct developmental requirements and have
unique functions within the immune system. For example, TFH cells are required for the
production of effective antibodies that recognize invading pathogens, leading to their subsequent
elimination. This naturally occurring process is the basis for a number of modern medical
therapies including vaccination. Conversely, aberrant generation of antibodies that recognize
host tissues can result in the onset of various autoimmune diseases including lupus, multiple
sclerosis, and crohn’s disease. Due to the importance of TFH cells to human health, there is
intense interest in understanding how these cells are formed. It is recognized that the generation
of these therapeutically important immune cells is mediated by numerous cell-extrinsic andintrinsic influences, including proteins in their cellular environment called cytokines, and
important proteins inside of the cell called transcription factors. However, as this is a
complicated and multi-step process, many questions remain regarding the identity of these
cytokines and transcription factors. The work in this dissertation seeks to understand how cellextrinsic cytokine signals and cell-intrinsic transcription factor activities are integrated to

properly regulate TFH cell development. Collectively, this body of work significantly advances
our understanding of the regulatory mechanisms that govern TFH cell differentiation, setting the
basis for the rational design of novel immunotherapeutic strategies and increasingly effective
vaccines.
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Chapter 1
Introduction
A healthy immune system is responsible for host defense against foreign antigens.
Breakdown or loss of function of any aspect of the immune system can result in opportunistic
infections, autoimmunity, and subsequent illness. As such, a plethora of selective pressures from
environmental antigens has driven the evolution of the immune system into the intricate defense
system it is today.

The two branches of the immune system
Primitive forms of an immune system are found in nearly all life forms. These systems
are primarily composed of what is now described as the innate immune system1, 2. The innate
immune system is characterized by an immediate and nonspecific response. This lack of
specificity is a byproduct of being hardcoded in the germline of the organism, manifesting in the
ability to only recognize highly conserved epitopes on invading pathogens3. While aspects of the
innate system, including pattern recognition receptors and compliment, provide an excellent first
line of defense, their epitope detection is highly inflexible. Furthermore, the innate system has
very limited ‘memory’ of prior antigen exposure, as subsequent exposure to the same antigen
requires a complete restarting of the innate immune system1. For these reasons, the innate
system alone is insufficient in providing fully comprehensive protection to higher order
organisms including humans.
The competitive advantage granted by effective epitope recognition and antigen memory
drove the evolution of the immune system to account for the shortcomings of the innate
1

response. The first known occurrence of this macroevolutionary event was around 500 million
years ago in jawed fish, which exhibit two distinct branches of the immune system: the innate
and the so called adaptive systems4. Unlike the innate branch, the adaptive system is a slower
responding, highly specific response that maintains immunological memory of the foreign
antigen1, 2, 4. The integration of the adaptive response with the innate has given rise to the highly
complex and effective immune systems observed in mammals.

Cells of the adaptive immune system
The adaptive immune system is primarily composed of T and B lymphocytes, which are
capable of detecting antigens with high specificity through surface bound receptors, B cell
receptor (or antibodies) on B cells and T cell receptor (TCR) on T cells1. The genes encoding
these receptors are composed of V (variable), D (diversity), and J (joining) segments which can
undergo numerous recombination events to form highly unique and specific antigen binding
regions5. This results in a high degree of clonal diversity among lymphocytes, allowing for the
detection of a myriad of epitopes6, 7. Another hallmark of the adaptive immune system is the
ability to form memory populations8, 9. Memory T and B lymphocytes form following the first
encounter with a pathogen, allowing for the immune system to respond more quickly and
robustly to repeat infections. The process of memory formation is the basis for many medical
therapies, including vaccination.
CD4+ T cells, or T helper cells, are critical mediators and coordinators of adaptive
immunity. Naïve CD4+ T cells reside in secondary lymphoid tissues, remaining inactive until
encountering a professional antigen presenting cell (APC)10. Upon onset of infection, antigen is
processed by APCs and an antigenic-peptide is presented on the surface bound major
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histocompatibility complex II (MHCII) molecule11. Cognate naïve CD4+ T cells, which
specifically recognize the MHCII-peptide complex, will interface with the APC through a TCR–
MHCII interaction12. This engagement, coupled with costimulatory signals, will result in the
activation and subsequent burst in proliferation of the interacting T cell clone, a process known
as clonal expansion13 (Figure 1.1). These effector T cells, expressing genetically identical TCR,
will function to combat the invading pathogen and upon resolution of the infection, begin to
contract and die off, drastically reducing their numbers. A small population of post-effector T
cells will remain in a quiescent state post contraction, forming the memory pool8.

3

Figure 1.1. CD4+ effector cell during the course of an infection
Illustration of antigen-specific T helper cells numbers during an immune response to an invading pathogen.
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The development of effector CD4+ T helper subsets
The seminal discovery of the T helper 1 (TH1) and TH2 subsets in 1986, was the first step
in teasing out the phenotypic diversity observed among CD4+ T helper cells14. Over the
subsequent decades, the TH1/TH2 dichotomy was further expanded by the identification of
unique T helper lineages including: TH17, T regulatory (Treg), and T follicular helper (TFH)
cells15, 16, 17. The different effector functions performed by each subset permits a highly tailored
and robust antigen-specific immune response (Figure 1.2). This wide-ranging functionality
among T helper cells is evident when comparing the TH1 secretion of pro-inflammatory
cytokines to combat intracellular pathogens to the TFH-mediated generation of high affinity
antibodies by B cells. Consequently, determining how the development of functionally diverse
CD4+ T helper cell lineages is regulated is an area of concerted interest.
The process wherein distinct effector T helper subsets arise from a common progenitor
naïve T helper cell is complex and tightly regulated. During APC engagement with a naïve T
helper cell, the local cytokine environment will drive corresponding signaling pathways leading
to the expression and/or activation of subset-specific transcription factors, including master
regulators known as ‘lineage defining factors’18 (Figure 1.2). These transcription factor
networks are responsible for activating the gene expression profiles unique to each subset while
suppressing alternative cell fates. This resulting phenotypic diversity imparts the observed
functional heterogeneity among T helper subsets.

5

Figure 1.2. Development of T helper cell subsets from a common progenitor naïve CD4 + T cell
Schematic detailing the differentiation pathways of individual helper subsets. Environmental cytokines drive the
activation and/or expression of downstream transcription factors including STAT factors and lineage-defining
transcription factors. These lineage-specific pathways drive in unique gene expression profiles, resulting in the
highly diverse functionality observed among effector CD4+ subsets.

6

Mechanisms of transcription factor-mediated gene regulation
Proteins known as Transcription Factors (TF) are pivotal drivers of cell-specific gene
programs, including that of CD4+ T helper cell subsets. It is well established that TFs can
directly influence gene expression through direct association with DNA19. The DNA-TF
interaction is dependent upon the amino acid sequence encoding the DNA binding domain of the
TF, which determines the nucleic acid sequence the TF will recognize and bind20. Specifically,
gene cis-regulatory elements including promoters, enhancers and insulators have been shown to
contain high levels of TF DNA binding motifs20, 21, 22, 23. Once associated with these regions,
TFs influence gene expression through a litany of mechanisms including: 1) recruiting other
regulatory proteins, 2) altering local chromatin structure, and 3) promoting long-range
chromosome looping events.
The expression of a gene is largely contingent on the accessibility of its locus to TFs and
the transcription initiation complex24, 25. An accessible chromatin landscape at gene regulatory
regions will result in the association of select TFs, which can subsequently remodel local
chromatin architecture through the recruitment of chromatin remodeling complexes26, 27. These
complexes, such as the SWitch/Sucrose Non-Fermentable (SWI/SNF) and the Nucleosome
Remodeling Deacetylase (NuRD), drive the displacement of nucleosomes present at the gene
promoter and Transcriptional Start Site (TSS) augmenting the accessibility of these regions28, 29.
Once the chromatin is accessible, TFs can recruit the RNA polymerase II transcription-initiation
complex to the TSS, thereby actively facilitating gene expression30, 31, 32, 33.
The Histone Code postulates that transcription of genetic information is in part regulated
by chemical modification of histones34, 35. As such, TFs have been shown to influence gene
expression by recruiting remodeling complexes including Histone Deacetylases (HDACs) and
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acetyltransferases, which have been shown to alter the epigenetic landscape of a gene through
the application or removal of chemical modifications to histone tails29, 34, 36. In short, the
composition of the histone modifications at a given region will provide binding platforms for
additional proteins that drive distinct gene states. For example, increased acetylation of lysine
residues of the H3 or H4 histone tails has been shown to stabilize transcriptional initiation
machinery, and thus correlate with increased gene expression37, 38. On the other hand,
modifications such as tri-methylation of the lysine 27 residue on H3 have been implicated in
gene repression, in part through its association with the heterochromatin protein 1𝛼39, 40. These
chemical modifications exist in many different combinations resulting in a highly complex
system of gene regulation, as gene states are highly dependent on the cumulative effects of
the present histone modifications. Importantly, the physiological relevance of common
patterns of histone modifications has been described in detail41.
In addition to these promoter proximal functions, TFs can influence gene expression
via their association with distal regulatory regions such as enhancers and insulators42.
Communication between enhancers and gene promoters is essential for optimal gene
expression43. To achieve this communication, a large-scale shift in chromatin architecture
must occur, such as chromatin looping to bring distal enhancers in spatial proximity with
promoters. Intriguingly, association of TFs with enhancer elements has been shown to
assist in these looping events44. Many such looping events have been detected in T cells at
regions encoding immune genes including the Ifn𝛾 and Il2 loci45, 46. Subsequent loss of the
TF that mediates these looping events results in decreased gene expression, highlighting
the importance of TFs in mediating these interactions47. Importantly, the development of T
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helper cell subsets is dependent upon the aforementioned mechanisms of TF-mediated
gene regulation

TFH cell function and development
TFH cells are required for the generation of high affinity antibodies by B cells, making
them critical mediators of the humoral immune response. Through the expression of chemokine
receptors, including Cxcr5 and Ccr7, TFH cells will traffic to the T:B cell border of secondary
lymphoid tissues such as the lymph nodes and spleen48, 49, 50. Here TFH cells will interface and
stimulate cognate B cells through a multitude of surface protein interactions including: CD40LCD40, TCR-MHCII and Icos-Icosl connections, resulting in B cell proliferation, differentiation
and antibody isotype switching51, 52, 53. This interaction facilitates the formation of germinal
centers (GC), wherein antibody diversification and affinity maturation occur54, 55. Functional
GCs culminate in the production of neutralizing antibodies, a critical component of the adaptive
immune response to pathogenic infection. This vital function makes TFH cells a popular target of
therapeutic strategies that aim to prevent or treat human disease, including the development of
efficacious vaccines and effective therapies for autoimmune diseases such as lupus and multiple
sclerosis56, 57.
As with all CD4+ T helper subsets, TFH cell development is driven by signals from the
extracellular cytokine milieu. Specifically, signals from interleukin-6 (IL-6) and IL-21,
propagated through Signal Transducer and Activator of Transcription (STAT) 3, result in the
upregulation of the transcriptional repressor Bcl-6, the lineage defining factor for the TFH subset
(Figure 1.2)58, 59 Bcl-6 alongside other TFH associated transcription factors function to promote
the TFH phenotype including the expression of canonical TFH genes such as Cxcr5, Icos, Il21 and
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Il6r𝛼60, 61, 62, 63, 64. Expression of these genes allows for optimal TFH cell function, facilitating
T:B cell interactions and subsequent production of high affinity antibodies.

Requirements for TFH cell development are incompletely understood
Since their initial description at the turn of the century, and subsequent classification as a
distinct T helper cell subset, there has been substantial interest in elucidating the regulatory
mechanisms that govern TFH cell formation. As with the development of the other recognized T
helper cell subsets, extrinsic cytokines exercise prominent roles in both the positive and/or
negative regulation of TFH cell development. However, the exact composition of, and stagespecific requirements for, these environmental factors in the governance of TFH cell
differentiation remain incompletely understood. In Chapter 2 of this dissertation we review what
is currently known about TFH cell programing by cytokine-mediated events. We expand on this
foundation of knowledge in Chapters 3 and 4, where we investigate the impacts of the cytokines
IL-7 and IL-12, respectively, on the development of TFH cells. Intriguingly, we find that IL-7
represses TFH cell development, while IL-12 signaling results in the upregulation of the TFH
phenotype.
As eluded to above, T helper subset specialization is also dependent upon unique intrinsic
transcription factor networks, downstream of cytokine signaling. Numerous transcription factor
families have been shown to contribute to these networks, including the STAT and Ikaros zinc
finger (IkZF) families. The role for STAT factors in T helper cell development has been
reviewed elsewhere65, 66. In Chapter 5 of this review, we extensively discuss the literature
concerning the role IkZF factors play in effector T helper cell development. Currently, critical
gaps in knowledge exist regarding both the identity of the factors that comprise these
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transcription factor networks in TFH cells and the molecular mechanisms by which they regulate
TFH differentiation. In Chapter 6, we explore novel roles for the IkZF transcription factors Ikaros
and Aiolos in regulating TFH cell differentiation. Interestingly, our findings reveal that Aiolos
and STAT3 cooperate to positively regulate Bcl6 expression. Collectively, findings from this
work will provide insight into the regulatory requirements for TFH cell development.
A major goal of the work in this dissertation is to understand how cell-extrinsic cytokine
signals and cell-intrinsic transcription factor activities are integrated to properly regulate T FH cell
development. A deeper understanding of these regulatory requirements would provide potential
therapeutic targets, allowing for selective manipulation of TFH cell populations when treating
human disease. As such, the findings presented in this dissertation may provide the bases for
future therapies including the design of increasingly efficacious vaccines and the treatment of
numerous autoimmune diseases.
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Introduction
The generation of pathogen-neutralizing antibodies by B lymphocytes is a hallmark
feature of the adaptive immune system and a necessary step in mounting an effective immune
response to viral, bacterial, and parasitic infections. While B cells are responsible for the
production of secreted antibodies, it has been known for over fifty years that T cells are also a
critical component of functional humoral immunity1, 2, 3. CD4+ T helper cells were identified as
logical candidates for fulfilling this functional requirement, given their demonstrated roles in
coordinating immune responses through their influences on other immune cells. With the
identification of T helper 1 (TH1) and TH2 cells in 1986 by Mosmann and Coffman, it was
thought that one or both of these T cell populations may contribute to B cell help4. Initially, TH2
cells were thought to be the “B helper” T cell population due to their secretion of cytokines that
favorably influenced B cell function and antibody production, such as interleukin 4 (IL-4).
However, almost 15 years later, an additional CD4+ T helper cell subset was described that
expressed high levels of the chemokine receptor C-X-C chemokine receptor type 5 (Cxcr5)5, 6, 7.
Subsequently, this novel T helper cell subset was defined as the population that contributed most
prominently to B cell help. These CD4+ T cells were termed B follicular helper T cells, and are
now commonly referred to as T follicular helper (TFH) cells.
TFH cells function as critical mediators of the humoral immune response via direct
interactions with B lymphocytes. Mechanistically, TFH cells first engage B cells in cognate
interactions at the T:B cell border in secondary lymphoid tissues such as the lymph nodes and
spleen8, 9, 10. Upon initial engagement, CD40-CD40 ligand interactions result in B cell
proliferation, differentiation, and antibody isotype switching11. Consequently, germinal centers
(GC) form, wherein antibody diversification and affinity maturation occur, resulting in the
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production of the neutralizing antibodies that are a critical component in the adaptive immune
response to pathogenic infection.

The multistage process of TFH cell differentiation
While TFH cells have a well-defined role in the immune response, the molecular
mechanisms that underlie their formation are less clear. Following their initial description, there
was much debate regarding whether TFH cells, as with the previously defined TH1 and TH2 cell
subsets, were a unique T helper cell population. Historically, distinct T helper cell populations
have been defined based on their ability to perform non-redundant effector functions, and their
expression of unique gene programs dictated by cell-specific ‘lineage-defining’ transcription
factors. For example, T-bet and Gata3 have been identified as the lineage-defining transcription
factors for the TH1 and TH2 cell fates, respectively12, 13. Indeed, numerous studies have shown
that TFH cells possess a distinct gene expression profile and that the transcriptional repressor B
cell lymphoma-6 (Bcl-6) is required for TFH cell development14, 15, 16, 17, 18. Thus, it is now
readily accepted that TFH cells comprise a specialized subset of T helper cells that are critical to
mounting effective humoral immune responses.
The generation of TFH cell populations is a multistep process comprised of both pre-GC TFH
and mature GC TFH stages19, 20. TFH cell differentiation is initiated when naive T cells undergo
antigen-dependent activation in the presence of specific environmental signals including those
derived from cytokines (Figure 2.1). This results in an initial increase in Bcl-6 expression and
the concomitant upregulation of genes associated with the TFH cell program, including the cell
surface receptors Cxcr5, inducible T cell co-stimulator (ICOS), and programmed cell death
protein 1 (PD-1)14, 19, 20, 21, 22, 23. The importance of Bcl-6 to TFH cell development is
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demonstrated by the striking lack of germinal centers in mice with T cell-specific deletion of
Bcl-6 expression14, 15, 16. This prominent role for Bcl-6 in the initiation of TFH differentiation is
due at least in part, to its ability to repress the expression of B lymphocyte induced maturation
protein 1 (Blimp-1). Blimp-1 has been identified as an antagonistic factor of the TFH gene
program14, 24. Following early Bcl-6 upregulation and Blimp-1 repression, Cxcr5-directed
homing of pre-GC TFH cells results in trafficking to the follicles of secondary lymphoid tissues
where cognate interactions with B cells – notably those between ICOS and ICOS ligand (ICOSL)
– take place19, 20. This initial interaction results in a further increase in TFH-associated gene
expression patterns, commitment to the functional GC TFH cell program, and subsequent
germinal center formation (Figure 2.1)22.
Interestingly, despite this well-established sequence of events, many questions remain
regarding the maturation of TFH cell populations. For example, while TFH cells develop during
the initial response to antigen through the events described above, it has also been shown that
additional effector T helper cell subsets are capable of upregulating a TFH-like gene expression
profile, making alternative TFH developmental pathways plausible as well (Figure 2.1)24, 25, 26, 27.
Similarly, studies have provided compelling evidence to suggest that differentiated TFH cells are
capable of upregulating gene expression programs associated with alternative T helper cell
types28, 29, 30. Furthermore, it has been demonstrated that these multidirectional plasticity events
in T helper cell populations are due in large part to an ‘accessible’ chromatin structure present at
gene loci encoding key lineage-defining transcription factors, including Bcl-628, 31, 32. These
previous studies are intriguing, as they support the possibility that, in addition to effector TFH
cells, other T helper populations may assist in antibody-mediated immunity by co-opting certain
aspects of the TFH cell gene program. Thus, the concept of T helper cell flexibility between T FH
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and other T helper cell populations is an important consideration in the complex process of TFH
cell differentiation.
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Figure 2.1. TFH cell development and the impact of cytokine signals.
Schematic depicting the multistage process of T FH cell differentiation. The reported impacts of cytokine signals on
TFH cell development have been highlighted in red (negative) and green (positive). T FH cell development is initiated
upon antigen presenting cell-mediated activation of naïve CD4+ T cells in the presence of the indicated cytokines
(1). This results in the upregulation of the T FH lineage-defining transcription factor Bcl-6, as well as the expression
of additional canonical TFH genes including Cxcr5, PD-1, and ICOS. Pre-germinal center (“pre-GC”) TFH cells
traffic to the T:B border, where they participate in cognate interactions with B cells (2). This results in the further
upregulation of TFH gene expression patterns including increased expression of Bcl-6, Cxcr5, PD-1, and ICOS (3).
Subsequent cognate interactions between T and B lymphocytes result in the formation of the germinal center and
maintenance of the GC TFH cell phenotype (4).
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Factors that regulate TFH cell development
The regulatory mechanisms that govern the differentiation of TFH cells, like those of other
T helper cell subsets, are guided by the coordinated interplay between cell-extrinsic signals (i.e.
cytokines or ligand-receptor interactions) and cell-intrinsic transcriptional networks. In addition
to the required role for Bcl-6 mentioned previously, a number of other transcription factors have
been identified that play prominent roles in establishing the TFH gene expression profile,
including Irf4, Batf, Ascl2, Maf, Lef-1, Tcf-1, and a number of signal transducer and activator of
transcription (STAT) factors27, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43. Receptor-ligand interactions, notably
those that induce ICOS signaling, are known to promote Bcl-6 expression and play additional,
critical roles in TFH cell development22, 40, 44, 45, 46. These mechanisms of regulation have been
brilliantly and comprehensively reviewed elsewhere19, 20, 47. Herein, we will focus primarily on
the roles of cytokines in the regulation of TFH cell development and function. In the past decade,
novel scientific tools and elegant experimental design have combined to result in an emerging
body of scientific literature that has provided important, and sometimes surprising, insights into
the molecular mechanisms by which these environmental mediators regulate multiple aspects of
TFH cell biology. Specifically, we will discuss the impact of individual cytokines, and the
downstream signaling pathways and transcription factors that they modulate, on the promotion
and inhibition of TFH cell development and the corresponding immune functions that TFH cells
perform (Table 2.1).
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Species
Mouse
Mouse
Mouse
Mouse
Mouse
Mouse
Human
Human
Human
Human
Human
Human

Cytokine
IL-6
IL-21
IL-12
TGF-
IL-2
IL-7
IL-6
IL-21
IL-12
IL-23
TGF-
IL-2

Associated STAT Factor(s)
STAT1, STAT3
STAT1, STAT3
STAT4
STAT3, STAT4
STAT5
STAT5
STAT1, STAT3
STAT1, STAT3
STAT3, STAT4
STAT4
STAT3, STAT4
STAT5

Role in TFH
development
+
+
+
+
+
+
+
+
-

Table 2.1. Cytokines implicated in the positive and negative regulation of human and murine TFH cell
development.
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Cytokine signaling pathways that promote TFH cell differentiation
Interleukin 6 (IL-6)
IL-6 was originally characterized as a factor that could both influence the activation of T
cells and stimulate some aspects of B cell differentiation48. IL-6 is produced by many of the
professional antigen-presenting cells of the immune system, with follicular dendritic cells
(FDCs) being a primary contributor. IL-6 signals through a receptor composed of IL-6 specific
(IL-6Rα) and gp130 receptor subunits48. Initially, IL-6 binds to IL-6Rα and subsequently
interacts with gp130 to form the IL-6 receptor (IL-6R) signaling complex. Downstream
intracellular signaling is mediated via the intracellular domain of gp130, resulting in the
activation of the Janus kinase/STAT (Jak/STAT) pathway and the phosphorylation of STAT3
and STAT1 via Janus kinase 1 (Jak1). Following phosphorylation, STAT transcription factors
dimerize and translocate to the nucleus where they regulate target gene expression. Interestingly,
both STAT3 and STAT1 have been implicated in the direct regulation of Bcl-6 expression
(Figure 2.2). Thus, given the critical role for Bcl-6 in TFH cell development, it is perhaps not
surprising that mice lacking IL-6 or a functional IL-6R signaling complex have deficiencies in
TFH cell formation34, 44, 49, 50. However, this effect on the TFH population is only partial,
suggesting that there are redundant, IL-6-independent pathways that can result in TFH cell
generation. Much of the data surrounding IL-6 suggests that it functions early in TFH cell
formation. However, there are reports that IL-6 produced late in chronic viral infection is
required for optimal TFH cell responses and antibody production51, 52. In humans, IL-6 has also
been implicated in the promotion of TFH cell responses, suggesting that the role of IL-6 in TFH
development may be conserved across species53. Thus, the collective data suggest that IL-6
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likely plays an important role in the promotion of the TFH cell fate, but perhaps not an essential
one.
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Figure 2.2. Cytokines that promote or inhibit murine TFH cell differentiation.
An illustrated diagram of the mechanisms by which cytokines regulate the development of T FH cells in mice.
Individual cytokines and the STAT transcription factors they activate are shown. Additionally, the impact of each
cytokine on Bcl-6 expression and TFH cell development is indicated. It is important to note that the function of the
depicted cytokines is not conserved across species, as TGF-β signaling has been shown to negatively regulate T FH
development in mice, yet induces the expression of the T FH gene program in human cells.
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Interleukin 21 (IL-21)
IL-21 is a cytokine of the common gamma (γc)-chain family that is produced by Natural
Killer T (NKT) and select CD4+ T cells, including TH17 and TFH populations54. IL-21 signals are
received through a cell surface cytokine receptor composed of IL-21Rα and γc subunits54. As
with IL-6, IL-21 signaling results in activation of STAT3 and STAT1 transcription factors
(Figure 2.2). Additionally, similar to mice with deficiencies in IL-6 signaling, IL-21-deficient
mice display lower percentages of TFH cells upon infection and mice lacking functional IL-21
cytokine receptors display impaired TFH formation44, 55. As TFH cells produce IL-21, it is likely
that IL-21-mediated autocrine effects play a significant role in the maintenance and
augmentation of TFH cell gene programming. Thus, whereas IL-6 may be important in the initial
priming of TFH cells via upregulation of STAT1- or STAT3-dependent Bcl-6 expression, IL-21
may play a more prominent role in sustaining TFH cell identity and function38. Still, the fact that
mice with impaired IL-6 or IL-21 signaling have only partially compromised TFH cell
populations, combined with the shared activation of STAT3 downstream of IL-6 and IL-21
signaling, led to the hypothesis that these cytokines may play redundant roles in TFH cell
formation. Indeed, mice deficient in both IL-6 and IL-21 displayed a further reduction in TFH
numbers compared to IL-6 or IL-21 deficiency alone49, 50. Interestingly, the continued, though
significantly diminished, formation of TFH cells in the absence of these cytokines, suggests that
there are still as yet undiscovered IL-6- and IL-21-independent regulatory mechanisms that
contribute to TFH cell generation56
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Interleukin 12 (IL-12)
IL-12 was originally identified as a factor that stimulated Natural Killer (NK) cell
populations to produce IFN-γ57. More recently, IL-12 has been shown to be a cytokine required
for TH1 cell development58, 59, 60. Mechanistically, IL-12 signals through a heterodimer
composed of IL-12Rβ1 and IL-12Rβ2 subunits, with signaling that ultimately results in the
phosphorylation of STAT461, 62. Activated STAT4 is a critical driver of TH1 differentiation as it
directly induces the expression of the hallmark TH1 genes IFN-γ and T-bet63, 64, 65, 66. As such, it
was somewhat surprising when IL-12-dependent activation of STAT4 was demonstrated to be an
early inducer of Bcl-6 expression in murine naïve CD4+ T cells (Figure 2.2)27. Interestingly, in
humans, IL-12 also appears to play a prominent role in the positive regulation of TFH cell
development, where it has been implicated in the activation of STAT367, 68. In vitro, the
combination of IL-12 and TGF-β drives the expression of Bcl-6, Cxcr5, and several other
canonical TFH genes39. In further support of a role for IL-12 in TFH cell development, humans
with mutations disrupting the function of IL-12Rβ1 have diminished TFH cell numbers38, 69.
Thus, though it seems somewhat counterintuitive given its required role in TH1 development, IL12 may also be an important contributor, especially in humans, to the promotion of TFH cell
differentiation. The enigmatic role of IL-12 in TFH development is explored further in chapter 4
of this dissertation.

Interleukin 23 (IL-23)
A second member of the IL-12 cytokine family, IL-23, has also been implicated in the
promotion of human TFH cell development. Interestingly, it has been shown that the combination
of either IL-12 or IL-23 and TGF-β is sufficient to drive in vitro development of human TFH
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cells39. Indeed, IL-23 and IL-12 share overlapping features such as the requirement for IL12Rβ1 as part of their receptor complex, and the downstream activation of STAT469. Similar to
the previously discussed roles of IL-6 and IL-21 in murine TFH cell development, this is yet
another example of the redundancy in the environmental cues and downstream signaling events
that promotes TFH cell formation.

Transforming Growth Factor β (TGF-β)
The role of TGF-β with regards to TFH cell differentiation is more nuanced, as it has been
implicated in both the positive and negative regulation of TFH development. In mice, TGF-β
inhibits TFH gene expression patterns including the expression of Bcl-6 (Figure 2.2)44, 70. In
contrast, as previously mentioned, TGF-β in conjunction with either IL-12 or IL-23 results in the
STAT3- and STAT4-dependent generation of in vitro-derived human cells with TFH-like gene
profiles and functions39. These studies highlight that despite some similarities, the combination
of cytokines that influence murine and human TFH cell development and their function are not
entirely conserved.

Cytokine signaling pathways that inhibit TFH cell development and function
Interleukin 2 (IL-2)
IL-2 is a member of the γc cytokine family that signals through a heterotrimeric receptor
comprised of IL-2Rα, IL-2Rβ, and γc71, 72. High affinity IL-2 signaling via this heterotrimeric
form of the IL-2 receptor results in the robust activation of the transcription factor STAT571, 72.
It is now well established that the IL-2/STAT5 axis is a negative regulator of TFH cell
development24, 73, 74, 75, 76. In a study utilizing an in vivo mouse model of influenza infection, it
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was demonstrated that exogenous administration of IL-2 resulted in the inhibition of antigenspecific TFH cell generation, a lack of germinal center formation, and a reduction in neutralizing
antibody production73. Furthermore, it was shown that T-cell specific deletion of IL-2Rα
resulted in an increase in the number of TFH cells generated in response to infection73.
Mechanistically, many regulatory pathways have been implicated in the IL-2-dependent
repression of TFH cell development. First, IL-2 signaling has been shown to promote the
expression of the transcriptional repressor Blimp-1, a known antagonist of Bcl-6 expression and
the TFH gene program14, 77. Additionally, IL-2-activated STAT5 has been shown to directly bind
to the Bcl6 locus and repress its expression (Figure 2.2)24. Interestingly, the association of
STAT5 with the Bcl6 promoter correlates with a reduction in bound STAT3, suggesting that
these two STAT factors compete for identical DNA binding sites24. A similar mechanism has
been proposed in the regulation of TH17 cell formation, which also relies on STAT3 signaling78.
Finally, IL-2 signaling is known to regulate the expression of a number of cytokine receptors. It
has been shown that increased IL-2 signaling results in the repression of IL-6Rα and to a lesser
extent, gp13024, 79. Given the demonstrated role for IL-6 in promoting the initiation of TFH cell
development, this is yet another mechanism by which IL-2 signaling may limit TFH cell
differentiation. Thus collectively, there is a large body of evidence establishing IL-2 as a potent
negative regulator of the TFH cell fate.

Interleukin 7 (IL-7)
Like IL-2, IL-7 is a γc cytokine family member with downstream effects propagated
through the activation of STAT580. IL-7 signaling is mediated through a heterodimeric receptor
composed of IL-7Rα and γc subunits. It is well established that IL-2Rα and IL-7Rα expression
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patterns inversely correlate in a T cell stage-specific manner80, 81. For example, IL-2Rα
expression is limited to effector T helper cell populations, while IL-7Rα expression predominates
during naïve and memory cell homeostasis. Interestingly, recent reports suggest that the IL7/STAT5 signaling axis may function to negatively regulate Bcl-6 expression – and that of the
TFH gene program – during naïve and memory T cell stages (Figure 2.2)25, 82. In this study, it
was demonstrated that Bcl-6 directly represses IL-7R expression during early effector TFH cell
development. The authors then went on to show that this was a critical regulatory event in the
initiation of TFH cell generation, as IL-7 signaling negatively regulated the generation of effector
TFH cells82. Thus, the combined data from these studies indicate that IL-2 and IL-7 may direct
conserved STAT5-dependent regulatory mechanisms that govern Bcl-6 expression through
multiple stages of T cell differentiation24, 25, 74, 75, 82.
The above findings were somewhat surprising, as increased Bcl-6 expression and IL-7
signaling are important factors in both the differentiation and homeostasis of memory cell
populations, including TCM cells76, 77, 83, 84. It was postulated that stage-specific IL-7-mediated
repression of Bcl-6 may be important in directing specific memory cell functions via differential
regulation of the TFH and TCM gene programs, which include the expression of cellular
trafficking receptors such as Cxcr5, CD62L, and Ccr725. However, it is important to point out
that, in addition to its required role in regulating the expression of the TFH gene program, Bcl-6 is
also a demonstrated regulator of metabolic and cell cycle pathways85, 86, 87. Thus, it is possible
that the IL-7/STAT5 regulatory axis may play key roles in governing aspects of memory cell
survival and metabolism by tightly regulating Bcl-6 expression. Indeed, the expression of Bcl-6
appears to be regulated in a dynamic manner, as levels of Bcl-6 have been observed to decrease
in memory cell populations post-infection76. Future work will be required to comprehensively
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assess the differential contributions of Bcl-6 and IL-7 signaling to the establishment and
maintenance of TFH and memory cell populations. Chapter 3 of this dissertation further explores
a role for IL-7 in the negative regulation of Bcl-6 and the TFH program.

Concluding remarks
Cytokines and cytokine signaling pathways have been the targets of therapeutic strategies
since pioneering immunotherapeutic treatments utilizing exogenous IL-2 to promote immunemediated destruction of tumors71, 88, 89. As this review has attempted to highlight, the
contribution of cytokine-dependent environmental cues to developing TFH cells is a central, yet
complicated, component of the differentiation process. Continued research in this area will be
instrumental in unlocking the complexity of the molecular mechanisms underlying TFH cell
formation, which in turn has the potential to greatly impact human health. Acquiring a
comprehensive understanding of TFH cell biology will lead to the design of more efficacious
vaccine strategies, and also allow for the targeted treatment of the aberrant TFH activities that are
the hallmarks of numerous autoimmune diseases90. Thus, while significant insight into the
contribution of cytokines in the governance of TFH cell differentiation has been achieved in the
past decade, there is still much to discover about the integrated mechanisms by which these
environmental factors regulate TFH-mediated immune responses. As such, chapters 3 and 4 of
this dissertation seek to expand on the role of IL-7 and IL-12, respectively, in the regulation of
the TFH phenotype.
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Abstract
The transcriptional repressor Bcl-6 is linked to the development of both CD4+ T follicular helper
(TFH) and central memory T (TCM) cells. Here, we demonstrate that in response to decreased IL2 signaling, T helper 1 (TH1) cells upregulate Bcl-6 and co-initiate TFH- and TCM-like gene
programs, including expression of the cytokine receptors IL-6Rα and IL-7R. While exposure of
this potentially bi-potent cell population to IL-6 favors the TFH gene program, IL-7 signaling
represses TFH-associated genes including Bcl6 and Cxcr5, but not the TCM-related genes Klf2 and
Sell. Mechanistically, IL-7-dependent activation of STAT5 contributes to Bcl-6 repression.
Importantly, antigen-specific IL-6Rα+IL-7R+ CD4+ T cells emerge from the effector population
at late time-points post-influenza infection. These data support a novel role for IL-7 in the
repression of the TFH gene program and evoke a divergent regulatory mechanism by which posteffector TH1 cells may contribute to long-term cell-mediated and humoral immunity.
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Introduction
During the course of an immune response, CD4+ T helper cells identify invading
pathogens, proliferate, and secrete cytokines to aid in immune-mediated clearance of infection.
This results in an initial expansion of effector CD4+ T cells. As pathogen is eliminated, the
number of CD4+ T cells is reduced to avoid potential autoimmunity that may result from a
prolonged effector T cell response. During this contraction phase, long-lived CD4+ T cells –
termed memory T cells – survive to respond more quickly and robustly should the immune
system re-encounter the same pathogen. The development of comprehensive immunological
memory requires the generation of cells that are capable of contributing to both long-term cellmediated and humoral immune responses, and includes populations of both CD4+ central
memory T (TCM) and T follicular helper (TFH) cells.
TCM cells are one of many CD4+ memory T cell populations that also include effector
memory (TEM), resident memory (TRM), and recirculating memory (TRCM) cell types1, 2, 3. These
diverse sets of memory cells have been primarily identified by their immune function, tissue
location, and cell surface receptor expression. Specifically, TCM cells are uniquely identified by
the expression of the homing receptors L-selectin (CD62L, encoded by the gene Sell) and Ccr71.
The expression of these two receptors allows for trafficking to the T cell zones of secondary
lymphoid areas where TCM cells can participate in cell-mediated immunity by engaging in
antigen surveillance.
TFH cells facilitate humoral immune responses by assisting B-lymphocytes with the
production of pathogen-neutralizing antibodies4, 5, 6. TFH cells are defined in part by the
expression of the cell surface receptor Cxcr5, which allows for homing to the B cell zones of
secondary lymphoid organs4, 5. Differentiation of the TFH cell subset is a complex and multi-step
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process. These steps include the initiation of the TFH gene program, denoted by an initial
upregulation of a partial TFH-profile (i.e. Bcl-6 and Cxcr5 expression), followed by a second
stage, whereby full commitment to the germinal center (GC) TFH cell state occurs upon B cell
interaction and enhanced ICOS signaling7. Given the inherent complexity of this process, many
questions remain regarding the genesis of TFH cell populations. For example, while TFH cells can
and do develop during the initial response to antigen, it has also been demonstrated that other
effector T helper cell subsets are capable of adopting a TFH-like profile, making a “post-effector”
developmental pathway plausible as well8, 9, 10, 11, 12, 13. These previous studies are important as
they support the possibility that, in addition to effector TFH cells, other T helper populations may
assist in long-term antibody-mediated immunity by co-opting certain aspects of the TFH cell gene
program.
It has been previously demonstrated that the transcriptional repressor Bcl-6 is required for
TFH development14, 15, 16. Bcl-6 directs TFH differentiation, at least in part, by antagonizing the
expression of a second transcriptional repressor, Blimp-1, a known negative regulator of TFH cell
differentiation12, 14, 15, 16. Interestingly, upregulation of Bcl-6 has also been implicated in the
differentiation of CD4+ effector T cells into memory cells, including the TCM subset17, 18, 19, 20.
However, it is currently unclear how this increase in Bcl-6 expression initiates this effector-tomemory transition. As with TFH differentiation, it has been postulated that a key function of Bcl6 in promoting memory cell formation is to repress the expression of Blimp-1, a factor positively
linked to the terminal differentiation of the effector cell state2, 21, 22, 23. However, whether there
are additional roles or long-term requirements for Bcl-6 expression in establishing TCM cell fate
apart from Blimp-1 repression remains unclear.
While transcription factors such as Bcl-6 are responsible for regulating the gene
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expression profiles of developing cells, upstream environmental signals, often in the form of a
cytokine-dependent response, regulate the expression and/or the functional activity of individual
transcription factors24. For example, it has been demonstrated that strong interleukin-2 (IL-2)
signaling inhibits TFH formation by controlling the expression of Bcl-6 and Blimp-112, 25, 26, 27.
Similarly, it has been shown that inflammatory cytokine environments, including those that are
IL-2 rich, can inhibit memory cell formation28, 29.
Collectively, evidence in the literature suggests that, despite their distinct functions and
localization during the adaptive immune response, TFH and TCM cells share specific regulatory
requirements and developmental programs. Additionally, several recent studies have reported a
high degree of similarity between TFH and TCM cells at the transcriptional and protein expression
levels9, 17, 19, 30. Furthermore, populations of memory TFH and TCM cells similarly express a
number of cell surface receptors including Cxcr5, CD62L, and Ccr78, 9, 30, 31, 32. Thus, there are
precedents supporting the possibility that these two immune cell populations may be
developmentally linked. However, as the contribution of each of these cells to long-term
immunity is functionally distinct, it is likely that at some point there is a divergence to unique
cytokine and transcriptional networks to allow for specialized TFH- and TCM-dependent immune
responses.
Here, we demonstrate that T helper 1 (TH1) cells are capable of co-initiating the
expression of both TFH and TCM gene programs in response to decreased IL-2 signaling.
Mechanistically, the initial co-expression of the TFH and TCM programs is due to the Bcl-6dependent repression of Blimp-1. Additionally, during this post-effector stage, TH1 cells
downregulate IL-2Rα expression, while upregulating the dual expression of IL-6Rα and IL-7R.
This apparent cytokine receptor reprogramming results in a population of bi-potent “TFH/TCM-
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like” cells with the ability to respond to either IL-6 or IL-7. Strikingly, while treatment with IL6 results in the upregulation of Bcl-6 and Cxcr5 expression, exposure of these cells to IL-7
results in a dose-dependent decrease in TFH-associated genes including Bcl-6, while allowing the
continued expression of TCM-specific genes. Importantly, at late time-points post-influenza
infection, a population of antigen-specific IL-6Rα+IL-7R+ CD4+ T cells emerges coincident with
a decline in the effector population. Thus, this study describes a novel role for IL-7 in the
repression of the TFH gene program and defines a potential mechanism by which post-effector
TH1 cells may be able to support aspects of both long-term cell-mediated and humoral immunity.
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Materials and methods
Primary cells and cell culture
Primary naïve CD4+ T cells were isolated from the spleen and lymph nodes of sex- and agematched (5-8 week old) wild-type C57BL/6 mice using the MagCellect kit (R&D, MAGM205),
consistently providing a 90-95 % pure population. Following isolation, cells were cultured on
plate-bound αCD3/αCD28 in TH1 polarizing conditions [α-IL-4 (5 µg/mL) and IL-12 (5 ng/mL)].
After 3 days, cells were removed from αCD3/αCD28 stimulation, split, and cultured for an
additional two days in either high (250 U/ml) or low IL-2 (10 U/ml) conditions to generate
effector TH1 or TFH-like cells, respectively12. Low IL-2-treated cells were then treated with IL-6
(10 ng/ml) or IL-7 (10 ng/ml) unless otherwise indicated. Following a 24-hour incubation, cells
were harvested for analysis. Primary T cell transfections were performed with the 4D Lonza
nucleofection system (program DN-100, solution P3). The Institutional Animal Care and Use
Committees of Virginia Tech and the University of Alabama at Birmingham approved all
experimentation involving the use of mice. All methods were performed in accordance with the
approved guidelines.
Murine EL4 T cells (TIB-39, ATCC) were cultured in RPMI supplemented with 10% FBS
and 1% Pen-strep. EL4 transfections were performed using the Lonza 4D nucleofection system
(program CM-120, solution SF). Immunoblot analysis was used to assess the expression levels
of all transfected proteins.

RNA purification and qRT-PCR
Cells were harvested on day 5, 6, or 7 (dependent on experimental design) and RNA was purified
using the Machery Nagel RNA purification kit. cDNA was prepared using the First Strand
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Superscript II Synthesis System (Invitrogen). qRT-PCR reactions were performed with the
cDNA and gene-specific primers (Supplementary Table 1) and SYBR green master mix
(Biorad). For the experiments in Figs. 1 and 5a, PrimePCR custom plates (Biorad) were used.
All samples were normalized to the Rps18 control with graphs representing data normalized to
the indicated comparison condition.

siRNA experiments
For the siRNA experiments, both control and Prdm1-specific siRNAs were obtained from
Dharmacon (D-001210-01-20, D-043069; sequences in Supplementary Table 2). Primary TH1
cells were transfected with the indicated siRNAs on day 5. Following nucleofection with
siRNA, primary cells were allowed to recover in high IL-2 conditions for 24 h prior to gene
expression analysis. Efficiency of knockdown was determined by qRT-PCR and immunoblot
analysis for Prdm1 transcript and Blimp-1 protein expression, respectively.

Immunoblot analysis
An equal number of cells were harvested and subjected to immunoblot analysis to determine
protein expression levels. In brief, separation of lysates by SDS-polyacrylamide gel
electrophoresis was followed by immunoblot analysis. GAPDH or -actin expression was
monitored to ensure equal protein loading.

Chromatin immunoprecipitation (ChIP) assay
The ChIP assay was performed as published12. In brief, chromatin was harvested from TFH/TCMlike cells treated with and without IL-7 as indicated. Chromatin was incubated with antibodies to
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either STAT5 (sc-835x, Santa Cruz) or IgG (ab6709, Abcam) control and the precipitated DNA
was analyzed by qPCR with gene specific primers (Supplementary Table 1). Samples were
normalized to a standardized total input DNA control followed by subtraction of the IgG
antibody as a control for the nonspecific background. The final value represents the percent
enrichment of STAT5 specific signal.

Promoter-reporter analysis
Sell (-1755 to +79 bp), Ccr7 (-1470 to +113 bp), and Tbx21 (-1893 to +194 bp) promoterreporter vectors were prepared by cloning regulatory regions of each gene into the pGL3-basic
luciferase reporter construct (Promega). EL4 cells were co-transfected with the promoter
reporter constructs in combination with the indicated expression vectors as well as a TK-renilla
control plasmid (Promega) to normalize for transfection efficiency. Transfections were
harvested after 16-24 hours and samples were analyzed with the Dual-Luciferase Reporter
system (Promega).

Flow cytometry
Fluorochrome-labeled -IL-6R (P22272), -IL-7R (A7R34), α-CD62L (95218), α-Cxcr5
(614641), and respective isotype control antibodies were purchased from R&D. α-Ccr7 (4B12),
α-IL-2Rα (PC61.5), α-IL-7R (SB/199), and α-CD62L (MEL-14) were purchased from
eBioscience. Non-viable cells were excluded using e520 or e450 viability dye (eBioscience),
Sytox Green or Blue (Life Technologies), or Propidium Iodide (BD Biosciences). All antibodies
and dyes were used according to manufacturer’s protocols. For the staining procedure, cells
were harvested on day 6 (3 days post-transition to low IL-2 conditions) and subjected to labeling
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and sorting as indicated. Briefly, cells were pelleted, washed in 500µl of 1x FACS buffer (2%
FBS, 1% BSA, 0.1% NaNH3), and then stained with indicated fluorochrome-conjugated
antibody. Following staining with fluorochrome-conjugated antibodies and viability dye, cells
were washed 3 times in 1x FACS buffer and then resuspended for analysis on either an Accuri
C6 flow cytometer or Sony SH800. All obtained data was analyzed using FlowJo Software.

Cell sorting and droplet digital PCR
Day 6 IL-6Rα+/IL-7R+ DP cells were sorted (~500,000 cells) using a Sony SH800 using a
100μm chip under purity sort mode and cDNA was prepared as described above (see qRT-PCR).
Droplet Digital PCR reactions were performed using gene-specific primers diluted in 2x master
mix (Qx200 ddPCR EvaGreen Supermix, Biorad). Droplets were generated using a BioRad
Automated Droplet Generator and end-point PCR was performed. Droplets were then read using
a Qx200 Digital PCR Reader using QuantaSoft™ Software (Biorad). All primers were diluted to
optimize signal-to-noise and thresholds were set using non-template control wells. Absolute
counts were normalized to Rps18 and then fold change was determined.

Influenza virus infections and in vivo analysis
Influenza virus infections were performed intranasally with 6,500 VFU of A/PR8/34 (PR8) in
100 µl of PBS. Cell suspensions from mLNs were prepared by passing tissues through nylon
mesh. Cells from mLNs were resuspended in 150 mM NH4Cl, 10 mM KHCO3 0.1 mM EDTA
for 5 min to lyse red cells. Cell suspensions were then filtered through a 70 µm nylon cell
strainer (BD Biosciences), washed and resuspended in PBS with 5% donor calf serum and 10
µg/ml FcBlock (2.4G2 -BioXCell) for 10 min on ice before staining with fluorochrome-
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conjugated antibodies or tetramer reagents. Fluorochrome-labeled α-PD-1 (J43), α-IL-7R
(A7R34) and α-IL-6Rα (D7725A7) were from eBioscience. Fluorochrome-labeled α-Bcl-6
(K112.91), α-Cxcr5 (2G-8) and α-CD4 (RM4-5) were from BD Biosciences. The IAbNP311-325
MHC class II tetramer was obtained from the NIH Tetramer Core Facility. Intracellular staining
for Bcl-6 (K112.91) was performed using the mouse regulatory T cell staining kit (eBioscience)
following manufacturer’s instructions. Flow cytometry was performed using a FACSCanto II
(BD Biosciences) and analyzed in FlowJo.

Statistics
All data represent at least three independent experiments. Error bars represent the standard error
of the mean or standard deviation as indicated. For statistical analysis, an unpaired t test was
performed using GraphPad Prism online software. P values <0.05 were considered statistically
significant.
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Results
IL-2 signaling modulates TH1, TFH, and TCM gene expression
Our previous studies demonstrated that reduced IL-2 signaling has the potential to
regulate T helper cell fate decisions by augmenting the expression of the TFH lineage-defining
factor Bcl-612. In addition to its required role in TFH cell development, Bcl-6 expression has also
been implicated in the formation of memory CD4+ T cells1, 17, 19, 20. As such, we examined
whether the IL-2-sensitive increase in Bcl-6 expression would similarly result in the upregulation
of a memory cell gene program by exposing in vitro generated TH1 cells to both high and low IL2 concentrations. As with our prior study, the expression of a number of TH1 genes was
decreased in low environmental IL-2 conditions, while the expression of key TFH genes was
induced, including the expression of Bcl6 and Cxcr5 (Figure 3.1a, b). Consistent with the
increase in transcript, Bcl-6 protein and cell surface expression of Cxcr5 were significantly
increased (Figure 3.1c, d). Interestingly, in addition to the induction of the TFH-like profile, TH1
cells exposed to a low IL-2 concentration also upregulated genes associated with the TCM cell
type – most notably the lymph node homing receptors Sell and Ccr7 (Figure 3.1e)1, 2, 33. We also
observed increased expression of other memory T cell-related markers (Il7r, S1pr1, Cd27, and
Cxcr3) and transcription factors known to promote the memory T cell fate (Klf2, Klf3, and
Foxo1) (Figure 3.1e, f). Interestingly, the expression of Tcf7, the gene that encodes the
transcriptional regulator TCF-1, was significantly increased (Figure 3.1f). Similar to Bcl-6, the
expression of TCF-1 has been implicated in the development of both TFH and memory cells34, 35,
36, 37, 38

. Importantly, the induction of the TCM-like profile was not limited to changes in

transcript alone, as the cell surface expression of both CD62L and Ccr7 was significantly
increased compared to that observed in effector TH1 cells (Figure 3.1g, h). Collectively, these
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data demonstrate that increased Bcl-6 expression in TH1 cells, in response to decreased IL-2
signaling, results in the induction of not only a TFH-like profile, but a TCM-like profile as well.
Furthermore, these data suggest that a common Bcl-6-dependent regulatory mechanism may be
responsible for the initiation of both the TFH and TCM gene programs.
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Figure 3.1. IL-2 signaling regulates Bcl-6 expression in post-effector TH1 cells to allow for the upregulation of
TFH- and TCM-like profiles.
Primary CD4+ T cells were cultured in TH1 conditions and exposed to either high (T H1 cells) or low (TFH-like cells)
environmental IL-2 (250 U/ml or 10 U/ml, respectively). (a, b) RNA was isolated from the T H1 (white bar) and
TFH-like (black bar) cells and the expression of the indicated genes was determined by quantitative RT-PCR. Data
were normalized to Rps18 as a control and the results are represented as fold change in expression relative to the
TH1 sample (mean of n = 3 ± s.e.m.). (c) An immunoblot analysis was performed to assess changes in protein
expression in response to alterations of environmental IL-2. Expression for Bcl-6 and Blimp-1 was measured with
β-actin serving as a control for equal protein loading. Shown is a representative blot of three independent
experiments performed. (d) Representative histogram overlay of cell surface expression of Cxcr5 for T H1 and TFHlike cells. Geometric Mean Fluorescence Intensity (geoMFI) for Cxcr5 is also shown (mean of n = 5 ± s.e.m.). (e,
f) qRT-PCR analysis examining expression of the indicated genes in TH1 and TFH-like cells. Data was normalized
and represented as in “a” and “b” (mean of n = 3 ± s.e.m.). (g, h) Representative histogram overlay of cell surface
expression of (g) CD62L and (h) Ccr7 for T H1 and TFH-like cells. Average geoMFI or MFI for CD62L and Ccr7
expression are shown (mean of n = 5 or 4 ± s.e.m.). *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired Student’s t-test).
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Blimp-1 inhibits the TCM-associated genes Sell and Ccr7
We previously identified Blimp-1 as a factor responsible for directly repressing members
of the TFH gene program including Cxcr5 and Il6ra12. A key finding from our prior studies was
that in response to reduced IL-2 signaling, Bcl-6 expression increased in TH1 cells, resulting in
the Bcl-6-dependent repression of Blimp-1 and the subsequent induction of the TFH gene
program (Figure 3.1c)12, 39. Given our finding that increased Bcl-6 expression also leads to the
induction of a TCM-like profile, we hypothesized that the same mechanistic interplay between
Bcl-6 and Blimp-1 that results in the promotion of the TFH program may also initiate the
transition from an effector TH1 to a TCM-like cell state. Therefore, we examined whether TCM
genes, similar to TFH genes, were direct Blimp-1 targets in effector TH1 cells. Using predictive
transcription factor binding site software (Genomatix), we identified potentially functional
Blimp-1 DNA-binding elements in the promoters of both Sell and Ccr7. To determine whether
the predicted elements were functional, we prepared promoter-reporter constructs encompassing
the predicted sites and performed luciferase reporter experiments in the presence and absence of
overexpressed Blimp-1. Importantly, the expression of Blimp-1 resulted in a decrease in the
promoter activity of both Sell and Ccr7 (Figure 3.2a, b). As a control, there was no Blimp-1mediated repression of a Tbx21-reporter lacking Blimp-1 DNA-binding elements. To determine
if Blimp-1 mediated repression may be the result of direct DNA-binding, we performed
promoter-reporter experiments with a mutant Blimp-1 construct lacking the zinc finger DNAbinding domain (ΔZF). While wild-type Blimp-1 readily repressed promoter activity, there was
no repression with the Blimp-1ΔZF protein (Figure 3.2c, d). As a further test of the functional
nature of the predicted sites, a Sell-reporter construct lacking the Blimp-1 DNA-binding element
(pGL3-SellΔBL1) was not repressed by Blimp-1 (Figure 3.2e, f).
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To examine the extent of Blimp-1 specific repression in an endogenous setting, we utilized
a knockdown approach to assess the effect of decreasing Blimp-1 levels on the expression of
these genes in effector TH1 cells (Figure 3.2g). Upon siRNA knockdown of Blimp-1
expression, we observed a modest but significant increase in both Sell and Ccr7 expression
(Figure 3.2h). Collectively, these data suggest that the TCM-associated genes Sell and Ccr7 are
repressed by Blimp-1 in effector TH1 cells. Furthermore, these findings suggest that the
repression of Blimp-1 by Bcl-6 is a critical event for the initiation of both TFH and TCM gene
programs in TH1 cells.
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Figure 3.2. Blimp-1 represses the CD4+ TCM genes Sell and Ccr7.
(a, c, e, and f) EL4 T cells were transfected with the indicated promoter-reporter constructs in combination with a
wild-type Blimp-1 expression vector, a Blimp-1 mutant incapable of binding to DNA (ΔZF), or an empty vector
control (mean of n = 3 ± s.e.m.). In e and f, EL4 T cells were transfected with either a wild-type Sell promoterreporter or a Sell promoter-reporter lacking the predicted Blimp-1 DNA-binding elements (pGL3-SellΔBL1).
Luciferase promoter-reporter values were normalized to a renilla control and expressed relative to the control
sample for each experiment (mean of n = 4 ± s.e.m.). (b, d) Wild-type and mutant Blimp-1 protein levels were
measured by immunoblot analysis. Shown is a representative blot of three independent experiments performed.
(g, h) TH1 cells were nucleofected with either siRNA specific to Blimp-1 (siPrdm1) or a control siRNA. Following
a 24-hour time period, RNA was harvested and expression Sell or Ccr7 was assessed by qRT-PCR. The data are
presented as fold change in expression relative to the control sample (mean of n = 4 ± s.e.m.). **P < 0.01, ***P <
0.001 (unpaired Student’s t-test).
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TH1 cells undergo cytokine receptor reprogramming
TCM and TFH cell differentiation represent complex- and multistep-processes that are
directed by a litany of factors. A key determinant that influences immune cell differentiation is
the cytokine environment to which the cell is exposed, as well as the ability of that cell to sense
and respond to its environment through cytokine receptor expression. Our data indicate that
effector TH1 cells up-regulate both TCM- and TFH-like gene expression patterns in response to a
low IL-2 environment. Importantly, IL-2-signaling is known to influence the expression of
cytokine receptors40. Initially, Il2ra is expressed at high levels in the effector TH1 cells.
However, as these cells transition to a low IL-2 environment, our data demonstrate that Il2ra
expression decreases, while the expression of Il6ra and Il7r increases (Figure 3.1a, b, e).
Hence, the predominant cytokine receptor expression pattern changes from one supportive of
effector TH1 cells, which are responsive to elevated IL-2, to one enriched with IL-6Rα and IL-7R
– receptors that respond to cytokines favoring TFH and TCM development, respectively41, 42, 43, 44,
45, 46

. Furthermore, these data are suggestive of the intriguing possibility that three divergent cell

types may emerge from the effector TH1 population: a pre-TFH-like population (IL-6Rα+IL-7R-),
a pre-TCM-like population (IL-6Rα-IL-7R+), and/or a bi-potent pre-TFH/TCM (IL-6Rα+IL-7R+)
population that may be capable of transitioning into either cell type.
To address the above possibilities, we assessed the composition of both the high IL-2 and low
IL-2- treated TH1 populations by examining the cell surface expression of IL-6Rα and IL-7R.
Consistent with our transcript analysis, the expression of both IL-6Rα and IL-7R was
significantly upregulated, while IL-2Rα was downregulated, on the surface of the low IL-2treated cells (Figure 3.3a, b, c). Importantly, the majority of the low IL-2-treated cells displayed
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dual expression of these receptors (double positive “DP”, IL-6Rα+IL-7R+), while comparably
few of the DP cells were observed in the high IL-2-treated (TH1) population (Figure 3.3d, e).
To confirm that the IL-6Rα+IL-7R+ cells expressed both TFH-like and TCM-like programs, we
sorted the DP population and compared the expression of key TH1, TFH, and TCM genes to that
observed in effector high IL-2-treated (TH1) and bulk low IL-2-treated (TFH-like) cells. Indeed,
while significant differences were observed between the IL-6Rα+IL-7R+ DP and effector TH1
cells, the gene expression programs between sorted DP and bulk TFH-like cells were relatively
indistinguishable (Figure 3.4). Consistent with the transcript analysis, IL-6Rα+IL-7R+ cells also
displayed elevated cell surface expression of CD62L, Ccr7, and Cxcr5 (Figure 3.5).
Collectively, these data support a model whereby, in response to reduced IL-2 signaling, TH1
cells co-initiate the expression of both TFH and TCM-like gene programs, including the dual
expression of IL-6Rα and IL-7R (hereafter referred to as “TFH/TCM-like” cells).
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Figure 3.3. TH1 cells undergo cytokine receptor reprogramming to dually express IL-6Rα and IL-7R.
Primary CD4+ T cells were cultured in TH1 conditions and exposed to either high (T H1 cells) or low (TFH-like cells)
environmental IL-2 (250 U/ml or 10 U/ml, respectively). (a-e) Cell surface expression of IL-6Rα, IL-7R, or IL2R was measured by flow cytometric analysis. Data are represented as histograms (a, b, c), flow cytometry dot
plots (d), or quantitated percent positive cells (e). Average Mean Fluorescence Intensity (MFI) for IL-6Rα, IL-7R,
and IL-2Rα expression is shown (mean of n = 3 ± s.e.m.). **P < 0.01, ***P < 0.001 (unpaired Student’s t-test).
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Figure 3.4. Sorted IL-6Rα+IL-7R+ double positive cells dually express TFH- and TCM-like gene programs.
Droplet digital PCR analysis was used to examine expression of T H1-, TFH- and TCM-associated genes. IL-6Rα+IL7R+ double positive cells were sorted and their expression profiles were compared to that of T H1 (High IL-2) and
TFH/TCM-like (Low IL-2) cells. Data were normalized to Rps18 and are represented as fold change in expression
relative to the TH1 sample (mean of n = 4 ± s.e.m.). *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired Student’s t-test).
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Figure 3.5. IL-6Rα+IL-7R+ cells express CD62L, Ccr7, and Cxcr5.
Primary CD4+ T cells were cultured in TH1 conditions and exposed to a low concentration of IL-2 (10 U/ml). On
day 5, cell surface expression of IL-6Rα and IL-7R was measured by flow cytometric analysis. Subsequently, IL6Rα+IL-7R+ cells were gated and assessed for expression of (a) CD62L, (b) Ccr7, or (c) Cxcr5. Shown are
representative histogram plots of two independent experiments performed.
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IL-6 and IL-7 differentially regulate TFH and TCM genes
The cytokines IL-6 and IL-7 have demonstrated roles in establishing and sustaining the
TFH and TCM cell fates, respectively41, 42, 43, 44, 45, 46. Therefore, to test the functional nature of
IL-6Rα and IL-7R co-expression, we treated the TFH/TCM-like cells with either IL-6 or IL-7 and
examined the expression of key TFH- and TCM-associated genes as compared to untreated
controls. IL-6 treatment resulted in increased expression of the hallmark TFH genes Bcl6 and
Cxcr5, but did not significantly impact the expression of the TCM gene Sell (Figure 3.6a, b).
Conversely, exposure to IL-7 resulted in a significant reduction in Bcl-6 expression and the
repression of several other TFH genes (Cxcr5, Il6ra, Sh2d1a, and Cd40lg) (Figure 3.7a, b). In
many cases, the repression of the TFH-associated genes resulted in expression levels near to
those observed in effector TH1 cells.
Since IL-7 is present at low levels in secondary lymphoid tissues, we next exposed the
TFH/TCM-like cells to a range of physiologically relevant IL-7 concentrations and analyzed the
expression of key TCM- and TFH-genes (Figure 3.8)46. Strikingly, even at an extremely low
concentration of environmental IL-7, hallmark TFH genes (Bcl6, Cxcr5, and Il6ra) were
preferentially repressed. In stark contrast, the expression of the TCM-associated genes Sell, Klf2,
and Ccr7 was relatively unaffected by IL-7 treatment. Importantly, the expression of the antiapoptotic gene, Bcl2, and the gene encoding the glycerol channel aquaporin 9, Aqp9, both which
are known to promote the long-term survival of memory cells, was induced in response to IL-7
(Figure 3.8)47, 48.
To further examine IL-7-induced changes to TFH and TCM cell surface marker expression,
we compared Cxcr5 and CD62L protein expression in untreated TFH/TCM-like cells to those
exposed to IL-7. Consistent with our transcript data, IL-7 treatment resulted in a significant
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reduction in Cxcr5 cell surface expression (Figure 3.7c). In contrast, exposure to IL-7 resulted
in a modest increase in CD62L, again suggesting that the repressive effect of IL-7 is limited to
the TFH profile (Figure 3.7d). It is important to note that in spite of the observed decrease in
Cxcr5 expression, a majority of the Cxcr5 expressed on the cell surface remained refractory to
the IL-7 repressive effect. This was in contrast to the almost complete loss of Bcl-6 protein
expression in response to IL-7 treatment. These data corroborate other studies demonstrating
that Cxcr5 expression can occur independently of Bcl-6 expression13, 49. Furthermore, these data
are consistent with the moderate expression of Cxcr5 observed on TCM cells1, 19, 50.
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Figure 3.6. IL-7 signaling represses Bcl-6 and additional TFH genes.
Primary CD4+ T cells were cultured in TH1 conditions and exposed to either high or low IL-2 conditions to generate
effector TH1 or TFH/TCM-like (IL-6Rα+IL-7R+) cells, respectively. TFH/TCM-like cells were then exposed to IL-7.
Following a 24-hour incubation, expression of the indicated genes was analyzed by (a) qRT-PCR or (b)
immunoblot. For a, the sample values were compared relative to the T FH/TCM-like sample for each independent
experiment and expressed as fold expression (mean of n = 3 ± s.e.m.). For b, Bcl-6 protein expression was measured
with β-actin serving as a loading control. Shown is a representative blot of three independent experiments
performed. **P < 0.01, ***P < 0.001 (unpaired Student’s t-test).
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Figure 3.7. IL-7 signaling represses Bcl-6 and TFH gene expression patterns.
Primary CD4+ T cells were cultured in TH1 conditions and exposed to either high or low environmental IL-2 to
generate effector TH1 or TFH/TCM-like (IL-6Rα+IL-7R+) cells, respectively. TFH/TCM-like cells were then exposed to
IL-7. Following a 24 or 48 hour incubation, expression of the indicated genes was measured by (a) qRT-PCR, (b)
immunoblot or (c, d) flow cytometric analysis. For a, the sample values are presented as fold change in expression
relative to the TH1 sample for each independent experiment (mean of n = 3 ± s.e.m.). For b, Bcl-6 protein was
measured with β-actin serving as a loading control. Shown is a representative blot of three independent experiments
performed. For c and d, data are represented either as histogram flow cytometry plots or quantitated geometric
mean fluorescence intensity (geoMFI) (mean of n = 5 ± s.e.m.). *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired
Student’s t-test).
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Figure 3.8. TFH genes are preferentially repressed at low concentrations of IL-7.
TFH/TCM-like cells were generated as described in Supplementary Figure 2 and exposed to the indicated
concentration of IL-7. Following a 24-hour incubation, expression of the indicated genes was assessed via qRTPCR. The sample values were compared relative to the untreated T FH/TCM-like cell for each independent experiment
and expressed as the relative log2 change (>2 fold reduction, purple; <2 fold reduction, blue; mean of n = 3 ±
s.e.m.).
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IL-7 induced repression of Bcl-6 is independent of Blimp-1
The finding that IL-7 represses Bcl-6 expression has potentially far-reaching implications
given the demonstrated roles for Bcl-6 in TFH development, TCM differentiation, and in the
regulation of cellular functions including metabolism and cell cycle progression14, 15, 16, 20, 51, 52, 53.
As such, we sought to determine the identity of the transcription factor(s) responsible for
directing IL-7 mediated repression of Bcl-6. There is a well-established inverse relationship
between the transcriptional repressors Bcl-6 and Blimp-112, 14, 17, 54. As our data demonstrate that
IL-7-signaling inhibits Bcl-6 expression, we considered the possibility that IL-7 treatment may
lead to increased Blimp-1 expression. To test this possibility, we examined the level of Prdm1
(Blimp-1) expression in TH1 cells compared to that of TFH/TCM-like cells, and TFH/TCM-like cells
exposed to IL-7 (Figure 3.9a). Consistent with our previous results, TH1 cells displayed
significantly elevated expression of Prdm1 transcript as compared to TFH/TCM-like cells12.
Interestingly, despite increased activation of STAT5 (which has been positively linked to Blimp1 expression in response to IL-2 signaling) no appreciable increase in Blimp-1 protein was
observed in the TFH/TCM-like cells stimulated with IL-7 (Figure 3.9b). These data indicate that
Blimp-1 is unlikely to be the IL-7-responsive factor that represses Bcl-6 expression.
Furthermore, these data suggest that the IL-7 treated TFH/TCM-like cells are not simply reverting
to a short-lived effector TH1 phenotype (i.e. possessing high Blimp-1 expression). Rather, it
appears they are transitioning into cells with a gene program that more closely resembles that of
long-lived TCM cells.
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IL-7 regulates STAT5 association with the Bcl6 promoter
It is well established that the transcription factor STAT5 is activated downstream of IL-7
signaling46, 55, 56. While STAT5 is known to function as a transcriptional activator, recent studies
have described novel roles for STAT5 in the direct repression of gene expression12, 57. To
determine whether IL-7-signaling represses Bcl-6 expression through the activation of STAT5,
we compared the activation state of STAT5 (p-STAT5) in effector TH1, TFH/TCM-like cells, and
TFH/TCM-like cells exposed to IL-7 (Figure 3.9c). Cells treated with IL-7 displayed elevated
levels of STAT5 phosphorylation similar to that observed in effector TH1 cells. In contrast,
TFH/TCM-like cells had relatively low STAT5 activation. Importantly, the increased level of
STAT5 activation in IL-7-treated cells correlated with decreased Bcl-6 expression.
Given the inverse relationship between activated STAT5 and Bcl-6 expression, we hypothesized
that STAT5 could play a role in the IL-7-mediated repression of Bcl-6 by directly binding to and
repressing the Bcl6 promoter. In support of this hypothesis, a recent report demonstrated that a
DNA sequence-specific tetrameric STAT5 complex functions downstream of IL-7R-signaling to
repress gene expression during B cell differentiation57. We analyzed the Bcl6 locus and
identified a potential tetrameric STAT5 DNA-binding site in the promoter region (Figure 3.9d).
We then performed chromatin immunoprecipitation (ChIP) analyses to determine whether
STAT5 associates with the Bcl6 promoter in response to IL-7. Indeed, we detected increased
STAT5 binding at the Bcl6 locus in TFH/TCM-like cells exposed to IL-7 as compared to untreated
TFH/TCM-like cells (Figure 3.9e). Importantly, the highest levels of STAT5 association
corresponded to the location of the predicted tetrameric STAT5 binding site (Figure 3.9d, e).
Collectively, these data support a role for IL-7-activated STAT5 in the direct repression of Bcl-6
expression.
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Figure 3.9. IL-7-induced repression of Bcl-6 is mediated via STAT5 and independent of Blimp-1.
(a) qRT-PCR or (b) immunoblot analysis of Blimp-1 expression in TH1, TFH/TCM-like cells, and TFH/TCM-like cells
exposed to IL-7. In a, data were normalized to Rps18 as a control and the results are presented relative to the T H1
sample (mean of n = 4 ± s.e.m.). In b, protein expression was assessed using the indicated antibody. β-actin was
monitored as a control for equal protein loading. Shown is a representative blot of three independent experiments.
(c) Immunoblot analysis of Bcl-6, phospho-STAT5 (p-STAT5), and STAT5 expression in primary T H1 cells,
TFH/TCM-like cells, and TFH/TCM-like cells exposed to IL-7. β-Actin was monitored to ensure equal protein loading.
Shown is a representative blot of three independent experiments. (d) A schematic indicating the location of a
predicted tetrameric STAT5 binding site in the promoter of the Bcl6 locus. PCR amplicons used in the chromatin
immunoprecipitation (ChIP) analysis are indicated as “A” and “B”. (e) ChIP assay to assess STAT5 association
with the Bcl6 locus in response to IL-7-signaling. Data are represented as percent enrichment relative to a “total”
input sample (mean of n = 3 ± s.e.m.). *P < 0.05, ***P < 0.001 (unpaired Student’s t-test).
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IL-6Rα+IL-7R+ CD4+ T cells emerge post-influenza infection
A key discovery from our in vitro experiments was that effector TH1 cells upregulate both
TFH and TCM gene programs in response to withdrawal of IL-2. These conditions are consistent
with the late stages of an immune response, as the pro-inflammatory cytokine environment
wanes and the effector population transitions to a memory population capable of supporting both
cell-mediated and humoral immunity. Intriguingly, we observed that effector TH1 cells undergo
a period of cytokine receptor reprogramming in which they downregulate IL-2Rα, upregulate IL6Rα and IL-7R, and initiate the expression of hallmark TFH and TCM genes. Therefore, to assess
the kinetics of IL-6Rα and IL-7R expression in vivo, we infected mice with influenza (A/PR8/34;
“PR8”) and monitored antigen-specific (Nucleoprotein, “NP”-specific) CD4+ T cells at multiple
time points post-infection (days post-infection, d.p.i). Shortly after infection (9 d.p.i.), cells
could be divided into roughly two populations: effector TFH (Bcl-6HICxcr5HI) and effector nonTFH (Bcl-6MIDCxcr5MID). At this time point, the majority of the non-TFH effector population
expressed low levels of IL-7R. However, at later time points (30 and 60 d.p.i.), a substantial
percentage of this population displayed increased expression of IL-7R (Figure 3.10a). In
comparison, TFH cells expressed relatively low levels of IL-7R, especially at late time points
post-infection (Figure 3.11). Strikingly, the same cells that displayed increased expression of
IL-7R also expressed the highest levels of IL-6Rα (Figure 3.10b). Importantly, the IL-6Rα+IL7R+ double-positive population increased with time post-infection, while effector TFH and nonTFH (IL-7RLO) populations decreased (Figure 3.10c). Collectively, these data indicate that a
population of long-lived (60 d.p.i.), antigen-specific IL6Rα+IL7R+ double positive cells arises
during the post-influenza infection period. Furthermore, the dual expression of IL-6Rα and IL7R, in addition to our in vitro data demonstrating the differential regulation of TFH and TCM gene
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programs by IL-6 and IL-7, suggest that the activation of these cytokine-signaling pathways will
likely influence the functional capabilities of the IL-6Rα+IL-7R+ cells in vivo.
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Figure 3.10. IL-6Rα+IL-7R+ CD4+ T cells are detected at late time points post-influenza infection.
Mice were infected with influenza (PR8) and CD4 +CD19-Foxp3- cells were analyzed by flow cytometric analysis at
the indicated day post-infection. (a) Nucleoprotein (NP)-specific cells were isolated and sorted into effector T FH
(Eff TFH) and non-TFH (Eff TH) populations. Non-TFH effector cells were then assessed for IL-7R expression and
further classified as IL-7R low (IL-7RLO) or IL-7R high (IL-7RHI). (b) IL-6Rα expression of the indicated cell
population was measured by flow cytometric analysis (Geo Mean) (mean of n = 5 ± s.d.). (c) Percent NP-specific
distribution of Eff TFH, TH IL-7RLO, and TH IL-7RHI cells at the indicated time points (Day 7, d9, d15, d30, d60)
post-influenza infection (mean of n = 5 ± s.d.). **P < 0.01 (unpaired Student’s t-test)
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the indicated day post-infection. (a) Nucleoprotein (NP)-specific cells were isolated and TFH (Bcl-6HICxcr5HI) cells
were assessed for IL-7R expression at the indicated day post-infection. (b) IL-7R (geometric mean fluorescence
intensity) expression was measured for NP-specific TFH (filled circles) and TH (open circles) populations postinfluenza infection (mean ± s.d. of 4-5 mice per group, *P < 0.001, two-tailed Student’s t-test).
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Discussion
Following infection, the contraction of the effector response and the subsequent
emergence of the memory cell population are vital to long-lasting immunity. However, the
potential for memory populations to arise from the numerous CD4+ T cell subsets, as well as the
degree of plasticity that exists between these subsets, has complicated the identification of
specific environmental signals and precise transcriptional networks that direct the effector-tomemory transition. For example, TFH and TCM cells appear to share developmental pathways,
including requirements for the transcriptional repressor Bcl-6 and low levels of IL-2 signaling14,
15, 16, 19, 20

. Interestingly, our data suggest that the TFH and TCM gene programs can co-initiate

from a population of effector TH1 cells upon increased Bcl-6 expression in response to IL-2
withdrawal, resulting in a “TFH/TCM-like” population. In agreement with these data, there is
emerging evidence for a set of genes which are linked to both TFH and memory cell development,
including Bcl6, Cxcr5, Il7r, and Tcf79, 19, 34, 35, 36, 37, 38. Additionally, these data are
physiologically intuitive as IL-2 signaling decreases during the late stages of an immune
response, coincident with the formation of memory cell populations. Indeed, both TFH and TCM
cells are required post-contraction to mediate long-lasting humoral- and cell-mediated immunity,
respectively. Therefore, it is likely that, following the initial co-expression of the TFH and TCM
gene programs, there are distinct environmental and transcriptional regulatory mechanisms that
promote TFH versus TCM cell-dependent immune responses.
In support of this divergence, we observed that TH1 cells downregulate IL-2Rα while
upregulating both IL-6Rα and IL-7R in response to a reduction in IL-2 signaling. Thus, these
cells appear to reprogram their ability to respond to both a TCM-essential (IL-7) and a TFHassociated (IL-6) cytokine. Our data further demonstrate that IL-6 treatment of TFH/TCM-like
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cells results in the further augmentation of the TFH-profile. However, IL-7 exposure results in an
inhibition of TFH genes, including Bcl-6. These findings highlight a previously unappreciated
role for IL-7 in the repression of the TFH gene program in post-effector TH1 cells. Importantly,
they also suggest that Bcl-6 may only be required for the initiation of the TCM gene program, and
that further developmental steps require a unique and undefined set of transcriptional regulators.
Indeed, there are many reports in the literature describing a reduction in Bcl-6 expression in TCM
cells at late time points post-infection7, 13, 19, 30, 58. Furthermore, these findings are consistent with
defined roles for Bcl-6 in the regulation of metabolism, cell cycle progression, and apoptosis46, 47,
51, 52, 53, 59, 60

. Thus, IL-7-dependent repression of Bcl-6 may ultimately be necessary to promote

the unique sets of regulatory activities required for long-term memory cell survival.
Interestingly, while IL-6 treatment augmented TFH gene expression, it did not affect the
expression of TCM genes in the TFH/TCM-like post-effector population. Thus, these cells express
hallmark genes of both TFH and TCM cell types and resemble TFH memory cells50. Whether there
is a factor akin to IL-7 responsible for repressing the TCM-profile and promoting the TFH cell fate
is a question that remains to be answered. In support of the model proposed here and perhaps
shedding light on this question, recent reports have highlighted the antagonistic nature of TFHassociated ICOS signaling and the TCM transcription factor, Klf2. In these studies, ICOS
signaling-dependent repression of Klf2 was required for commitment to the TFH cell fate61, 62.
Thus, in addition to IL-6 signaling, interactions between TFH/TCM-like cells and B cells, along
with the corresponding ICOS stimulation, are likely required to antagonize the TCM gene
program and specifically promote TFH-dependent immune responses.
Our data demonstrate that the IL-7-dependent repression of Bcl-6 is not a result of
increased Blimp-1 expression. This is surprising, as these transcriptional repressors often appear
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in opposition during developmental steps in the immune system. Rather, our current data
support a mechanism of transcriptional repression whereby activated STAT5 functions
downstream of IL-7 signaling to repress Bcl-6 expression. This finding is similar to the inverse
correlation between IL-2-dependent STAT5 activation and Bcl-6 expression that we reported in a
prior study12. Interestingly, STAT5 has been shown to interact with the histone
methyltransferase, Ezh2, downstream of IL-7 signaling57. As such, future experiments that
determine whether there are cytokine-dependent differences to the composition of the STAT5
complex that binds to the Bcl6 locus could provide insight into how IL-7 and IL-2 harbor nonredundant roles in the regulation of immune cell development and function, despite signaling
through a common downstream transcriptional regulator, STAT555, 56.
Collectively, this study supports a model in which effector TH1 cells co-initiate TFH and
TCM gene programs when IL-2 signals begin to wane. Our finding that antigen-specific effector
CD4+ T cells upregulate the dual expression of IL-6Rα and IL-7R at late time-points postinfluenza infection suggests that exposure to either cytokine could be a key determinant in
further differentiation events and long-term cellular function. While these findings may be
indicative of divergence to either a TFH or TCM-specific gene program, they do not preclude the
possibility that plasticity exists between these cell states to influence trafficking between the T
cell and B cell zones of secondary lymphoid tissues to provide a more comprehensive immune
response. It is also possible that the simultaneous expression of IL-6Rα and IL-7R allow for
precise modulation of Bcl-6 expression. A rheostatic model such as this may allow for modest
Bcl-6 expression, sufficient to repress Blimp-1 expression and initiate the TCM transcriptional
program, while also repressing the enhanced levels of Bcl-6 required for TFH development via
IL-7 signaling. Future studies that address these possibilities by examining the functional

84

properties of the IL-6Rα+IL-7R+ CD4+ cells described here will be critical to enhance our
understanding of the relationship between the TFH and TCM cell types.
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IL-12 signaling drives the differentiation and function of a TH1derived TFH1-like cell population
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Abstract
T follicular helper (TFH) cells are a subset of CD4+ T cells that provide help to B cells and
promote antibody-mediated immune responses. Increasing evidence supports the existence of
TFH cell populations that are capable of secreting cytokines typically associated with the effector
functions of other CD4+ T cell subsets. These include recently identified T helper 1 (TH1)-biased
TFH (TFH1) cells that contribute to both pathogen-specific immune responses and autoimmune
disease. Herein, we describe a population of TFH1-like cells that express Cxcr3 and produce both
the TH1 cytokine interferon-γ and the TFH-associated cytokine interleukin-21 (IL-21).
Interestingly, we show that TFH1-like cells exhibit increased B cell helper activity compared to
conventional IL-6- and IL-21-derived TFH-like cells. We further demonstrate that IL-12
signaling is required for both the differentiation and function of the TFH1-like cell population.
Specifically, IL-12-dependent activation of STAT4, and unexpectedly STAT3, led to increased
expression of Icos, IL-21, and the TFH lineage-defining transcription factor Bcl-6. Finally,
STAT3 activation, while dependent upon IL-12, was independent of autocrine signals from IL21. Taken together, our findings provide potential insight into the differentiation requirements of
recently described TFH1 cells.
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Introduction
T helper cells are critical mediators of the adaptive immune response. Naïve T helper
cells are capable of differentiating into a number of effector subsets that coordinate pathogenspecific immune responses including T helper 1 (TH1) and T follicular helper (TFH) cell
populations. TH1 cells mediate immune responses to intracellular pathogens in large part
through the production of the pro-inflammatory cytokine interferon-γ (IFN-γ), while TFH cells
aid in antibody-mediated immunity by activating B cells via cognate cell-cell interactions and the
secretion of the cytokine IL-211, 2, 3. The differentiation of TH1 and TFH cells is coordinated by
the interplay between cell-extrinsic cytokine signals and cell-intrinsic transcription factors. For
example, IL-12-dependent activation of Signal Transducer and Activator of Transcription 4
(STAT4) drives the expression of the transcriptional regulator T-bet and TH1 cell development,
while IL-6- and IL-21-dependent activation of STAT3 and up-regulation of the transcriptional
repressor Bcl-6 play important roles in TFH cell differentiation4, 5, 6, 7, 8, 9, 10, 11.
Early work regarding TH1 and TFH cells suggested that static populations of these cells
developed in parallel during immune responses. However, it is now generally accepted that T
helper cell populations are subject to phenotypic plasticity driven by signals from complex
cytokine milieus12, 13, 14, 15, 16, 17, 18. Indeed, recent reports from both murine and human studies
describe ‘hybrid’ TFH cells that both provide help to B cells and secrete effector cytokines
normally expressed by other T helper populations. These include TH1-biased ‘TFH1’ cells, which
are capable of producing both IFN-γ and IL-21. These cells have been identified as important
responders in murine infection models, and have also been described in humans infected with
HIV and mycobacterium tuberculosis, among other pathogens19, 20, 21, 22, 23, 24, 25, 26. Additionally,
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phenotypically similar cells have been implicated in the onset of autoimmune disease, including
systemic lupus erythematosus27.
Here, we describe the step-by-step in vitro differentiation of a TFH1-like cell population
that exhibits functional characteristics similar to TFH1 cells observed in vivo. Interestingly, we
found that TFH1-like cells provide superior B cell help compared to conventional TFH-like cells
generated in the presence of IL-6 and IL-21. The differentiation and function of TFH1-like cells
required IL-12-dependent activation of both STAT4 and STAT3, which drove the expression of
Bcl-6, IL-21, and Icos. Finally, and somewhat surprisingly, we found that while STAT3
activation required IL-12, it was independent of signals from autocrine IL-21. Taken together,
the findings presented here provide potential insight into the differentiation requirements of
recently described TFH1 cell populations that have increasingly recognized roles in host immune
responses and autoimmune disease.
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Materials and methods
Primary cells and cell culture
All mouse strains [C57BL/6J, C57BL/6NJ, IL-21R-/- (C57BL/6NJ background)] were obtained
from the Jackson Laboratory. Naïve CD4+ T cells were purified from the spleens and lymph
nodes of 5-8 week old mice via negative selection using the BioLegend Mojosort kit according
to the manufacturer’s instructions. For all experiments, cells were cultured in complete IMDM
(“cIMDM”: IMDM [Life Technologies], 10% FBS [Life Technologies], 1% PenicillinStreptomycin [Life Technologies], and 50M -mercaptoethanol [Sigma-Aldrich]). Following
isolation, cells were plated at a density of 3-5x105 cells per well and stimulated using platebound anti-CD3ε (5µg/ml; BD Biosciences) and anti-CD28 (10µg/ml; BD Biosciences) under
the following polarizing conditions: TH0 (10µg/mL anti-IFN-γ [XMG1.2; BioLegend], 10µg/mL
anti-IL-4 [11B11; BioLegend]), TH1 (10ng/mL rmIL-12 [R&D Systems], 5µg/mL anti-IL-4,
500U/mL rhIL-2 [NIH]), TFH0-like (10µg/mL anti-IFN-γ, 10µg/mL anti-IL-4, 5µg/mL anti-IL-2
[JES6-1A12; eBioscience], 10µg/mL anti-TGF- [1D11; BioXcell], 100ng/mL rmIL-6 [R&D
Systems], 50ng/mL rmIL-21 [Peprotech]). After 3 days, cells were removed from stimulation
and expanded to plate at 5-7x105 cells/well in fresh media under the following conditions: TH0
(10 U/mL IL-2), TFH1-like (expanded from TH1 population; 10ng/mL rmIL-12, 5µg/mL anti-IL4, 10 U/mL rhIL-2), TFH0-like (100ng/mL rmIL-6, 50ng/mL rmIL-21, 10 U/mL rhIL-2) for an
additional 48h. Where indicated, IL-12 was omitted from the TFH1-like culturing conditions. The
Institutional Animal Care and Use Committee of Virginia Tech approved all experiments
involving the use of mice. All methods were performed in accordance with the approved
guidelines.
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T and B cell co-culture and analysis of B cell helper activity
B cells were purified from the spleens and lymph nodes of age- and sex-matched 5-8 week old
C57BL/6J mice using the MojoSort Mouse Pan B cell isolation kit (BioLegend), according to the
manufacturer’s instructions. For each indicated population, 1x105 T cells were mixed with B
cells at a 1:3 T cell:B cell ratio and stimulated using plate-bound anti-CD3ε (5µg/mL) under
TFH1-like or TFH0-like conditions. Where indicated, IL-12 was omitted from the TFH1-like
conditions. T and B cells were co-cultured for 5 days, at which point supernatants were collected
for analysis of antibody production.
Antibody production was measured using the BD Pharmingen Mouse Immunoglobulin
Isotyping ELISA kit according to the manufacturer’s instructions. OD450 values were calculated
by subtracting OD450 readings taken from supernatants from B cells cultured alone in the
indicated polarizing conditions from the OD450 values of co-cultured samples.

RNA isolation and qRT-PCR
RNA was purified using the NucleoSpin RNA Kit (Macherey-Nagel). Complementary DNA
was generated using the Superscript IV First Strand Synthesis System (Thermo Fisher). qRTPCR reactions were performed with 10-20 ng cDNA per reaction, gene-specific primers (Rps18
forward: 5’-GGAGAACTCACGGAGGATGAG-3’, Rps18 reverse: 5’CGCAGCTTGTTGTCTAGACCG-3’; Bcl6 forward: 5’-CCAACCTGAAGACCCACACTC-3’,
Bcl6 reverse: 5’-GCGCAGATGGCTCTTCAGAGTC-3’; Il21 forward: 5’TGGATCCTGAACTTCTATCAGCTCC-3’, Il21 reverse: 5’-AGGCAGCCTCCTCCTGAGC3’; Ifng forward: 5’-CTACCTTCTTCAGCAACAGC-3’, Ifng reverse: 5’GCTCATTGAATGCTTGGCGC-3’; Cxcr5 forward: 5’-GTACCTAGCCATCGTCCATGC-3’,
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Cxcr5 reverse: 5’-GTGCACTGTGGTAAGGAGTCG-3’; Btla forward: 5’CATCCCAGATGCCACCAATGC-3’, Btla reverse: 5’-CAGAAAGCAGAGCAGGCAGAC-3’;
Icos forward: 5’-CTCACCAAGACCAAGGGAAGC-3’, Icos reverse: 5’CCACAACGAAAGCTGCACACC-3’; Cd40l forward: 5’AGCCAACAGTAATGCAGCATCCG-3’, Cd40l reverse: 5’AGCCAGAGGCCGACGATGAATG-3’; Sh2d1a forward: 5’CTGGATGGAAGCTATCTGCTG-3’, Sh2d1a reverse: 5’-CAGGTGCTGTCTCGGCACTCC3’; Il6ra forward: 5’-CCACATAGTGTCACTGTGCG-3’, Il6ra reverse: 5’GGTATCGAAGCTGGAACTGC-3’; Tnfsf8 forward: 5’-GCAGCTACTTCTACCTCAGCAC3’, Tnfsf8 reverse: 5’-GTGCCATCTTCGTTCCATGACAG-3’; Pdcd1 forward: 5’CGTCCCTCAGTCAAGAGGAG-3’, Pdcd1 reverse: 5’-GTCCCTAGAAGTGCCCAACA-3’;
Cxcr3 forward: 5’- CCTTGAGGTTAGTGAACGTC-3’, Cxcr3 reverse: 5’GCTGGCAGGAAGGTTCTGTC-3’) and SYBR Select Mastermix (Life Technologies). All
samples were normalized to Rps18 as a control and are represented either as mRNA relative to
Rps18, or as fold change relative to the control sample, as indicated. To measure Il21 and Ifng
transcript expression, the indicated T helper populations were re-stimulated with PMA and
Ionomycin for 2.5-4h.

Immunoblot analyses
Immunoblot analyses were performed as described previously 28. Antibodies used to detect
chosen proteins were as follows: Bcl-6 (1:500, BD Pharmingen), pSTAT3 Y705 (1:20,000,
Abcam), STAT3 (1:5000, Santa Cruz), pSTAT4 Y693 (1:1000, Cell Signaling), and STAT4
(1:2500, BioLegend). For all experiments, -actin (1:15,000, GenScript) expression was
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monitored to ensure equivalent protein loading.

Flow Cytometry
Cells were harvested and washed 1x with FACS buffer prior to staining with flurochromeconjugated anti-Icos PE (eBioscience), anti-IL21R PE (Biolegend), or the isotype controls Rat
IgG2b PE (eBioscience) and Rat IgG2a PE (Biolegend), respectively. Cells were incubated for 1
hour at room temperature and subsequently washed 2x with FACS buffer. For cytokine staining,
cells were treated with Golgi stop (BD Bioscience) and restimulated with 25ng/mL PMA and
3.265 µM Ionomycin for 2h. Cells were fixed and permeablized using the BD Cytofix/Cytoperm
kit as detailed by the manufacturer. Cells were incubated with IL-21R subunit/Fc chimera (R&D
Systems), washed with perm/wash buffer, stained with F(ab’)2 anti-Human IgG Fc R-PE (Life
Technologies), washed, and finally stained with anti-IFN-γ AF700 (R&D Systems). All
incubations occurred for 30 minutes at 4C. Goat F(ab’)2 IgG R-PE (Life Technologies) and Rat
IgG2a AF700 (R&D Systems) were used as isotype controls. Samples were analyzed on the BD
Accuri C6 or the Sony SH800 flow cytometers and data evaluated using Flowjo software.

ChIP
Chromatin was prepared from the indicated T helper cell population as previously described 17.
The resulting chromatin was incubated with either anti-STAT4 (Santa Cruz), anti-STAT3 (Santa
Cruz), or control antibody (Abcam) and immunoprecipitated using Protein G Dynabeads (Life
Technologies). Precipitated DNA was analyzed via quantitative PCR using SYBR Select
Mastermix (Life Technologies) and gene-specific primers: (Bcl6 promoter forward: 5’GCGGAGCAATGGTAA AGCCC-3’, and reverse: 5’-CTGGTGTCCGGCCTTTCCTAG-3’;
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Il21 promoter forward: 5’-CAC ACACCTTGGTGAATGCTG-3’, and reverse: 5’CCATTGGCTAGGTGTACGTGTG-3’). Samples were normalized to total input followed by
the subtraction of the isotype control to account for unspecific binding.

Statistical analyses
All data represent at least two independent experiments. Error bars represent the standard error
of the mean. For statistical analysis, unpaired t tests or one-way ANOVA with Tukey multiple
comparison tests were performed to assess statistical significance, as appropriate for a given
experiment. P values <0.05 were considered statistically significant.
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Results and Discussion
TH1-derived TFH1-like cells are capable of producing IL-21 and providing B cell help
Increasing evidence suggests that considerable heterogeneity exists in TFH cell
populations. This includes a subset termed TFH1 cells, which secrete the cytokines IFN-γ and IL21 and express the chemokine receptor Cxcr324, 29. While TFH1 cells have been observed in
number of clinical and experimental settings, the regulatory mechanisms that contribute to their
development remain unclear 9, 21, 26, 29. A previous study from our laboratory demonstrated that
TH1 cells upregulate a TFH-like gene program in response to decreased T cell receptor stimulation
and IL-2 signaling (Figure 4.1 and 17). These findings were in agreement with several other
studies demonstrating that IL-2 signaling is a potent repressor of TFH cell differentiation30, 31, 32.
Given the TH1 origin of this TFH-like population, we sought to determine whether these cells
were phenotypically and functionally similar to the TFH1 cells described in vivo.
We began by comparing TH0 cells, TH1-derived TFH-like cells (‘TFH1-like’), and a
previously described conventional TFH-like cell population differentiated in the presence of IL-6
and IL-21 (‘TFH0-like’)33, 34. Relative to TH0 cells, both TFH1-like and TFH0-like populations
displayed elevated expression of the TFH lineage-defining transcription factor Bcl-6 (Figure
4.2A and B). We next began to compare the functional properties of these populations by
evaluating their ability to produce IL-21 and IFN-γ. While both TFH1-like and TFH0-like
populations expressed IL-21, the TFH1-like cells were superior IL-21 producers (Figure 4.2C
and D). Importantly, a larger percentage of TFH1-like cells were IFN-γ+IL-12+, a feature
consistent with in vivo derived TFH1 cells (Figure 4.2C and D). We next assessed the B cell
helper activity of the two TFH-like populations. Consistent with the observed differences in IL21 production, TFH1-like cells were more effective at promoting antibody production by B cells
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(Figure 4.2E). Finally, to determine whether there may be additional differences between the
TFH1-like and TFH0-like populations, we assessed TFH gene expression patterns. While there was
no significant difference in the expression of Bcl6 or the chemokine receptor Cxcr5 between the
two populations, TFH1-like cells expressed significantly higher levels of several TFH genes known
to be critical for B cell helper activity including Icos and Cd40l (Figure 4.2F). Collectively,
these data demonstrate that TH1-derived TFH1-like cells are capable of performing functions
attributed to bona fide TFH cells and, surprisingly, are functionally superior to TFH0-like cells
generated in response to the recognized pro-TFH cytokines IL-6 and IL-21.
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Figure 4.1. TH1-derived TFH1-like cells express TFH genes including the chemokine receptor Cxcr3. qRT-PCR
analysis of indicated TFH gene expression in TH1 and TFH1-like cells. Samples were normalized to Rps18 and are
represented relative to the TH1 sample. Data shown are pooled from 4-8 individual experiments with n=1 biological
replicate (1-2 mice) per experiment and presented as mean ± SEM. Statistical significance was assessed by unpaired
Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4.2. TH1-biased TFH-like cells produce IL-21 and exhibit B cell helper activity.
(A) qRT-PCR analysis of Bcl6 expression by TH0, TFH1-like, and TFH0-like cells. The data were normalized to Rps18
and presented relative to the TFH1-like sample (mean of n = 5 ± s.e.m.). (B) Immunoblot analysis of Bcl-6 protein. βactin serves as a loading control. Shown is a representative blot of two independent experiments. (C) qRT-PCR
analysis of Il21 and Ifng expression in the indicated cell populations following stimulation with PMA/Ionomycin for
2.5 hrs. Data are normalized and presented as in ‘A’ (mean of n = 3 ± s.e.m.). (D) Flow cytometry analysis of
intracellular expression of IL-21 and IFN-γ in the indicated cell populations. Shown is representative data from two
independent experiments. (E) ELISA analysis of antibody production by B cells cultured with the indicated cell
population (3:1 B/T ratio) for 5 days (mean OD of n = 3 ± s.e.m.). (F) qRT-PCR was used to assess expression of
the indicated genes. The data were normalized to Rps18 and presented as fold change relative to the TFH1-like
sample (mean of n = 3 ± s.e.m.). *P < 0.05, **P < 0.01, ***P < 0.001 (error bars represent s.e.m.; (A,C) one-way
ANOVA with Tukey multiple-comparison test, (E,F) unpaired Student’s t-test).
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IL-12 promotes TFH gene expression and B cell helper activity of TFH1-like cells
A notable difference between TFH1-like and TFH0-like cells is that the TH1-derived TFH1like cells are cultured in the presence of IL-12, as opposed to IL-6 and IL-21. While IL-12 has
been reported to be an important factor in the in vitro and in vivo differentiation of human TFH
cell populations, the role of IL-12 in promoting murine TFH cell differentiation is less clear35, 36,
37, 38

. In order to assess the role of IL-12 in TFH1-like cell functionality, we cultured TFH1-like

cells with and without IL-12 and assessed their ability to induce B cell-mediated antibody
production. Indeed, TFH1-like cells generated in the absence of IL-12 were poor inducers of B
cell antibody production compared to IL-12-cultured controls (Figure 4.3A). Additionally,
while some TFH genes were unaffected by the loss of IL-12, the expression of several notable TFH
genes including Bcl6, Il21, and Icos was significantly reduced (Figure 4.3B). In agreement with
the transcript data, we also observed significant decreases in Bcl-6 protein and Icos cell surface
expression in TFH1-like cells cultured without IL-12 (Figure 4.3C-D and Figure 4.4A).
Importantly, we also observed a significant decrease in IFN-γ+IL-21+ cells in the absence of IL12 (Figure 4.3E and Figure 4.4B). Taken together, these data demonstrate that IL-12 signaling
is a potent inducer of Bcl-6, IL-21, and Icos expression in the TFH1-like population.
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Figure 4.3. IL-12 signaling promotes Bcl-6, IL-21, and Icos expression in TFH1-like cells.
(A) ELISA analysis of antibody production by B cells co-cultured with the indicated T FH1-like population at a 3:1
B/T cell ratio for 5 days (mean OD of n = 3 ± s.e.m.). (B) qRT-PCR to assess expression of the indicated genes in
TFH1-like cells cultured with (white bars) or without (black bars) IL-12. The data were normalized to Rps18 and
presented as fold change relative to T FH1-like cells cultured with IL-12 (mean of n = 3 ± s.e.m.). (C) Immunoblot
analysis of Bcl-6 protein expression in TFH1-like cells cultured with or without IL-12. Shown is a representative blot
of three independent experiments. β-actin was used as a loading control. (D) Flow cytometry analysis of Icos
expression on TFH1-like cells cultured with or without IL-12. Mean fluorescence intensity (MFI) is also shown
(mean of n = 3 ± s.e.m.). (E) Flow cytometry analysis of intracellular expression of IL-21 and IFN-γ in TFH1-like
cells cultured with or without IL-12. The percent of IFN-γ+IL-21+ cells is also shown (mean of n = 4 ± s.e.m.). *P <
0.05, **P < 0.01, ***P < 0.001 (error bars represent s.e.m.; (D) one-way ANOVA with Tukey multiple-comparison
test, (A,B,E) unpaired Student’s t-test).
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Figure 4.4. Gating strategy for flow cytometry analysis.
Gating scheme utilized for each experiment to detect (A) Icos cell surface expression and (B) cytokine production
by CD4+ T cell populations.
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STAT4 and STAT3 associate with the Bcl6 and Il21 loci downstream of IL-12 signaling
We next sought to identify transcription factors downstream of IL-12 signaling that may
regulate TFH gene expression in TFH1-like cells. We began by focusing on STAT4, which is
activated downstream of signals from IL-12 (Figure 4.5A). A previous study described STAT4
association with the Bcl6 and Il21 loci38. Indeed, we observed increased STAT4 enrichment at
the Bcl6 and Il21 promoters in TFH1-like cells cultured in the presence of IL-12, as compared to
cells cultured without IL-12 (Figure 4.5B-D). These findings suggest that STAT4 is a regulator
of Bcl-6 and IL-21 expression in TFH1-like cells.
In addition to STAT4, STAT3 has also been identified as an important positive regulator
of TFH gene expression5, 17, 28, 39. STAT3 is activated in response to signaling from a number of
cytokines including IL-21. As IL-12 signaling induces IL-21 expression by the TFH1-like
population, we next sought to determine the effect of IL-12 signaling on STAT3 activation in
TFH1-like cells. Importantly, we found that STAT3 activation was reduced in the absence of IL12 (Figure 4.5E). Consistent with these data, we observed decreased STAT3 enrichment at the
Bcl6 and Il21 promoters in TFH1-like cells cultured without IL-12 (Figure 4.5F-G). We
hypothesized that STAT3 activation was due to IL-12-dependent IL-21 production and
concomitant autocrine signaling. However, we observed no difference in STAT3 activation or in
the expression of Bcl-6 between wildtype and IL-21R-deficient cells differentiated under TFH1like conditions (Figure 4.6A-C). Collectively, these data implicate cooperative IL-12-dependent
activities of STAT4 and STAT3 in the differentiation and functional regulation of TFH1-like cells.
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Figure 4.5. IL-12 signaling results in increased association of STAT4 and STAT3 with the Bcl6 and Il21 loci.
(A) Immunoblot analysis to assess STAT4 activation (pSTAT4 Y693) in TFH1-like cells cultured with or without IL12. STAT4 and β-actin serve as controls for overall STAT4 and equal protein loading, respectively. Shown is a
representative blot of three independent experiments. (B-D) ChIP assays to evaluate STAT4 enrichment at the Bcl6
and Il21 loci in TFH1-like cells cultured with or without IL-12. Data are represented as percent enrichment relative to
a “total” input sample (mean of n = 3 ± s.e.m.). (E) Immunoblot analysis of activated STAT3 (pSTAT3 Y705) in
TFH1-like cells cultured with or without IL-12. STAT3 and β-actin are shown as controls for overall STAT3 and
equal protein loading, respectively. Shown is a representative blot of three independent experiments. (F-G) ChIP
assays to quantify STAT3 enrichment at the Bcl6 and Il21 loci in TFH1-like cells cultured with or without IL-12.
Data are presented as percent enrichment relative to a “total” input sample (mean of n = 3 ± s.e.m.). *P < 0.05, **P
< 0.01 (error bars represent s.e.m.; unpaired Student’s t-test).
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Figure 4.6. STAT3 activation and Bcl6 expression are independent of autocrine signals from IL-21 in TFH1like cells. (A) Flow cytometry analysis of IL-21R cell surface expression on wildtype (WT) and IL-21R-/- TFH1-like
cells (to confirm IL-21R deletion). (B) Immunoblot analysis of STAT3 activation (pSTAT3 Y705) in WT and IL21R-/- TFH1-like cells. STAT3 and β-actin are shown as controls for total STAT3 and equal protein loading,
respectively. Image shown is representative of 2 independent experiments, with n=1 biological replicate (1 mouse)
per experiment. (C) qRT-PCR analysis of Bcl6 transcript expression in WT and IL-21R-/- TFH1-like cells. Data were
normalized to Rps18 and are presented relative to the WT sample. Data shown are pooled from 3 individual
experiments with n=1 biological replicate (1 mouse) per experiment and presented as mean ± SEM. Statistical
significance was assessed by unpaired Student’s t-test.
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Concluding Remarks
Recent work has established that TH1-biased TFH cell populations exist in vivo and that
these cells play roles in both healthy immune responses and autoimmune disease19, 23, 24, 27, 29.
Despite the apparent importance of these cells to human health, the mechanisms underlying their
formation and function are unknown. Here, we demonstrate that TH1 cells are capable of
differentiating into a TFH1-like cell population that exhibits phenotypic and functional
characteristics associated with TFH1 cells. Similar to TFH1 cells described in vivo, TFH1-like cells
express the TFH lineage-defining factor Bcl-6, the chemokine receptor Cxcr3, and produce both
IFN-γ and IL-21. TFH1-like cells also provide superior B cell help as compared to TFH0-like cells,
likely due to their increased expression of IL-21, Icos, and CD40 ligand.
Our data also implicate IL-12-dependent activation of STAT4 and STAT3 in the
differentiation of the TFH1-like cell population. This is intriguing, as previous reports regarding
the role of IL-12 in murine TFH cell development have been conflicting16, 18, 38. Indeed, while IL12 is required for both TH1 and TFH1-like cell formation, our current and published findings
suggest that levels of IL-2 signaling ultimately specify T helper cell phenotype17, 38. As such, we
speculate that STAT5 activated downstream of IL-2 signaling, which is known to displace
STAT3 at binding sites within TFH gene loci, may also compete with IL-12-dependent STAT4
binding at TFH gene loci. Collectively, our data implicate an IL-12/STAT4/STAT3 signaling
axis in the differentiation of a functional TFH1-like cell population.
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Abstract
The differentiation of CD4+ T helper cells is governed by signals from cell extrinsic
cytokines and the subsequent activation of cell intrinsic transcription factor networks. Cytokinespecific transcriptional networks function to promote the gene expression of a given T helper
subset while repressing alternative cell fates. One group of transcription factors, known as the
Ikaros Zinc Finger (IkZF) family, has been shown to employ a multitude of mechanisms to
regulate gene expression including binding to cis-regulatory elements, recruiting chromatin
remodeling complexes, and interacting with other transcription factors. Evidence has emerged
suggesting unique roles for individual Ikaros Zinc Finger (IkZF) transcription factors in driving
commitment to the T helper 1 (TH1), TH2, TH17, T follicular (TFH), and T regulatory (Treg) cell
subsets. The distinct cytokine milieu responsible for the development of each subset results in
differential expression of IkZF factors across T helper subsets. Upon expression, IkZF members
primarily influence T helper subset development and functionality through the regulation of
cytokine signaling pathways. Here, we review findings regarding the expression and function of
IkZF members in the development of effector CD4+ T helper cell subsets.
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Introduction
The seminal discovery of the T helper 1 (TH1) and TH2 subsets in 1986, was the first step
in teasing out the phenotypic diversity observed among CD4+ T helper cells1. Over the
subsequent decades, the TH1/TH2 dichotomy was further expanded by the identification of
unique T helper lineages including: TH17, T follicular helper (TFH), and T regulatory (Treg) cells2,
3, 4

. The different effector functions performed by each subset permits a highly tailored and

robust antigen-specific immune response. This wide-ranging functionality among T helper cells
is evident when comparing the TH1 secretion of pro-inflammatory cytokines to combat
intracellular pathogens to the TFH-mediated generation of high affinity antibodies by B cells.
Consequently, a lot of work has sought to determine how the development of functionally
diverse CD4+ T helper cell lineages is regulated.
The development of effector CD4+ T cells begins in secondary lymphoid tissues, where
naïve T helper cells are activated by signals from an antigen presenting cell (APC). Most
notably, the naïve T Cell Receptor (TCR) recognizes and engages with cognate antigenic peptide
presented on the Major Histocompatibility Complex II (MHCII) of the APC. TCR stimulation in
conjunction with secondary signals from co-stimulatory receptors, such as CD28, provide the
two required signals for T cell activation5, 6.
Importantly, a third signal from environmental cytokines drives CD4+ T helper cell
subset specification through the activation of cytokine-specific transcription factor networks.
These transcription factor networks function to promote the gene expression of a given T helper
cell subset while repressing alternative cell fates. Expression of master regulators known as
‘lineage defining transcription factors’ within these networks is essential for the commitment to
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an effector lineage. Elucidating the composition and function of these transcriptional networks
remains an area of concerted research.
The zinc finger transcription factor Ikaros has a well-documented role in the development
of immune cell populations. Initially, Ikaros was shown to influence early T cell development,
as mice lacking Ikaros failed to produce the early progenitors to both T and B lymphocytes7, 8. In
the following decades, four proteins with high homology to Ikaros were discovered, establishing
the Ikaros Zinc Finger (IkZF) transcription factor family: Ikaros, Helios, Aiolos, Eos, and
Pegasus encoded by ikzf1, ikzf2, ikzf3, ikzf4, ikzf5 respectively.
Structurally, IkZF members have an N-terminal DNA- binding domain comprised of 4
C2H2 zinc fingers and a C-terminal protein-protein interacting domain containing 2 C2H2 zinc
fingers (Figure 5.1)9. This distinct structure confers diverse functional capabilities, as IkZF
members are capable of positively and negatively regulating gene expression through direct
association with DNA as well as by forming complexes with other proteins. Mechanistically,
IkZF-mediated gene regulation is achieved through: binding of gene regulatory elements,
association with chromatin remodeling complexes such as the nucleosome remodeling
deacetylase (NuRD), interacting with the transcription initiation complex, and promotion of
chromosome conformational changes10, 11.
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Figure 5.1. Structure of IkZF family members
A diagram depicting the structure of the five IkZF family members. Each protein is displayed with the N-terminal
on the left to the C-terminal on the right. The smaller vertical rectangles are representative of zinc fingers within
each proteins structure. IkZF members contain four N-terminal zinc fingers, other than Pegasus which contains 3,
that mediate DNA binding functionality and 2 C-terminal zinc fingers which facilitates homo- and
heterodimerization.
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The previously described role for IkZF factors in early T cell development, coupled with
their multifaceted control of gene regulation, has driven recent research efforts to elucidate novel
functions for IkZF members in regulating the development of effector T helper cells (Table 5.1).
Intriguingly, such efforts have established that IkZF factors can influence CD4+ subset
maturation at many steps along the developmental pathway. Here, we review the literature
concerning the role of IkZF members in the development and function of distinct effector CD4+
T helper cell subsets. As not much is known regarding Pegasus, this review will primarily focus
on the role of Ikaros, Helios, Aiolos, and Eos in effector T cell development.
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Table 5.1. The impact of IkZF members on the development of CD4 + T helper subsets
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TH1:
TH1 cells play a pivotal role in combating intracellular pathogens, both bacterial and
viral, through the secretion of pro-inflammatory cytokines including IL-2 and IFN𝛾12. TH1 cell
specification is initiated by engagement of IL-2 and IL-12 with their corresponding receptors on
naïve T cells and the subsequent upregulation and/or activation of signal-specific transcription
factor networks. Signal Transducer and Activator of Transcription (STAT) factors are key
mediators of these pathways, with IL-2 and IL-12 signaling leading to STAT5 and STAT4
activation respectively13. Furthermore, TH1 cells are characterized by the expression of the
transcription factor T-bet, which is capable of binding gene regulatory elements to promote TH1
development while suppressing alternative T helper lineages and as such, has earned the
classification as the TH1 lineage defining transcription factor.14 Interestingly, IkZF factors have
been shown to influence TH1 development through regulation of both TH1 associated cytokines
and transcription factors.

IkZF in TH1 development
Development of TH1 cells requires the expression of the lineage defining transcription
factor T-bet, encoded by Tbx2114. Ikaros has been implicated in repressing TH1 development
through directly binding the Tbx21 promoter and silencing its expression15, 16. The inverse
relationship between Ikaros and T-bet was further demonstrated upon expression of a dominate
negative form of Ikaros in TH2 cells, resulting in increased T-bet expression15. Supporting this
finding, exposing naïve Ikarosnull CD4+ T cells to TH2 polarizing cytokines resulted in increased
T-bet levels compared to mice expressing WT Ikaros17. Mechanistically, loss of Ikaros in TH2
cells correlated with increased DNA methylation at a region within the promoter as well as two
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intronic enhancers of the Tbx21 gene loci15. Furthermore, expression of Ikaros in DN
thymocytes resulted in T-bet repression, demonstrated by decreased H3K27Me3 at the Tbx21
locus18. ChIP-seq analysis suggests that Tbx21 repression in DN thymocytes may be mediated
by the Ikaros-dependent recruitment of the Polycomb Repressive Complex 2 (PRC2).
The development of robust TH1 cell populations is also contingent on signals from IL-219.
One report indicates the possibility that Ikaros and/or Helios may inhibit TH1 development
through curtailing IL2rα expression, augmenting the ability of the cell to respond to IL-220. It
was shown that loss of Ikaros or Helios function in CD8+ T cells lead to increased IL2rα (CD25)
expression20.

IkZF in TH1 function
The production of the pro-inflammatory cytokine IFN𝛾 is a key function that
distinguishes TH1 cells from other subsets. Releasing the Ikaros-dependent breaks off of T-bet
expression lead to increased production of IFN𝛾, as decreased methylation was observed at the
Ifn𝛾 locus in Ikaros deficient TH2 cells15. Additionally, the expression of STAT1, a key
mediator of the IFN𝛾 signaling pathway, is upregulated in naïve Ikarosnull CD4+ T cells exposed
to TH2 polarizing conditions, correlating with IFN𝛾 production17. In agreement with these
findings, loss of Ikaros or Helios function in CD8+ T cells lead to increased IFN𝛾 production
when cultured with IL-1220.
Interestingly, naïve CD4+ T cells from a novel Helos-/- mouse strain exposed to TH1
polarizing conditions, exhibited a marginal decrease in IFN𝛾 production21. The modest decrease
was attributed to the ability of other IkZF members to compensate for the loss of Helios.
Furthermore, antigen-specific T cells, generated in an ovalbumin-expressing Salmonella
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infection, expressed TH1 features including IFN𝛾 and T-bet, however did not express Helios22.
This inverse relationship between IFN𝛾 and Helios was expanded on by the observation that
IFN𝛾 production is greatly reduced in Helios+FOXP3+ Treg cells compared to Helios-FOXP3+23.
Similarly, Aiolos seems to negatively regulate IFN𝛾, as Aiolos deficiency in TH17 cells leads to
an increase in IFN𝛾 production and subsequently drives TH1 formation24. The summation of
these findings suggests that Ikaros, Helios, and Aiolos can suppress the function of TH1 cells
through inhibiting production of IFN𝛾.

TH2
While a robust T helper 2 (TH2) cell response provides protection against helminth
infections and can assist in tissue repair during chronic inflammation, aberrant TH2 functionality
can contribute to chronic immune disorders including asthma and allergy25. TH2 development is
driven by autocrine IL-4 signaling, initiated by APC engagement with the TCR on a naïve CD4+
T cell. IL-4 signaling through STAT6 in conjunction with signals from the IL-2/STAT5
signaling axis provide a positive feed-back loop which establishes the canonical TH2 phenotype,
including the production of IL-5 and IL-13. This lineage-specific expression profile is driven in
large part through the function of various transcription factors including IRF4, cMAF, AP-1, and
most importantly the lineage defining transcription factor GATA3. Precisely how these
transcription factors drive TH2 polarization and functionality is reviewed extensively elsewhere25,
26, 27

. Intriguingly, a number of reports have implicated a role for members of the IkZF

transcription factor family in regulating various aspects of the TH2 developmental process.
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IkZF in TH2 development
Autocrine IL-4 signaling is a potent driver of TH2 commitment. A role for Ikaros in
regulating IL-4 production was initially demonstrated in mast cells. In opposition to GATA1/2
which were shown to promote IL-4 production, Ikaros was shown to bind cis-regulatory
elements within the Il4 loci, correlating with decreased H3 and H4 acetylation resulting in an
overall decrease in IL-4 production28. While far from the physiological context of a CD4+ T
cells, this early finding suggests a coordinated interplay between Ikaros and GATA proteins in
modifying the chromatin structure at the Il4 locus. Intriguingly, through its c-terminal zinc
finger protein interaction domain, Ikaros has been shown to form a complex with GATA1,
GATA2, and GATA329. Additionally, Ikaros was shown to facilitate the recruitment of GATA
factors to target genes, resulting in the appropriate expression of several hematopoietic genes.
These findings set the stage for Ikaros/GATA3-dependent regulation of Il4 and other GATA
target genes.
In contrast to the findings in mast cells, Ikaros has been implicated in positively
regulating IL-4 production in TH2 cells. Specifically, exposure of naïve CD4+ T helper cells
isolated from Ikarosnull mice to TH2 polarizing conditions leads to reduced production of IL-4,
correlating with decreased expression of the TH2 transcription factors GATA3 and cMaf17.
Mechanistically, direct association of Ikaros with the Il4 loci is accompanied by increased H3
acetylation. Ikaros has also been shown to promote TH2 lineage specification through direct
silencing of the TH1 associated gene tbx21. Indeed, association of Ikaros with the Tbx21
promoter, in TH2 cells, resulted in diminished T-bet expression, as Ikaros deficient TH2 cells
exhibited aberrant T-bet expression15. Intriguingly, Ikaros was also shown to be required for TH2
polarization in vivo, as loss of Ikaros expression lead to an inappropriate TH1 response to the
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Shistosoma mansoni parasite, with the resulting T cell populations exhibiting diminished IL-4
production15.
Helios expression is upregulated in in vivo TH2 cells generated in response to ovalbumin
immunization, coinciding with the expression of GATA3, cMaf, and IL-422. However, Helios
has been shown to not be required for induction of the TH2 phenotype, as loss of Helios
expression had no effect on mRNA levels of TH2 associated cytokines and transcription factors22.
Additionally, no difference in IL-4 production was observed between TH2 polarized WT and
Helios-/- CD4+CD25-CD44- T cells, further establishing Helios as non-essential for TH2
development21. Intriguingly, FOXP3-Helios+ Treg cells exhibit increased IL-4 production
compared to FOXP3-Helios- Tregs, providing evidence for Helios-dependent regulation of IL-4
in a non-TH2 context23. Although Helios is highly expressed in TH2 cells, there is a lack of
concrete evidence pin-pointing Helios as a mediator of TH2 development, which could be due to
Helios functionality being compensated for by other IkZF members, namely Ikaros, due to their
high homology.
Relative to other effector subsets, Aiolos is expressed at very low levels in TH2 cells24. In
fact, IL-4 production by isolated peripheral T cells was unaffected by loss of Aiolos expression30.
Interestingly, one report in a TS1ab murine T cell line has indicated that IL-4 signaling had no
effect on Aiolos expression but could induce Aiolos phosphorylation31. However, seeing as
Aiolos expression is low in TH2 cells, it is unlikely that IL-4-depndent activation of Aiolos
would play a role in the TH2 development process.
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IkZF in TH2 function
TH2 cells mediate their effector functions through the production of the pro-inflammatory
cytokines IL-5 and IL-1325. Ikaros seems to positively mediate TH2 functionality as exposure of
naïve CD4+ T helper cells, isolated from Ikarosnull mice, to TH2 polarizing conditions leads to
reduced production of the TH2 associated cytokines IL-5 and IL-13 while simultaneously
increasing expression of the TH1 cytokine IFN𝛾17.
Eos regulation of TH2 development and functionality remains largely unclear. However,
in Treg cells, which typically express high level of Eos, deficiency in the Nr4a receptor resulted
in reduced Ikzf4 expression correlating with heightened expression of the TH2 cytokines IL-5,
and IL-1332. While it is important to note the difference in cellular context, these data present
the possibility of an inverse relationship between Eos and TH2 associated cytokine production.
Collectively, these data suggest that Ikaros positively regulates TH2 lineage specification.
The role of the other IkZF members in TH2 development isn’t as transparent, as current data
indicate Helios and Aiolos are unessential for TH2 development while the role for Eos remains
largely unknown.

TH17
The third identified T helper subset, TH17 cells, are capable of responding to and
combating pathogens not well suited for TH1 or TH2 responses, such as extracellular bacteria and
some fungi, especially at mucosal surfaes33. Development of TH17 cells is driven by the
combination of signals from TGFβ and IL-6 in mice and IL-1β and IL-21 in humans34, 35, 36, 37.
This unique cytokine milieu results in the upregulation of TH17 transcriptional network including
STAT3 and the lineage defining transcription factor RORɣt, and the subsequent production of
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the pro-inflammatory cytokines IL-17 and IL-22. Importantly, IL-17 has been shown to have
powerful effects on stromal cells, initiating the recruitment of adaptive immune cells including
neutrophils. Although TH17 cells have been shown to aid in host defense, recent reports have
attributed aberrant TH17 function in the pathogenesis of various autoimmune diseases and
inflammatory disorders38. While many different factors have been previously implicated in the
formation of a robust TH17 population, novel insights have indicated a role for IkZF members in
regulating the development of TH17 cells.

IkZF in TH17 development
Generation of a functionally robust TH17 cell population requires cytokine signal
propagation through lineage-specific transcriptional networks, resulting in a subset-specific
transcriptional landscape. Recent work has illuminated Ikaros as a contributor to the TH17
transcriptional network16. Indeed, loss of Ikaros expression in in vtitro TH17 cells resulted in
decreased expression of conical TH17 genes including Ahr, Runx1, Rorc, Il17a, and Il2.
Consistent with the known role for Ikaros in modulating the epigenetic landscape of genes,
expression of Ikaros in TH17 cells correlated with increases enrichment of permissive covalent
histone modifications, including H3K27me2, corresponding with actively transcribing gene.
Helios has been implicated in the early stages of human TH17 cell development, as they
appear to be targets of STAT339. Specifically, upon polarization of Human TH17 cells with
TGFβ, IL-6, and IL-1β, STAT3 directly bound the Ikzf2 (Helios) locus, correlating with
increased Helios transcript. However, outside of this report, there is limited evidence to support
a role for Heilos in the development of TH17 cells.
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The effects of Aiolos on TH17 cell development seem to be species and developmentalstage dependent. Consistent with the discovery that IL-2 negatively regulates TH17 development
in mice, Aiolos has been shown to induce TH17 lineage commitment over the TH1 phenotype in
vitro and in vivo, through direct silencing of the Il2 locus24, 40, 41, 42. As such, expression of
Aiolos in these cells is necessary for the expression of many TH17 associated genes including
Maf, Ah3, Il17a, and Il17f.
Although evidence suggests that Aiolos expression drives TH17 development in mice, a
similar effect is not seen in human TH17 cells. In fact, human TH17 cells exhibit low levels of
Aiolos expression43. Interestingly, neutralizing TNF-𝛼 signaling in human TH17 cells drives
Aiolos expression, where it directly binds and promotes the expression of the
immunosuppressive cytokine IL-1043. Furthermore, in early human TH17 cells, STAT3 signaling
downstream of TH17 associated cytokines resulted in the indirect silencing of Ikzf3 (Aiolos)
expression39. While Aiolos seems to negatively influence TH17 development in humans, some
evidence from human Tregs suggest Aiolos may positively influence TH17 associated genes.
Specifically, Treg cells deficient in Helios exhibit increased Aiolos expression, correlating with
increased ROR𝛾t and Cmaf levels, and seem to take on the TH17 developmental pathway23.
One explanation for the host- and cellular context-dependent function of Aiolos in TH17
cell development, is the unknown impact of IL-2 on human TH17 cells. In fact, IL-2 is utilized in
the in vitro culturing conditions for human TH17 cells and has even been shown to promote Treg
to TH17 transition, suggesting that the IL-2-dependent suppressive pathway is different between
mice and humans34, 44. Continued research is needed to parse out the differences in Aiolos
function between human and mouse TH17 cells.
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In contrast to other IkZF members, Eos is expressed at very low levels in TH17 cells24.
While it seems that Eos doesn’t promote TH17 development, some evidence suggests it may
repress the TH17 phenotype. Specifically, inhibition of Eos expression by the miRNA, miR-17,
resulted in enhanced TH17 polarization45. Additionally, analysis of Tregs provides evidence for
Eos as a negative regulator of a TH17 phenotype, as both Treg and conventional T cells that lost
Eos expression gain the ability to produce IL-17.46 In agreement with this finding, Eos-/- mice
developed more severe EAE, correlating with an increased concentration of IL-17 in the CNS47.
Furthermore, treatment of Treg cells with the TH17 polarizing cytokine IL-6, resulted in the
downregulation of Eos46, 48.

IkZF in TH17 function
TH17 cells function by combating pathogens and protecting mucosal barriers through the
production of the cytokines IL-17 and IL-2236, 49. It has been shown that the ability of TH17 cells
to produced IL-17 is significantly reduced upon loss of Ikaros or Aiolos expression16, 24.
Intriguingly, a recent report has described a somewhat conflicting role for Ikaros in TH17
function, as inhibiting DNA-binding capability of Ikaros had negligible effect on IL-17
production while production of the IL-22 was increased50. One explanation for the discrepancy
presented by this study is the use of the zinc finger specific knockout Ikzf1∆f4/∆f4 mouse model,
as oppose to utilizing a complete IkZF1-/- knockout. Zinc fingers 1 and 4 of the N-terminal zinc
finger domain of Ikaros have been implicated in controlling binding to specific sites, while zinc
fingers 2 and 3 have been shown to recognize the core consensus sequence GGGAA51, 52, 53.
Importantly, phenotypic differences have been detected between Ikzf1∆f4/∆f4 and Ikaros null mice,
thus could explain these contradicting findings54.
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As there is a high degree of plasticity seen between TH17 and Treg cells and Helios has
been shown to promote Treg differentiation, it is possible that Helios negatively regulates TH17
phenotype by selecting for the Treg lineage55, 56. Intriguingly, Helios expression does not change
between conventional FOXP3+ Treg cells and a subset of Tregs that expresses the TH17 lineage
defining factor ROR𝛾t (FOXP3+ ROR𝛾t+) Treg cells, indicating that the ability of these cell to
produce IL-17 is unrelated to Helios expression57. However, the production of IL-17 is
significantly higher in human memory Tregs (FOXP3+Helios-) compared to a FOXP3+Helios+
population, suggesting Helios may negatively regulate IL-17 production, at least in the context of
a memory Treg cell23.
The summation of these findings suggest that Ikaros is a strong inducer of the TH17
phenotype. Intriguingly, while Helios does not seem to have a significant impact on TH17
commitment, Aiolos can promote TH17 development in a host dependent manner. Conversely,
Eos may function to negatively regulate TH17 development.

TFH
T follicular helper (TFH) cells participate in immune responses directed against a diverse
array of pathogens through their contribution to the generation of humoral immunity.
Specifically, TFH cells engage in cognate interactions with B cells and produce the cytokine IL21 to support the formation of germinal centers in secondary lymphoid tissues and B cell
production of high-affinity, pathogen-specific antibodies58, 59, 60, 61. The environmental factors
and known transcriptional regulators of TFH cell differentiation have been extensively reviewed
elsewhere58, 62, 63, 64. Briefly, TFH cell differentiation from activated, naïve CD4+ T cells requires
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signals from both IL-6 and IL-21, resulting in the activation of STAT364, 65. STAT3 functions to
directly activate the expression of TFH genes, including that of the transcriptional repressor, Bcl6, which has been established as the lineage-defining transcription factor for the TFH cell subset.
Curiously, in addition to the above “de novo” TFH cell differentiation (i.e. from naïve CD4+ T
cells), other T helper cell subsets have been shown to upregulate the expression of Bcl-6 and
exhibit a TFH-like phenotype66, 67, 68, 69. Thus, the formation of TFH cell populations is a complex
process, the full regulatory mechanisms of which are still being determined.

IkZF in TFH development
In vitro, TH1 cells exposed to decreasing concentrations of IL-2 have been shown to
upregulate both Bcl-6 and additional canonical TFH genes including Cxcr5, Il6ra, Sh2d1a, Btla
and Il2166, 67, 70. As discussed for other T helper cell populations, IkZF family members may also
influence TFH cell differentiation through the regulation of both cytokine and cytokine receptor
expression. Indeed, previous work in TH17 cells has established that Aiolos directly represses
the expression of IL-2, which is known to negatively regulate TFH cell differentiation24, 66, 71, 72, 73,
74

. While one study found that Aiolos was enriched much more highly at the Bcl6 promoter than

at the Il2 locus in in vitro-generated TFH-like cells, further work will be necessary to determine
whether this mechanism functions similarly in bona fide, in vivo-generated TFH cell populations.
Unlike findings for all other IkZF family members, studies both in vitro and in vivo have
found that Eos expression inversely correlates with that of TFH genes32. In vivo, regulatory T
cells with reduced Eos expression were found to upregulate both the TFH gene program and gain
TFH cell functions including the ability to support germinal center reactions32, 70. However,
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whether Eos functions to directly repress the TFH gene program or functions to promote the
expression of alternative effector cell phenotypes, is unclear.

Treg
Unlike other subsets of T-helper cells, the primary function of regulatory T cells (Tregs)
is to maintain immune tolerance through the secretion of anti-inflammatory cytokines such as IL10 and TGF-β75. Treg development is driven by signals propagated through TGF-β engagement
with its cognate receptor and the resulting expression of Treg specific transcription factors
including STAT3. Intriguingly, these cells are marked by the stable expression of the lineage
defining transcription factor Forkhead box P3 (Foxp3) and high levels of the IL-2 receptor α
chain (CD25)76. The stable expression of CD25, in conjunction with the inability to produce IL2, allow Tregs to act as 'IL-2 sinks', further restraining immune responses within the
microenvironment75. Over time it was discovered that there are two major subsets of Treg cellsthat arise from the thymus (tTregs; previously defined as nTregs) and Treg cells that can arise in
the periphery (pTregs; previously defined as iTregs). It is thought that while tTregs are essential
for immune tolerance towards self-antigens, while pTregs are important in maintaining immune
homeostasis in the presence of gut microbiome75.

IkZF in Treg development
Initially, gene expression analysis via microarray studies revealed that Eos was highly
expressed in Treg cells (defined as: CD4+CD25+Foxp3+)77. It was observed that Eos was a key
mediator of FoxP3 mediated gene suppression by forming a protein complex with FoxP3 and Cterminal binding protein (CtBP) to promote gene silencing, in Treg cells78. Specifically, this
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complex targeted and silenced Il2 expression and upon knockdown of Eos lead to a decrease in
Treg function, resulting in accentuated colitis in mice78. Eos repression of IL-2 seems to be
dependent on expression of Foxp3 as Eos has been shown to positively regulate IL-2 production
in conventional T helper cells that lack Foxp3 expression47. However, Treg gene signature was
undisturbed by the loss of Eos, suggesting that multi-protein complexes formed between Foxp3
and its binding partners had a certain level of redundancy79. Intriguingly, Helios has also been
shown to silence Il2 in Treg cells through the recruitment of Foxp3, although there is no
evidence to date suggesting a Helios complex similar to the repressive Eos-Foxp3 complex80.
Recent studies have described a lineage of Treg cells, known as Foxp3+ helper cells,
whereby Foxp3 exhibits diminished repressive capabilities and takes on a somewhat paradoxical
effector-like role81. Intriguingly, stable expression of Eos inhibits the conversion of Tregs to this
helper like subtype46. Additionally, a subset of Tregs, deemed Eos-labile Tregs, is capable of
reprograming to a Foxp3+ helper cell phenotype upon IL-6 treatment and subsequent
downregulation of Eos expression. Furthermore, loss of Eos lead to an increase in production of
IL-2, IL-17 and the cell surface marker CD40L. Mechanistically, it was later established that miRNA17 downstream of IL-6 signaling targets and suppresses Eos expression in Tregs48.
Collectively, these studies illustrate a role for Eos as a corepressor to Foxp3, with diminished
expression of Eos resulting in deficient immunosuppressive capabilities of Treg cells.
In the presence of the Aryl Hydrocarbon Receptor (AhR)ligand 2,3,7,8tetrachlorodibenzo-p-dioxin (TCDD)and TGF-β, Treg cells (Foxp3+ iTregs) up-regulated Aiolos.
As with Eos and Helios, Foxp3 was shown to form a complex with Aiolos and functioned to
suppress Il2 expression82. Subsequent studies documented that Foxp3 can also interact with
Ikaros; with certain binding partners of FoxP3, such as Ikaros, being transcriptional regulated by
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FoxP3 itself, forming feedback loops83. It is still unknown if other transcriptional targets of
Aiolos-Foxp3 complex exists.

IkZF in Treg function
Microarray analysis carried out in CD4+CD25+ T-cells indicated that Helios could be a
potential marker for Treg cells84. While in vitro analysis showed no changes in the proliferative
or suppressive capacity of Treg cells generated from Helios deficient mice, the unique expression
of Helios to tTregs and not pTregs, lead to the notion that Helios could serve as a potential
marker to differentiate tTregs from pTregs21, 55. However, several studies since then have
demonstrated that Helios is also expressed in pTregs85, 86, 87. Hence, one must be cautious when
using this transcription factor as a marker to distinguish between the subsets of regulatory Tcells.
Additionally, the suppressive capacity of Treg cells was greatly diminished when Helios
was knocked down80. Five-month old Helios deficient mice, indicated higher levels of activated
T-cells and GC B-cells, along with increased levels of auto-antibodies88. It was further
demonstrated that this increase in auto-immunity was due to defects in Treg cells. ChIP-seq
analysis revealed that Helios primarily bound to promoter regions within the genome and played
an important role in positively regulating both the expression and activity of STAT5B as well as
FoxP3 in CD4+FoxP3+ T-cells. These cells, upon loosing Helios expression were also shown to
exhibit elevated expression of IFN-γ and IL-17, indicating the presence of Helios may promote
Treg cells by inhibiting TH1 and TH17 phenotypes.
Although Helios may not be a robust characteristic to distinguish tTregs and pTregs,
Helios expression in Tregs may function as a prognostic marker in caner as Heios+ Treg cells had
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better suppressive functionality in vitro89. Indeed, patients who had lower expression of Helios
in Tregs had significantly poorer outcomes then patients with higher Helios expression89, 90, 91.
The contribution of this subset within the tumor seems to facilitate an anti-tumor
microenvironment, as a recent study saw that knocking down Helios within Foxp3+ CD4+ T-cells
increased IFN-γ and TNFα production by Treg cells within the tumor92. On the other hand,
studies conducted in human Treg cells (Helios+/Helios- Foxp3+) sorted ex vivo showed Helios
deficient cells exhibited higher levels of IL-10 and IL-17, with the presence of IL-1R1 being a
distinguishing marker between Helios+ and Helios- Treg cells23. It is important to note that Treg
cells isolated from patients with arthritis indicated Helios+ and Helios- cells in contrast both
expressed IL-1R193.

Interplay between IkZF factors and IL-2 signaling
The IL-2/STAT5 signaling pathway has a profound impact on CD4+ subset
specification94. Specifically, IL-2 signaling has shown to promote TH1, TH2, and Treg
development while inhibiting TH17 and TFH development. Through regulating aspects of this
signaling pathway, IkZF members are able to influence effector T helper cell lineage
commitment.

Effects of IL-2 signaling on IkZF expression
Signals from IL-2 have distinct effects on the expression levels of IkZF members.
Curtailing the extracellular IL-2 concentration in in vitro polarized TH1 cells, results in the
downregulation of the TH1 phenotype66. Intriguingly, the suppression of the TH1 phenotype
correlated with changes to IkZF expression levels as Ikaros, Helios, and Aiolos increased and
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Eos decreased at both the transcript and protein levels70. Importantly, the expression of Aiolos
was downregulated in an in vivo TH1 effector population generated in response to Listeria
monocytogenes and Influenza infection. Given their distribution of expression in TH1 cells and
their sensitivity to IL-2, one way IkZF members may influence TH1 development is through
regulation of IL-2 production (Figure 5.2).

IkZF-mediated regulation of IL-2
It is well established that IkZF members can regulate gene expression through direct
association with genetic regulatory regions. Indeed, independent studies have established that
IkZF members associate with the Il2 locus, and subsequently alter IL-2 production (Figure 5.2).
Specifically, in anergic T helper cells receiving only TCR stimulation, Ikaros was shown to bind
sequence-specific regions of the Il2 promoter10. Importantly, diminishing Ikaros functionality,
via expression of a double negative isoform of Ikaros, resulted in increased acetylation at the Il2
promoter which correlated with increased IL-2 production. Mechanistically, Ikaros induces
deacetylation at the Il2 locus through the recruitment of Histone Deacetylases (HDACs),
establishing Ikaros as a negative regulator of IL-2 production95.
In striking similarity to Ikaros, Helios and Aiolos were also shown to bind the Il2
promoter in Treg and TH17 cells respectively, also correlating with decreased acetylation and
subsequent quenching of IL-2 production24, 80. Intriguingly, Helios mediated suppression of Il2
is dependent on the recruitment of the transcriptional repressor FoxP3.
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Figure 5.2. Interplay of IL-2 signaling and IkZF transcription factors
The first column details the effect of IL-2 signaling on the expression of each individual IkZF factor, represented by
the red down (decreased) or green up (increased) arrow. The proceeding column displays the mechanisms employed
by each IkZF factor to regulate the Il2 locus and resulting effect on IL-2 production.
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This FoxP3-dependent mechanism of Il2 suppression is not unique to Helios, as Eos was
also shown to repress IL-2 production in Tregs via the recruitment of FoxP378. In contrast to this
finding, Eos expression has been shown to positively influence IL-2, as Eos-/- conventional T
cells exhibit decreased IL-2 production47. Conventional T cells don’t express Foxp3 thus, these
experiments suggest that Eos may only suppress IL-2 when co-expressed with Foxp3. However,
it remains unclear whether Eos effect on IL-2 expression is an outcome of direct Eos binding to
the Il2 promoter. As with Eos and Helios, Foxp3 was shown to complex Aiolos and could
suppress Il2 expression82.
Taken together, these data suggest that subset development may be influenced by IkZF
mediated regulation of the IL-2 signaling pathway. Collectively, the evidence suggests Ikaros,
Helios, Aiolos, and Eos can all suppress IL-2 production through modifying the Il2 locus, while
conversely, Eos is capable of inducing IL-2 production in the absence of Foxp3.

Concluding remarks
An increasing body of evidence is emerging attributing IkZF family members as key
regulators of CD4+ T helper subset development and function (Table 5.1). It is evident that
these factors are capable of influencing effector subset commitment by regulating many of the
steps along the T helper cell developmental pathway. As such, IkZF members have been shown
to exert their influence on lineage-specification by altering the expression of essential subsetspecific cytokines and transcription factors. Intriguingly, despite the high degree of homology
between factors, the expression pattern and function of each factor is unique to each member.
While there is much more to discover regarding the ramifications of IkZF expression in T helper
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cell differentiation, it is clear that Ikaros, Helios, Aiolos, and Eos all play roles in influencing
effector T helper cell subset development.
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Abstract
Bcl-6 (B cell lymphoma-6) is a transcriptional repressor required for the differentiation of T
follicular helper (TFH) cell populations. Currently, the molecular mechanisms underlying the
transcriptional regulation of Bcl-6 expression are unclear. Here, we have identified the Ikaros
zinc finger (IkZF) transcription factors Aiolos and Ikaros as novel regulators of Bcl-6. We found
that increased expression of Bcl-6 in CD4+ T helper cell populations correlated with enhanced
enrichment of Aiolos and Ikaros at the Bcl6 promoter. Furthermore, overexpression of Aiolos or
Ikaros, but not the related family member Eos, was sufficient to induce Bcl6 promoter activity.
Intriguingly, STAT3, a known Bcl-6 transcriptional regulator, physically interacted with Aiolos
to form a transcription factor complex capable of inducing the expression of Bcl6 and the TFHassociated cytokine receptor Il6ra. Importantly, in vivo studies revealed that the expression of
Aiolos was elevated in antigen-specific TFH cells compared to that observed in non-TFH effector
T helper cells generated in response to influenza infection. Collectively, these data describe a
novel regulatory mechanism wherein STAT3 and the IkZF transcription factors Aiolos and
Ikaros cooperate to regulate Bcl-6 expression.

156

Introduction
CD4+ T helper cells are responsible for coordinating a wide array of immune responses.
Upon activation, naïve CD4+ T cells differentiate into specific T helper cell subtypes that are
critical for coordinating individual activities as part of a pathogen-specific immune response.
These include T helper 1 (TH1), TH2, TH17, TH9, TH22, and T follicular helper (TFH) cell
populations1, 2, 3, 4. The armamentarium provided by these subsets is diverse, ranging from the
TH1-mediated secretion of pro-inflammatory cytokines such as IFN-γ to the critical role of TFH
cells in promoting the generation of pathogen-neutralizing antibodies by B cells. This level of
CD4+ T cell subtype specialization depends upon unique lineage-defining transcription factors
that direct T helper cell development by both activating cell-specific gene expression programs
and repressing alternative T helper cell fates5, 6, 7, 8.
One such example is the transcriptional repressor B cell lymphoma 6 (Bcl-6). Bcl-6 is a
member of the broad-complex, tramtrack and bric-à-brac-zinc finger (BTB-ZF) family of
proteins, and has been identified as a lineage-defining transcription factor required for both TFH
cell differentiation and the formation of germinal centers9, 10, 11, 12, 13. Additionally, Bcl-6 is
important to numerous aspects of B cell development and function, as well as the differentiation
of CD4+ and CD8+ memory T cell populations5, 14, 15, 16. A conserved role for Bcl-6 in the
generation of these populations is to repress the expression of a second repressor, B lymphocyteinduced maturation protein-1 (Blimp-1), a direct antagonist of both TFH- and memory cellassociated genes5. Other Bcl-6 target genes include those that encode the TH1 and TH2 cell
lineage-defining transcription factors T-bet and Gata3, as well as genes associated with cell cycle
and metabolic regulation10, 11, 12, 14, 17. Thus, through its ability to modulate a litany of
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developmental and regulatory pathways, Bcl-6 has emerged as a key driver of immune cell
differentiation and function.
As with other transcriptional regulators, the expression and activity of Bcl-6 is regulated
by cell-intrinsic signaling cascades initiated by extracellular cytokine signals. For example, it is
recognized that the cytokines IL-6, IL-12, and IL-21 promote Bcl-6 expression in CD4+ T cells
18, 19, 20, 21, 22, 23, 24

. In contrast, signaling cascades initiated downstream of IL-2 and IL-7

negatively regulate Bcl-625, 26, 27, 28, 29, 30. The differential effects of these cytokines are
propagated through the activation of specific STAT factors known to associate with regulatory
regions within the Bcl6 gene locus. Specifically, STAT1, STAT3, and STAT4 have been shown
to positively regulate Bcl-6 expression, while STAT5 is a demonstrated repressor of Bcl-621, 31.
Beyond STAT factors, additional transcriptional regulators including Batf and Tcf-1 have been
shown to induce Bcl-6 expression32, 33, 34, 35. Despite these important insights, many questions
remain regarding the identity of the transcriptional network that regulates Bcl-6 expression in
CD4+ T cell populations.
Similar to STAT factors, the five members of the Ikaros Zinc Finger (IkZF) family of
transcription factors have been implicated in the differentiation of numerous immune cell types,
including T helper cell subsets36, 37, 38, 39. In the current study, we found that the expression
patterns of two IkZF factors, Aiolos and Ikaros, correlated with the expression of Bcl-6 in both in
vitro-generated TFH-like and in vivo-generated TFH cell populations. Mechanistically, we found
that Aiolos and Ikaros were enriched at the Bcl6 promoter and that their association was
coincident with chromatin remodeling events consistent with gene activation including increased
histone acetylation and histone 3 lysine 4 tri-methylation (H3K4Me3). Surprisingly, we found
that Aiolos physically interacted with the known Bcl-6 activator STAT3 to form a novel
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transcription factor complex capable of inducing Bcl-6 expression. Importantly, we found that
Aiolos expression was elevated in antigen-specific TFH cells, as compared to non-TFH effector
cells, generated in response to influenza infection. Collectively, our findings identify Aiolos as a
novel regulator of Bcl-6 expression and uncover an unexpected, cooperative relationship
between IkZF and STAT transcription factors that may be an important regulatory feature in the
specification of T helper cell differentiation programs.
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Materials and Methods
Primary cells, cell culture, and nucleofection
Naïve CD4+ T cells were isolated from the spleens and lymph nodes of 5-8 week old age- and
sex-matched C57BL/6 mice using the MagCellect CD4+ T cell isolation kit (R&D Systems) per
the manufacturer’s instructions. Cells were plated at a density of ~5.0 x 105 cells/well in
complete Iscove's modified Dulbecco's medium [“cIMDM”: IMDM (Life Technologies), 10%
FBS (26140079, Life Technologies), 1% Penicillin-Streptomycin (Life Technologies), 0.05% βmercaptoethanol (Sigma Aldrich)] and stimulated using plate-bound anti-CD3ε (5 µg/ml, BD
Biosciences) and anti-CD28 (10 µg/ml, BD Biosciences) in the presence of TH1-polarizing
conditions: 5 ng/ml IL-12 (R&D Systems), 5 µg/ml anti-IL-4 (BioLegend, 11B11), and 20 ng/ml
IL-2 (Peprotech). After 72h, cells were removed from stimulation and expanded to plate at 5 x
105 cells/well in TH1-polarizing conditions containing either “high” IL-2 (20 ng/ml) or “low” IL2 (0.8 ng/ml) for an additional 2 days to generate TH1 or TFH-like cell populations, respectively
(Supplemental Fig. 1A) 28, 30. To generate “Awe et al.” TFH-like cells, CD4+ T cells were
cultured as previously described 40. Briefly, naïve CD4+ T cells were isolated as described above
and stimulated on plate-bound anti-CD3ε (5 μg/ml) and anti-CD28 (10μg/ml) for 72h in cIMDM
in the presence of TFH-polarizing conditions: (10μg/ml anti-IFNγ (BioLegend, XMG1.2),
10μg/ml anti-TGFβ (BioXCell, 1D11), 10μg/ml anti-IL-2 (eBioscience, JES-1A12), 10μg/ml
anti-IL-4, 100ng/ml rmIL-6 (R&D Systems), and 50ng/ml rmIL-21 (Peprotech). Subsequently,
cells were expanded and placed in fresh media containing 0.8ng/ml IL-2, 100ng/mL rmIL-6, and
50ng/ml rmIL-21 for an additional 48h. TH2 cells were generated under the following polarizing
conditions (10 ng/ml IL-4, 20 ng/ml IL-2, 10µg/ml α-IFNγ). All studies involving mice were
conducted in accordance with the National Institutes of Health Guide for the Care and Use of
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Laboratory Animals and approved by the Institutional Animal Care and Use Committee of
Virginia Tech and the University of Alabama at Birmingham.
The murine EL4 T cell line (ATCC, TIB-39) was cultured as previously described 28, 41. EL4
cell nucleofection was performed using the Lonza 4D Nucleofection system (Program CM-120;
Buffer SF). Overexpression of proteins was confirmed via immunoblot and endogenous gene
expression changes in response to overexpressed proteins were assessed using qRT-PCR
analysis. Expression vectors were generated by cloning the coding sequence of genes of interest
into the pcDNA3.1/V5-His-TOPO® vector (K4800, Life Technologies). Sequences were
confirmed by sequencing with T7 and BGH primers, followed by transfer of the coding sequence
into the pEF1/V5-His vector (V920, Life Technologies). The constitutively active STAT3
(“STAT3CA”) expression vector was generated using the methods above in conjunction with the
Agilent QuikChange kit (200519) as previously described 42. Expression of each protein was
confirmed via immunoblot using both V5- and protein-specific antibodies.

RNA purification and qRT-PCR
RNA was isolated using the NucleoSpin RNA kit (Macherey-Nagel) and cDNA was generated
using the SuperScript IV First-Strand Synthesis System (Life Technologies), according to the
manufacturers’ instructions. cDNA was used at a concentration of 20 ng per qRT-PCR reaction
with gene-specific primers (Rps18 forward: 5’-GGA GAA CTC ACG GAG GAT GAG-3’,
Rps18 reverse: 5’-CGC AGC TTG TTG TCT AGA CCG -3’; Bcl6 forward: 5’-CCA ACC TGA
AGA CCC ACA CTC-3’, Bcl6 reverse: 5’-GCG CAG ATG GCT CTT CAG AGT C-3’; Ikzf1
forward: 5’-ACG CAC TCC GTT GGT AAG CCT C-3’, Ikzf1 reverse: 5’-TGC ACA GGT CTT
CTG CCA TCT CG-3’; Ikzf2 forward: 5’-ACG CTC TCA CAG GAC ACC TCA G-3’, Ikzf2

161

reverse: 5’-GGC AGC CTC CAT GCT GAC ATT C-3’; Ikzf3 forward: 5’-GCT GCA AGT GTG
GAG GCA AGA C-3’, Ikzf3 reverse: 5’-GTT GGC ATC GAA GCA GTG CCG-3’; Ikzf4
forward: 5’-GAC GCA CTC ACT GGC CAC CTC C-3’, Ikzf4 reverse: 5’-GGC ACC TCT CCT
TGT GCT CCT CC-3’; Ikzf5 forward: 5’-TCG GTA CTG CAA CTA TGC CAG C-3’, Ikzf5
reverse: 5’-AGG TGG CGC TCG TAA GCA GAT G-3’; Il6ra forward: 5’-CCA CAT AGT
GTC ACT GTG CG-3’, Il6ra reverse: 5’-GGT ATC GAA GCT GGA ACT GC-3’; and Il2ra
forward: 5’- CCA CAA CAG ACA TGC AGA AGC C -3’, Il2ra reverse: 5’-GCA GGA CCT
CTC TGT AGA GCC TTG-3’) and SYBR Select Mastermix for CFX (Life Technologies). All
samples were normalized to Rps18 as a control and either represented relative to Rps18
expression or relative to the indicated control sample.

siRNA nucleofection
Day 5 primary murine TFH-like cells were nucleofected with siGENOME SMARTpool siRNA
(Dharmacon, D-051247, D-064214) targeting Ikzf1, Ikzf3, or both, using the Lonza 4D
nucleofector system and buffer P3 per the manufacturer’s instructions. siGENOME nontargeting siRNA was used as a control (Dharmacon, D-001210-01). Following nucleofection,
cells recovered in TH1-polarizing conditions containing low IL-2 (TFH-like polarizing conditions)
for 48h. RNA was isolated and changes in gene expression were analyzed via qRT-PCR,
including Ikzf1 and Ikzf3 to establish knockdown efficiency.

Immunoblot analysis
Immunoblot analysis of endogenous and overexpressed proteins was performed using standard
procedures. Briefly, cell pellets were lysed in 1X SDS-PAGE buffer (50 mM Tris, pH 6.8, 100
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mM DTT, 2% SDS, 0.1% bromophenol blue, 10% glycerol) and immediately boiled for 15
minutes. Separation of lysates from an equivalent number of cells by SDS-polyacrylamide gel
electrophoresis was followed by immunoblot analysis on 0.45 m nitrocellulose membrane,
which had been blocked using 2% instant non-fat dry milk in TBS-T (10 mM Tris pH 8.0, 150
mM NaCl, 0.05% Tween-20). Antibodies used to detect proteins of interest were as follows:
Aiolos ([1:500] Active Motif, 39657; [1:5,000] Santa Cruz, sc-18683X), Ikaros ([1:5,000] Santa
Cruz, sc-13039X), Eos ([1:1,000] Millipore, ABE1331), Bcl-6 ([1:500] BD Pharmingen,
561520), and V5 ([1:20,000] Invitrogen, R960). β-actin ([1:15,000] Genscript, A00730)
expression was used as a control to ensure equivalent protein loading.

Promoter-reporter analysis
A Bcl6 promoter-reporter construct (pGL3-Bcl6) was generated by cloning the regulatory region
of Bcl6 (positions -1573 to 0, in base pairs) into the pGL3-Basic vector (Promega). EL4 T cells
were nucleofected with expression vectors for Ikaros, Aiolos, Eos, or indicated mutants, in
conjunction with pGL3-Bcl6 and a SV40-renilla vector as a control for transfection efficiency.
Following 20-24 hours of recovery, samples were harvested and luciferase expression was
analyzed using the Dual-Luciferase Reporter system according to the manufacturer’s instructions
(Promega). Abundance of overexpressed proteins was assessed via immunoblot.

Chromatin immunoprecipitation (ChIP) assay
ChIP assays were performed as published 28, 30. In brief, chromatin was harvested from TH1 and
TFH-like cells and immunoprecipitated with antibodies to Aiolos (Santa Cruz, sc-18683X , 5
µg/IP), Ikaros (Santa Cruz, sc-9859X, 5 g/IP), STAT3 (Santa Cruz, sc-482X, 5 g/IP),
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H3K4Me3 (Active Motif, 39160, 1 l/IP), H4Ac (Active Motif, 39926, 1 l/IP), H3K27Ac (07-360,
Millipore, 1 l/IP), H3K9Ac (06-942, Millipore, 1 l/IP), or IgG control (Abcam, ab6709, 5
g/IP). Precipitated DNA was analyzed by qPCR with gene-specific primers (Bcl6 “A” forward:
5’-GTA CTC CAA CAA CAG CAC AGC-3’, and reverse, 5’- GTG GCT CGT TAA ATC ACA
GAG G-3’; Bcl6 “B” forward: 5’-CGA CCT TGA AAC GAA CCC AG-3’, and reverse: 5’-GTG
TGG GTA CGT GTA ATG TTT GCC-3’; Bcl6 “C” forward: 5’-CGA GTT TAT GGG TAG
GAG AGG-3’, and reverse: 5’-GTC TTC GCT GTA GCA AAG CTC G-3’; Bcl6 “D” forward:
5’-GCG GAG CAA TGG TAA AGC CC-3’, and reverse: 5’-CTG GTG TCC GGC CTT TCC
TAG-3’; Il2 forward: 5’-CTG CCA CAC AGG TAG ACT C-3’, and reverse: 5’-GGT CAC TGT
GAG GAG TGA TTA GC-3’). Samples were normalized to a standardized total input DNA
control followed by subtraction of the IgG antibody as a control for the non-specific binding.
The final value represents the percent enrichment of Aiolos, Ikaros, STAT3, H3K4Me3, H4Ac,
H3K27Ac, and H3K9Ac.

Co-immunoprecipitation (Co-IP) assay
Co-Immunoprecipitation assays were performed as previously described 17, 30. Briefly, lysates
from primary murine TFH-like cells or EL4 cells overexpressing the indicated proteins were
immunoprecipitated with an experiment-specific antibody or antibody control. Lysates were
then incubated at 4C in the presence of Protein A or Protein G sepharose beads (Millipore,
16157, 16201) for 1-2 hours. Immunoprecipitated proteins were detected by subsequent
immunoblot analysis. The following antibodies were used for immunoprecipitation at 5 g/IP,
for both overexpression and primary T cell Co-IP analyses: STAT3 (Santa Cruz, sc-482X),
Ikaros (Santa Cruz, sc-9859X). Antibodies used to detect immunoprecipitated proteins were as
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follows: Aiolos (Active Motif, 39293), Aiolos (Santa Cruz, sc-18683X), STAT3 (Santa Cruz, sc8019), Ikaros (sc-13039X), and V5 (Invitrogen, R960-25).

Influenza virus infections and in vivo analysis
Influenza virus infections were performed intranasally with 6,500 VFU of A/PR8/34 (PR8) in
100 µl of PBS. Cell suspensions from mediastinal lymph nodes (mLNs) were prepared by
passing tissues through nylon mesh. Cells from mLNs were resuspended in 150 mM NH4Cl, 10
mM KHCO3 0.1 mM EDTA for 5 min to lyse red cells. Cell suspensions were then filtered
through a 70 mm nylon cell strainer (BD Biosciences), washed and resuspended in PBS with 5%
donor calf serum and 10 µg/ml FcBlock (2.4G2 -BioXCell) for 10 min on ice before staining
with fluorochrome-conjugated antibodies or tetramer reagents. Fluorochrome-labeled -Bcl-6
(K112.91, dilution 1:50), -Cxcr5 (2G-8, dilution 1:50), α-Aiolos (S48-791, dilution 1:50) and
-CD4 (RM4-5, dilution 1:200) were from BD Biosciences. The IAbNP311-325 MHC class II
tetramer (dilution 1:100) was obtained from the NIH Tetramer Core Facility. Intracellular
staining for Bcl-6 and Aiolos was performed using the mouse regulatory T cell staining kit
(eBioscience) according to the manufacturer’s instructions. Flow cytometry was performed
using an Attune NxT Flow Cytometer (ThermoFischer Scientific) and data were analyzed using
FlowJo software.

Listeria monocytogenes infections and analysis
All studies utilized 6-10 week old, age- and sex-matched C57B6/J mice that were maintained in
specific pathogen-free facilities. Listeria monocytogenes (Lm) was obtained from the ATCC
(ATCC® BAA-679TM) and cultured in Brain Heart Infusion Agar/Broth following product

165

guidelines. Prior to in vivo inoculation, bacteria density was estimated in liquid broth culture by
measuring the absorbance at 600 nm (0.4 OD600 = 7.9 X 108 bacteria/ml). Cultures of Lm were
pelleted, washed twice in PBS, and re-suspended in PBS. Mice were inoculated via intravenous
(i.v.) injection with 5000 CFUs of Lm in 50 µl of PBS. Lm inoculation dosages were confirmed
for each experiment by plating an aliquot of homogenized liver from randomly selected mice 24
hours post-inoculation and calculating the resultant CFUs/mg of tissue.
At 6 days post infection (d.p.i) primary CD4+ T cells were isolated from the spleens of Lminfected mice using the BioLegend Mojosort isolation kit (480033) per the manufacturer’s
instructions. For subsequent flow cytometry analysis, isolated cells were stained with the
following fluorochrome-labeled antibodies: α-CD44 (560452, BD Biosciences), α-PD-1 (11-985,
eBioscience), α-Cxcr5 (FAB6198P, R&D Systems), α-CD4 (56-0031, eBioscience) and
respective isotype controls (R&D). Briefly, harvested cells were pelleted, washed and then
stained with the indicated fluorochrome-conjugated antibodies. Following staining, cells were
washed three times with FACS buffer and then resuspended for analysis and sorting on a Sony
SH800 flow cytometer. All of the obtained data were analyzed using FlowJo software.
CD4+CD44+Cxcr5hiPD1+ TFH cell transcript analysis was conducted as described above (see
RNA purification and qRT-PCR).

Statistics
All data represent at least three independent experiments. Error bars represent the standard error
of the mean or standard deviation as indicated. For statistical analysis, unpaired t tests or oneway ANOVA with Tukey multiple comparison tests were performed to assess statistical
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significance, as appropriate for a given experiment. P values <0.05 were considered statistically
significant.
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Results
Expression of Aiolos and Ikaros correlate with that of Bcl-6
While it was once widely believed that initial commitment to an individual effector T cell
subset was a terminal event, a large body of literature has emerged demonstrating that a
substantial degree of flexibility exists between effector T helper cell populations43, 44, 45, 46, 47. It
has been postulated that this phenomenon, termed T helper cell plasticity, allows T helper cell
subsets to respond to the cellular microenvironment in real-time, in order to provide a more
efficient and effective immune response. For example, many studies have demonstrated that TH1
cells maintain flexibility with the TFH cell type19, 30, 48. More recently, there have also been
reports of TH1-biased TFH cell populations49, 50. Corroborating these studies, our laboratory has
previously demonstrated that TH1 cells are capable of upregulating a Bcl-6-dependent TFH-like
cell state in response to altered IL-2 signaling28, 30. Mechanistically, in TH1 cells exposed to low
IL-2 environments, increased Bcl-6 expression allows for the repression of the TFH antagonist
Blimp-1 and the subsequent expression of a TFH-like cell program (Figure 6.1A and 28, 30). As
the induction of Bcl-6 expression is a critical step for the transition from the TH1 to the TFH-like
state, our current study aimed to identify the IL-2-sensitive transcription factors that are
responsible for regulating Bcl-6 expression.
Members of the IkZF transcription factor family have previously been implicated in the
differentiation of specific effector T helper cell subsets including TH1, TH17, and TREG
populations37, 51, 52, 53, 54. As such, we began by assessing whether these factors were
differentially expressed in in vitro generated TH1 versus TFH-like cells (Supplemental Fig. 1A).
We found that two IkZF factors, Ikaros (Ikzf1) and Aiolos (Ikzf3), were upregulated in TFH-like
cells, while a third IkZF family member, Eos (Ikzf4), was more highly expressed in TH1 cells
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(Figure 6.1B). Although two additional IkZF family members, Helios (Ikzf2) and Pegasus
(Ikzf5), also displayed altered expression, their overall transcript levels were much lower than
those of the other IkZF factors (Figure 6.1B). A time-course encompassing the naïve CD4+ T
cell transition to differentiated TH1 or TFH-like cell populations further demonstrated that
increased Aiolos expression correlated with the highest expression of Bcl-6, while Eos
expression was elevated in Day 3 and 5 TH1 cells (Figure 6.1C and Figure 6.2A). Though there
was a slight increase in Ikaros expression in TFH-like cells, the expression was relatively
abundant across CD4+ T cell populations, perhaps implying a broader role for this factor in T
helper cell differentiation (Figure 6.1C). In addition to our in vitro-generated TFH-like cells,
other laboratories have generated TFH-like cells using alternative in vitro culturing conditions40,
48

. Importantly, analysis of Ikaros and Aiolos expression revealed a similar trend among the TFH-

like populations, compared to that observed for in vitro-generated TH1 or TH2 cells (Figure
6.2B). Furthermore, similar expression patterns were observed in TFH cells generated in vivo in
response to Listeria monocytogenes infection (Figure 6.2C). Collectively, these gene expression
analyses indicated that a positive correlation exists between Aiolos (Ikzf3), Ikaros (Ikzf1), and
Bcl6 expression.
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Figure 6.1. A positive correlation exists between the expression of Aiolos, Ikaros, and Bcl-6.
Primary CD4+ T cells were cultured in TH1 polarizing conditions and exposed to either high (T H1 cells) or low (TFHlike cells) environmental IL-2 (20 ng/ml or 0.8 ng/ml, respectively). (A, B) RNA was isolated from TH1 and TFHlike cells and the expression of the indicated genes was determined by quantitative RT-PCR. Data in ‘A’ are
normalized to the Rps18 control and represented as the fold increase relative to the T H1 sample. Data in ‘B’ are
normalized and represented relative to the Rps18 control (A, B mean of n = 4 ± s.e.m.). (C) RNA was isolated from
Naïve, Day 3 TH1, and Day 5 TH1 and TFH-like cells and the expression of the indicated genes was determined by
quantitative RT-PCR. Data were normalized to Rps18 as a control and the results are represented as fold change in
expression relative to the TH1 sample (mean of n = 3 ± s.e.m.). (D-F) An immunoblot analysis was performed to
assess changes in protein expression in response to alterations of environmental IL-2. Expression for Bcl-6, Aiolos,
Ikaros, and Eos was measured with β-actin serving as a control for equal protein loading. Shown is a representative
blot of three independent experiments performed. (G) TFH-like cells were nucleofected with either siRNA specific to
Ikaros (siIkzf1), Aiolos (siIkzf3), both (siIkzf1/siIkzf3), or a control siRNA. Following a 48-hour time period, RNA
was harvested and expression of the indicated genes was assessed by qRT-PCR. The data were normalized to Rps18
and presented as fold change in expression relative to the control (mean of n = 4 ± s.e.m.). *P < 0.05, **P < 0.01,
***P < 0.001 (A, B unpaired Student’s t-test; C, G one-way ANOVA with Tukey multiple comparison test).
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Figure 6.2. Ikzf1 and Ikzf3 levels positively correlate with Bcl6 expression.
(A) Schematic depicting in vitro differentiation of TH1 and TFH-like cells. Naïve CD4+ T cells were isolated from
the spleen and lymph nodes of C57BL/6 wild-type mice and cultured as indicated above to generate T H1 and TFHlike cells. (B) Primary CD4+ T cells were cultured in TH1, TH2, TFH-like (Read et al.), or TFH-like (Awe et al.)
conditions throughout a five day time-course. RNA was isolated and the expression of the indicated genes was
determined by quantitative RT-PCR. Data are normalized and represented relative to Rps18 control (mean of n = 3 ±
s.e.m.). **P < 0.01 (one-way ANOVA with Tukey multiple comparison test). (C) Mice were infected with Listeria
monocytogenes. Six days post-infection, mice were sacrificed and T FH cells were sorted (CD4+CD44+Cxcr5HIPD1+). RNA was isolated and the expression of the indicated IkZF family members was assessed via quantitative RTPCR. Data were normalized and represented relative to Rps18 as a control (mean of n = 3 ± s.e.m.).
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To determine whether protein expression correlated with the observed changes in
transcript, we performed immunoblot analyses of Aiolos, Ikaros, Eos, and Bcl-6 expression in
TH1 and TFH-like cells. Indeed, we observed a sharp increase in Aiolos expression that was
consistent with increased expression of Bcl-6 in TFH-like cells (Figure 6.1D). As with the
transcript data, Ikaros expression was moderately elevated in TFH-like cells, while Eos protein
expression inversely correlated with that of Bcl-6 and the other two IkZF family members
(Figure 6.1E, F). Given the positive correlation between Aiolos, Ikaros, and Bcl-6, we focused
on elucidating possible mechanisms by which these IkZF factors may contribute to the induction
of Bcl-6 expression.

Knockdown of Aiolos or Ikaros results in reduced Bcl6 expression
To further assess whether Aiolos or Ikaros may be involved in promoting Bcl-6
expression, we utilized an siRNA knockdown approach to determine whether reduced expression
of either factor affected Bcl-6 expression in TFH-like cells. Indeed, upon knockdown of either
Aiolos (Ikzf3) or Ikaros (Ikzf1) individually, we observed decreased expression of Bcl6 transcript,
while a combined knockdown of Ikzf1 and Ikzf3 resulted in a further reduction of Bcl6
expression (Figure 6.1G). Importantly, Eos (Ikzf4) levels remained unchanged, demonstrating
the specificity of the Aiolos- and Ikaros-dependent effects upon Bcl-6 expression. These data
also demonstrate the specificity of the siRNAs for the intended Ikzf1 and Ikzf3 targets, an
important consideration given the high degree of conservation between IkZF family members36.
Collectively, these data support a role for Aiolos and Ikaros in the positive regulation of Bcl-6
expression.
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The ZF DNA-binding domains of Aiolos and Ikaros are required to induce Bcl6 promoter
activity
To determine whether Aiolos and Ikaros may interact with regulatory regions of the Bcl6
locus, we performed an in silico analysis of the Bcl6 promoter and located several predicted
binding sites containing the core IkZF DNA-binding motif, ‘GGGAA’ (Figure 6.3A). To test
the functionality of these sites, we created a Bcl6 promoter-reporter construct encompassing the
predicted sites to examine the effect of Aiolos, Ikaros, or Eos overexpression on Bcl6 promoter
activity. Importantly, upon Aiolos or Ikaros overexpression, we observed a significant increase
in Bcl6 promoter activity (Figure 6.3A). Conversely, as a control, there was no increase in Bcl6
promoter activity in the presence of Eos. These data suggest that Aiolos and Ikaros may induce
Bcl-6 expression via effects upon the Bcl6 promoter.
Aiolos and Ikaros contain N-terminal zinc finger (ZF) domains, which mediate their
DNA-binding capabilities. Of the four zinc fingers that comprise the N-terminal domain, zinc
fingers 2 and 3 are required for DNA-binding, while zinc fingers 1 and 4 appear to modulate
sequence specificity55, 56. To determine if ZF-mediated DNA binding was required for Aiolosand Ikaros-dependent Bcl6 promoter activation, we constructed expression vectors with point
mutations in select N-terminal ZFs (Aiolos: AiΔZF1, AiΔZF1,2, and AiΔZF4; Ikaros: IkΔZF1,
IkΔZF1,2, and IkΔZF4) (Figure 6.3B, C). We then compared the ability of wild-type Aiolos or
Ikaros and their corresponding ZF-mutants to induce Bcl6 promoter activity. As with our
previous data, Bcl6 promoter activity was readily induced by wild-type Aiolos or Ikaros (Figure
6.3B, C). However, we did not observe increases in Bcl6 promoter activity with either the
AiΔZF1,2 or IkΔZF1,2 mutants, suggesting that direct DNA-binding by Aiolos or Ikaros may be
required for Bcl-6 induction (Figure 6.3B, C). Interestingly, overexpression of a subset of the
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Aiolos and Ikaros mutants with a single ZF mutation in either the first or fourth ZF (AiΔZF1,
IkΔZF1, and IkΔZF4) resulted only in a modest increase in Bcl6 promoter activity, suggesting
that there may be differential requirements for individual ZFs in mediating promoter activation.
Taken together, these results suggest that the N-terminal ZF DNA-binding domain is of
functional importance in the Aiolos- and Ikaros-dependent induction of Bcl6 promoter activity.
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Figure 6.3. DNA-binding activity of Aiolos or Ikaros is required to induce Bcl6 promoter activity.
(A) EL4 T cells were transfected with the Bcl6 promoter-reporter construct in combination with wild-type Aiolos,
Ikaros, or Eos expression vector, or an empty vector control. Luciferase promoter-reporter values were normalized
to a renilla control and presented relative to the empty vector control sample for each experiment (mean of n = 3 ±
s.e.m.). Aiolos, Ikaros, and Eos protein levels were assessed by immunoblot analysis with an antibody against the
V5 epitope tag. Shown is a representative blot of three independent experiments performed. Also shown is a
schematic of the Bcl6 promoter with predicted IkZF binding sites depicted as gray ovals. (B, C) EL4 T cells were
transfected with the Bcl6 promoter-reporter construct in combination with wild-type (B) Aiolos, or (C) Ikaros
expression vectors, the corresponding Aiolos or Ikaros ZF mutants (ΔZF), or an empty vector control (mean of n = 3
± s.e.m.). Luciferase promoter-reporter values were normalized to a renilla control and expressed relative to the
empty vector control sample for each experiment. Wild-type and mutant Aiolos or Ikaros protein levels were
assessed by immunoblot analysis. Shown is a representative blot of three independent experiments performed. Also
shown are schematics depicting wild-type Aiolos or Ikaros and the indicated Aiolos or Ikaros zinc finger (ZF)
mutants used in the Bcl6 promoter-reporter experiments. *P < 0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA
with Tukey multiple comparison test).
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Aiolos and Ikaros associate with the Bcl6 promoter
As our previous data suggested that Aiolos and Ikaros may induce the activation of Bcl-6
expression and that direct DNA-binding may be required, we performed chromatin
immunoprecipitation (ChIP) assays to determine whether either factor directly associates with
the endogenous Bcl6 promoter in TFH-like cells (Figure 6.4A). Indeed, we observed association
of both Aiolos and Ikaros with a region of the Bcl6 promoter proximal to the transcriptional start
site (TSS) (Figure 6.4B, C). Importantly, this association was significantly enriched in TFH-like
cells compared to that observed for TH1 cells (Figure 6.4B, C). Furthermore, the binding
observed proximal to the TSS was specific, as enrichment of these factors was markedly reduced
at a distal location of the Bcl6 locus. Interestingly, further ChIP analysis for the known Bcl-6
regulator STAT3 revealed a similar enrichment pattern to that observed for Aiolos and Ikaros in
TFH-like cells, suggesting the intriguing possibility that these factors may collaboratively regulate
Bcl-6 expression (Figure 6.4D).
Quintana et al. recently demonstrated that Aiolos directly represses IL-2 production
during TH17 cell differentiation37. As IL-2 signaling negatively regulates Bcl-6 expression, we
considered the possibility that Aiolos could contribute to increased levels of Bcl-6 indirectly in a
similar, IL-2-dependent fashion. To address this, we examined Aiolos association with the IL-2
(Il2) locus as described in the Quintana study. Interestingly, though there was a slight increase in
Aiolos binding at the Il2 locus in TFH-like cells, overall enrichment was much less than that
observed at the Bcl6 locus, suggesting that the effect of Aiolos on Bcl6 expression is mediated by
a direct mechanism rather than indirectly via an IL-2-dependent effect (Figure 6.4B-D).
Collectively, these data support a model wherein Aiolos, Ikaros, and STAT3 associate with the
Bcl6 promoter to induce Bcl-6 expression in TFH-like cells.
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IkZF/STAT factor association correlates with increased histone modification to the Bcl6
promoter
IkZF and STAT factors are known to exert their effects, at least in part, through their
association with chromatin remodeling complexes that are capable of directing histone
modifications indicative of both gene activation and repression. In order to assess whether
Aiolos and Ikaros binding was associated with changes to chromatin structure at the Bcl6
promoter, we performed a ChIP assay to examine alterations in histone acetylation and
methylation. Consistent with a role in activating Bcl-6 expression, we observed increased
H3K4Me3, H3K9Ac, H3K27Ac, and H4Ac at the Bcl6 promoter in TFH-like cells compared to TH1
cells (Figure 6.4E-H). Importantly, significant increases in H3K4Me3, H3K9Ac, and H3K27Ac
were detected at regions where Aiolos, Ikaros, and STAT3 were most highly enriched (Figure
6.4E-G). Collectively, these data indicate that association of Aiolos, Ikaros, and STAT3 with
the Bcl6 promoter correlates with changes in chromatin structure consistent with gene activation.
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Figure 6.4. Aiolos, Ikaros, and STAT3 associate with the Bcl6 promoter in TFH-like cells.
(A) A schematic of the Bcl6 locus indicating the location of PCR amplicons used in the chromatin
immunoprecipitation (ChIP) analyses, indicated as “A”, “B”, “C”, and “D”. (B-D) ChIP assays to assess Aiolos,
Ikaros, and STAT3 association with the Bcl6 locus in TH1 or TFH-like cells. Data are represented as percent
enrichment relative to a “total” input sample (mean of n = 3 ± s.e.m.). (E-H) ChIP assays to assess alterations to
histone modifications within the Bcl6 promoter in TH1 or TFH-like cells. Data are represented as percent enrichment
relative to a “total” input sample (mean of n = 4 ± s.e.m.). *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired Student’s
t-test).
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Aiolos interacts with STAT3 in TFH-like cells
Given the similar enrichment patterns observed for Aiolos, Ikaros, and STAT3 at the
Bcl6 promoter, we considered the possibility that they may cooperate to induce Bcl6 expression.
To this end, we performed co-immunoprecipitation assays to determine whether these factors
interact in TFH-like cells. It is well established that Aiolos and Ikaros form heterodimers via their
C-terminal zinc finger domains36, 56. Indeed, a Co-IP analysis demonstrated that Aiolos and
Ikaros form heterodimeric complexes in TFH-like cells (Figure 6.5A). Intriguingly, further CoIP assays revealed the presence of novel Aiolos/STAT3 complexes in TFH-like cells (Figure
6.5B). Despite the large degree of amino acid conservation between Aiolos and Ikaros, we did
not detect the presence of Ikaros/STAT3 complexes in TFH-like cells. Whether this was due to
the absence of such complexes, or a limitation of the Co-IP analysis itself, remains unresolved.
Still, these findings support the existence of a novel Aiolos/STAT3 protein complex in TFH-like
cells.
To examine whether Aiolos and STAT3 may cooperate to induce Bcl-6 expression, we
overexpressed a constitutively active form of STAT3 (STAT3CA) alone, Aiolos alone, or Aiolos
in combination with increasing amounts of STAT3CA (Figure 6.5C). Interestingly, expression of
Aiolos or STAT3CA alone resulted in only slight increases in Bcl6 transcript. However, when
Aiolos was expressed in combination with increasing amounts of STAT3CA, we observed
significant increases in Bcl6 expression compared to the control sample or the samples in which
Aiolos or STAT3CA were expressed individually (Figure 6.5C).

179

Figure 6.5. Aiolos and STAT3 physically interact and regulate Bcl6 expression.
(A) Co-immunoprecipiation (Co-IP) of endogenously expressed proteins in T FH-like cells with control antibody (αV5) or α-Ikaros, followed by immunoblot analysis (IB) with α-Aiolos. Shown is a representative blot of four
independent immunoprecipitation experiments performed. (B) Co-IP of endogenously expressed proteins in T FHlike cells with control antibody (α-V5) or α-STAT3, followed by immunoblot analysis (IB) with α-Aiolos. Shown is
a representative blot of three independent immunoprecipitation experiments performed. (C) EL4 T cells were
transfected with Aiolos alone, STAT3CA alone, Aiolos and STAT3CA (increasing amounts indicated by wedge) in
combination, or empty vector control. Immunoblot with an α-V5 antibody was performed to assess relative
abundance of overexpressed Aiolos and STAT3CA. Following a 24 hr time period, RNA was isolated and Bcl6
expression was measured by qRT-PCR. Data were normalized to Rps18 as a control and the results are represented
as fold change in expression relative to the control (ctrl.) sample (mean of n = 3 ± s.e.m.). *P < 0.05, **P < 0.01
(one-way ANOVA with Tukey multiple comparison test).
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N- and C-terminal ZF domains of Aiolos are required for induction of Bcl-6
In addition to the N-terminal ZF DNA-binding domain discussed previously, members of
the IkZF family also contain a C-terminal zinc finger domain that mediates homo- or heterodimerization with other IkZF proteins36, 56. To determine whether either ZF domain may be
required for interaction between Aiolos and STAT3, we co-expressed STAT3CA with either wildtype Aiolos or with Aiolos mutants harboring disruptions to either the N- or C-terminal ZF
domains and performed Co-IP analysis (Figure 6.6A). As with the TFH-like cells, wild-type
Aiolos and STAT3 interactions were readily detected. Similarly, we also detected interactions
between STAT3 and the AiΔZF1,2 mutant. However, STAT3 was unable to interact with the
Aiolos mutant lacking the C-terminal ZF dimerization domain (AiolosΔC), suggesting that this
domain is required for the interaction between Aiolos and STAT3 (Figure 6.6A). To determine
the functional impact of the C-terminal mutation, we overexpressed STAT3CA with either wildtype Aiolos or AiolosΔC and assessed the impact on Bcl6 expression. Indeed, compared to coexpression of wild-type Aiolos with STAT3CA, Bcl6 expression was significantly diminished
when STAT3CA was co-expressed with the AiolosΔC mutant (Figure 6.6B).
Though the AiΔZF1,2 mutant was able to interact with STAT3, the Bcl6-reporter data
suggested that the N-terminal ZF DNA-binding domain was required to induce promoter
activity. To determine the functional impact of the N-terminal mutation, we overexpressed
STAT3CA with either wild-type Aiolos or AiolosΔZF1,2 and assessed the impact on Bcl6
expression. Indeed, similar to the results observed for the AiolosΔC mutant, the combination of
STAT3CA and AiolosΔZF1,2 was unable to induce Bcl-6 expression, suggesting that both the Nand C-terminal ZF domains are required for Aiolos-dependent activation of Bcl-6 expression
(Figure 6.6C).
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Taken together, these data suggest that STAT3 and Aiolos form a transcription factor
complex via the Aiolos C-terminal protein-protein interaction domain, and that this novel
complex is capable of promoting Bcl-6 expression. It is important to note that while interactions
between Ikaros and STAT3 were not detected, our data do not preclude the possibility that such
interactions, or interactions between some combination of STAT3, Aiolos, and Ikaros, may play
important roles in regulating Bcl-6 expression.
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Figure 6.6. Functional ZF domains are required for Aiolos-dependent induction of Bcl6 expression.
(A) Co-IP of overexpressed wildtype Aiolos or indicated mutants (V5-tagged) and tagless STAT3CA in EL4 cells.
Lysates were immunoprecipitated with α-STAT3, followed by immunoblot analysis with α-V5 (for detecting Aiolos
proteins). Shown is a representative blot of three independent immunoprecipitation experiments performed. (B) EL4
T cells were transfected with Aiolos and STAT3CA, Aiolos C and STAT3CA, or empty vector control. Immunoblot
with an α-V5 antibody was performed to assess relative abundance of overexpressed proteins. Following a 24 hr
time period, RNA was isolated and Bcl6 expression was measured by qRT-PCR. Data were normalized to Rps18 as
a control and the results are represented as fold change in expression relative to the empty vector control sample
(mean of n = 3 ± s.e.m.). (C) EL4 T cells were transfected with Aiolos and STAT3 CA, AiolosΔZF1,2 and STAT3CA,
or empty vector control. Data were obtained, normalized, and represented as in ‘B’ (mean of n = 6 ± s.e.m.). *P <
0.05, **P < 0.01, ***P < 0.001 (one-way ANOVA with Tukey multiple comparison test).
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Aiolos and STAT3 cooperatively regulate cytokine receptor expression
Our findings suggest that Aiolos and Ikaros are direct regulators of Bcl-6 expression in T
helper cells. As discussed previously, signals from environmental cytokines are key determinants
of T helper cell differentiation. These include IL-6 and IL-2, which have been shown to
positively and negatively influence TFH development, respectively21, 57, 58. Therefore, we wanted
to assess whether Aiolos or Ikaros may play a broader role in promoting TFH cell differentiation
by regulating the expression of the receptors for these cytokines. We began by performing
Aiolos (Ikzf3) and Ikaros (Ikzf1) siRNA knockdown experiments to assess the effect on Il6ra and
Il2ra expression. Indeed, the expression of Il6ra decreased significantly upon Ikzf3 and Ikzf1
knockdown (Figure 6.7A). Importantly, this decrease in expression was specific to Il6ra, as the
expression of Il2ra was unaffected (Figure 6.7A). To determine whether Aiolos and STAT3
may cooperate to induce Il6ra (as with Bcl-6), we overexpressed STAT3CA or Aiolos alone, or
Aiolos in combination with increasing amounts of STAT3CA and examined Il6ra expression.
Importantly, the co-expression of Aiolos and STAT3CA resulted in a significant increase in Il6ra
expression, while the expression of Il2ra was unchanged (Figure 6.7B). Collectively, these data
suggest that the interplay between Aiolos, Ikaros, and STAT3 may play a broader role in
regulating TFH differentiation, perhaps through the induction the cytokine receptor Il6ra.
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Figure 6.7. STAT3/Aiolos differentially regulate Il6rαand Il2rα expression.
(A) TFH-like cells were nucleofected with either siRNA specific to Ikaros (siIkzf1), Aiolos (siIkzf3), both
(siIkzf1/siIkzf3), or a control siRNA. Following a 48-hour time period, RNA was harvested and expression of Il6ra
or Il2ra was assessed by qRT-PCR. The data are normalized to Rps18 and presented as fold change in expression
relative to the control sample (mean of n = 4 ± s.e.m.). (B) EL4 T cells were transfected with Aiolos alone,
STAT3CA alone, Aiolos and STAT3CA (increasing amounts indicated by wedge) in combination, or empty vector
control. Following a 24 hr time period, RNA was isolated and Il6ra or Il2ra expression was measured by qRT-PCR.
Data were normalized to Rps18 as a control and the results are represented as fold change in expression relative to
the control sample (mean of n = 3 ± s.e.m.). *P < 0.05, **P < 0.01 (one-way ANOVA with Tukey multiple
comparison test).
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Aiolos expression is increased in antigen-specific TFH cells post-influenza infection
Our mechanistic findings implicate Aiolos in the positive regulation of Bcl-6, and
possibly the TFH differentiation program, via a cooperative mechanism with the known TFH
regulator STAT3. To extend these findings, we sought to determine whether Aiolos was
preferentially expressed in in vivo-generated TFH cells, as opposed to non-TFH effector T helper
(TEFF) cells in response to infection. To this end, we infected mice with influenza and assessed
Aiolos expression in antigen-specific TFH (Bcl-6hiCxcr5hi) and TEFF (Bcl-6loCxcr5lo) populations
(Figure 6.8A). Importantly, at the peak of infection (12 days post-infection), nucleoprotein
(NP)-specific TFH cells expressed significantly more Aiolos than that observed in the Bcl-6lo TEFF
population (Figure 6.8B). Collectively, these in vivo data, in combination with our in vitro
findings, are supportive of a role for Aiolos in promoting Bcl-6 expression and TFH cell
differentiation.
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Figure 6.8. Aiolos expression is increased in antigen-specific TFH cells post-influenza infection.
C57BL/6 mice were infected with influenza (PR8) and NP-specific CD4+CD19-Foxp3- T cells from the mLNs were
analyzed on day 12 after infection by flow cytometry. (A) Expression of Bcl-6 and Cxcr5 in NP-specific
CD4+CD19-Foxp3- T cells (B) Expression of Aiolos in Bcl6loCXCR5lo (TEFF ) and Bcl6hiCXCR5hi (TFH) NP-specific
CD4+CD19-Foxp3- T cell populations. Histogram overlay and mean fluorescence intensity (MFI) in NP-specific
TFH and TEFF populations are shown (data are shown as the mean ± s.d. (n=5 mice/group). *P < 0.05 (P values were
determined using a two-tailed Student´s t-test).
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Discussion
Bcl-6 has well-established roles in the development of a multitude of immune cell types,
including TFH cells, memory T cell populations, and B cells. As such, there has been an ongoing
interest in identifying the molecular mechanisms involved in the transcriptional regulation of
Bcl-6 expression. Here, we describe previously unidentified roles for the IkZF family members
Aiolos and Ikaros in the induction of Bcl-6. Perhaps most intriguingly, our data have begun to
define a novel, cooperative relationship between STAT3, a known positive regulator of Bcl-6
expression, and the IkZF factor Aiolos.
It is well established that the interplay between opposing STAT factors (e.g. STAT3,
STAT5) at the Bcl6 promoter is an important contributor to the regulation of Bcl-6 expression21,
57, 58

. Unexpectedly, our findings demonstrate that STAT3 physically interacts with Aiolos.

Thus, our data support the possibility that a primary role for STAT3 may be to recruit Aiolos to
the Bcl6 locus. Taken together with the increase in Aiolos expression observed in both in vitroand in vivo-derived TFH cell populations, these data suggest that this novel IkZF/STAT protein
complex may be an important driver of Bcl-6 expression and perhaps TFH cell fate. Indeed, it
will be of interest to establish whether the Aiolos/STAT3 complex regulates additional TFH genes
beyond Bcl6 and Il6ra. Likewise, given that Aiolos and STAT3 are members of transcription
factor families that are both widely expressed and highly conserved, it will be of considerable
interest to determine whether STAT and IkZF interactions regulate the differentiation and
function of other immune cell populations, including additional T helper cell subsets. For
example, Aiolos has been shown to influence TH17 differentiation through the direct repression
of IL-2 expression37. Interestingly, TH17 and TFH cells share a number of regulatory features
during their development including sensitivity to the IL-2/STAT5 signaling axis and dependence
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on STAT3 activity26, 29, 30, 59, 60. Thus, an intriguing possibility is that the STAT3/Aiolos complex
identified here may also play a role in TH17 differentiation.
The precise molecular mechanisms by which STAT3, Aiolos, and Ikaros cooperate to
regulate Bcl-6 expression remain unclear. To date, the activity of IkZF factors has been
attributed primarily to their association with chromatin modifying enzymes including the
switch/sucrose non-fermenting (SWI/SNF) and Mi-2/nucleosome remodeling and deacetylase
(Mi-2/NuRD) complexes56, 61. Indeed, our results demonstrate that the association of Aiolos and
Ikaros with the Bcl6 promoter correlates with alterations to the chromatin structure surrounding
this region including increased histone acetylation and methylation. These chromatin
modifications are indicative of an accessible chromatin structure and consistent with an actively
transcribing gene. Our observations are not without precedence, as IkZF factors have been
implicated in gene activation prior to the present study36, 56, 62, 63. It is also possible that Aiolos
and Ikaros may act to remodel the chromatin structure of regulatory regions located proximal to
the Bcl6 promoter. Intriguingly, there are predicted CCCTC-binding factor (CTCF) binding sites
surrounding this region, suggesting the presence of insulator or silencing elements. Another –
non-mutually exclusive – possibility may be that Aiolos and Ikaros association with the Bcl6
promoter near the TSS contributes to the assembly and/or activation of the transcriptional
initiation complex. In this regard, Ikaros has been shown to physically interact with, and alter
the activity of, the RNA Pol II complex64. It is also possible that Aiolos and Ikaros may be
required to mediate interactions between the Bcl6 promoter and distal enhancers. In support of
this possibility, Ikaros has been implicated in promoting long-range chromatin interactions
between regulatory elements at other genetic loci65, 66. Further experimentation will be required
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to address these possibilities and to understand whether established IkZF remodeling activities
are involved, or whether a novel mechanism may be responsible for promoting Bcl-6 expression.
Future studies will also be necessary to comprehensively assess the distinct contributions
of Aiolos and Ikaros to the regulation of Bcl-6 expression. Thus far, our data support the
existence of STAT3/Aiolos complexes, but not those comprised of STAT3 and Ikaros, as we
could not detect the latter. Still, ChIP analysis of the Bcl6 promoter clearly demonstrates an
increase in both Aiolos and Ikaros association at the Bcl6 locus, and we detect the presence of
Aiolos/Ikaros complexes in TFH-like cells. Therefore, it is possible that Ikaros and Aiolos could
be recruited independently of STAT3 to the Bcl6 locus. However, the signals responsible for
Aiolos/Ikaros recruitment to the Bcl6 promoter remain unclear. Based upon our observation that
Ikaros is expressed at moderately high levels in naïve and TH1 cells, we propose a model in
which a basal level of Ikaros is bound to the Bcl6 locus, perhaps allowing this gene to remain in
a poised state during T helper cell differentiation. Indeed, this would be consistent with the
established role of Ikaros as a broad regulator of T cell differentiation and our observation that
Ikaros is expressed at moderately high levels in naïve and TH1 cells prior to the transition to the
TFH-like cell state36, 61. In our proposed model, we hypothesize that the association of
Aiolos/STAT3 complexes with the Bcl6 promoter, in the absence of IL-2/STAT5 signaling, leads
to chromatin remodeling activities that result in the activation of Bcl-6 expression. Additionally,
as IkZF factors are known to homo- and hetero-dimerize upon binding to DNA, we also propose
that IkZF proteins could mediate interactions between distal regulatory elements65, 66. Further
elucidation of the exact contribution of Aiolos and Ikaros to the induction of Bcl-6 will be of
interest and may serve to shed light on how STAT3, Aiolos, and Ikaros cooperate to regulate the
expression of additional target genes involved in TFH cell differentiation.
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The appropriate temporal expression of Bcl-6 is a molecular linchpin that regulates the
differentiation and function of many cell types that are critical to the promotion of an effective
immune response. The importance of understanding Bcl-6 regulation is further highlighted when
considering the numerous human diseases that have been linked to aberrant expression and
function of this transcriptional repressor 14, 67. Our findings presented here identify novel
regulators and provide insight into the mechanisms by which they promote Bcl-6. Future work
will be required to fully elucidate the complex network of signals and factors that regulate Bcl-6
expression. In doing so, we may enhance the potential to design more efficacious vaccines and
develop novel immunotherapeutic approaches due to the wide-ranging importance of this
transcriptional regulator.
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Chapter 7
Conclusions and future directions
Recent studies have provided important insights into the cytokine signals and
transcription factors required for TFH development1, 2. However, a complete understanding of the
cytokine-dependent effects on TFH cells as well as the identity of downstream transcription factor
networks has yet to be achieved. The work in this dissertation attempts to address this gap in
knowledge by elucidating the roles of the cytokines IL-2, IL-7, and IL-12 on TFH cell
development and function. Importantly, we also establish the IkZF transcription factors Ikaros
and Aiolos as novel contributors to the TFH regulatory network. The work presented here
enriches our current understanding of TFH cell development by elucidating novel aspects of the
regulatory requirements for TFH cell differentiation and function.

Summation of findings
Our data established that TH1 cells exposed to low IL-2 environments upregulate a TFH
phenotype. This presents an intriguing potential model for TFH cell development within the
physiological context of an infection, wherein decreased pathogen load due to TH1-mediated
clearance, results in decreased extracellular IL-2 concentrations and subsequent transition to a
TFH phenotype. Our work supports a model wherein these post-effector TH1 cells upregulate
chemokine receptors including Ccr7 and Cxcr5 that facilitate their trafficking from the site of
infection to secondary lymphoid tissues. Based on our findings, we hypothesize that a subset of
these cells may encounter IL-7, potentially from lymphatic endothelial cells, where they will

200

downregulate TFH associated genes, selecting for a TCM cell type3. The TFH cells that avoid IL-7,
will target B cell zones through Cxcr5 chemotaxis, where they will encounter B cells which will
further establish the TFH phenotype.
While extracellular IL-2 levels are pivotal for mediating this plasticity, in part by
decreasing levels of pSTAT5, it does not explain the source of the activated STAT3 observed in
this population. Our work has established that the signals from IL-12 are required for the
activation of STAT3, resulting in increased expression of TFH associated genes including Bcl6.
Furthermore, these data lend credence to the growing body of work describing discrete TFH
populations that exhibit characteristics of other effector subsets such as TFH1 cells4, 5. Indeed,
these TH1 derived TFH cells express the chemokine receptor Cxcr3 and are dual producers of
IFNγ and IL-21. Thus, a TH1 to TFH1 transition may be a more accurate characterization of the
IL-2-depndent phenotypic flexibility we observe. Intriguingly, IL-12 is known to exist at sites of
infection6. It is possible that as IL-2 concentration diminishes, the transition to a TFH phenotype
may be driven, at least in part, by persisting signals from IL-12. One thing to consider is a
potential role for other cytokines, which signal through STAT3, in mediating this TH1 to TFH
plasticity.
Our work also provides novel insights into the transcriptional networks that regulate TFH
differentiation. Specifically, we found that increased expression of Bcl-6 in CD4+ T helper cell
populations correlated with enhanced enrichment of Aiolos and Ikaros at the Bcl6 promoter.
Intriguingly, STAT3 physically interacted with Aiolos to form a transcription factor complex
capable of inducing the expression of Bcl6 and the TFH-associated cytokine receptor Il6ra.
Importantly, in vivo studies revealed that the expression of Aiolos was elevated in antigenspecific TFH cells compared to that observed in non-TFH effector T helper cells generated in
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response to influenza infection. Collectively, these data describe a novel regulatory mechanism
wherein STAT3 and the IkZF transcription factors Aiolos and Ikaros cooperate to regulate Bcl-6
expression. Therefore, TH1-TFH plasticity may be contingent on a combination of signals, IL-12
to drive STAT3 activation and low IL-2 to avoid repression of Ikaros and Aiolos expression.
Additionally, other signals these cells receive, as they relocate to lymphoid tissue, could alter the
composition of these complexes and consequently alter the TFH phenotype.
Collectively, the data presented here provides increased insight into regulatory
requirements that direct TFH cell development. In an effort to expand our understanding of this
process, our work has led to the synthesis of novel hypotheses and research questions. What
mechanism does Aiolos employ to regulate Bcl6 expression? What is the genome-wide impact
of Aiolos and STAT3 on TFH gene expression patterns and differentiation? Do IkZF/STAT
complexes play a role in the development of other T helper cell subsets? Thus, additional work
is needed expand on the foundation of knowledge presented here.

Uncovering the regulatory mechanisms Aiolos employs to regulate Bcl6
The data presented here establish Aiolos as a positive regulator of Bcl-6 expression
through direct association with the Bcl6 promoter. However, precisely how Aiolos promotes
Bcl6 expression in TFH cells remains unknown. Further work should focus on addressing this gap
in knowledge by determining both the local and long-range mechanisms Aiolos employs to
positively regulate Bcl6 expression.
IkZF factors have been previously shown, at least in part, to regulate gene expression
through association with chromatin remodeling complexes7, 8, 9. For example, IkZF factors have
been shown to associate with the nucleosome remodeling deacetylase (NuRD) and
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switch/sucrose non-fermenting (SWI/SNF) complexes. Recruited remodeling enzymes alter
gene expression through covalent modification of histone tails, nucleosome displacement, and
methylation of DNA. Studies utilizing ChIP, methylated DNA immunoprecipitation (meDIP)
and bisulfite sequencing, would provide insight into Aiolos dependent recruitment of these
complexes and the subsequent alteration to the epigenetic landscape of the Bcl6 promoter.
IkZF members have also been shown to influence gene expression, outside of
associating with gene promoters, through physical association with distal cis-regulatory regions
and subsequent promotion of long-range chromatin looping between these regions7, 8, 9, 10, 11.
Previously published ChIP-sequencing data sets will be beneficial in determining distal cisregulatory regions within the Bcl6 locus, which can then be evaluated for Aiolos enrichment in
our TFH-like cells. Such regions can be assayed for enhancer function using a combination of
ChIP and gene reporter assays. Subsequently, chromosome confirmation capture (3C) analysis
can be used to determine the existence of long-range chromosome interactions between these
regions and the Bcl6 promoter12, 13. Collectively, these experiments will identify Aiolosdependent chromosome looping events between distal regulatory elements and the Bcl6
promoter.

Genome-wide effects of Aiolos/STAT3 complexes
The use of Next Generation Sequencing (NGS) techniques is becoming increasingly
prevalent in basic research14. These assays generate large datasets that cannot be achieved by
comparative target-based approaches, facilitating the generation of novel hypotheses. Such
techniques include RNA-sequencing (RNA-seq), Assay for Transposase-Accessible Chromatinsequencing (ATAC-seq), and ChIP-sequencing (ChIP-seq). In short, RNA-seq allows for the
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evaluation of the complete transcriptome by quantifying the levels of all mRNA within a cell,
ChIP-seq details areas of the DNA enriched for a protein of interest on a genome wide scale, and
ATAC-seq resolves accessible regions of chromatin, thereby revealing potential cis-regulatory
regions, across all chromosomes15, 16, 17. Implementing such techniques within our research can
greatly increase the scope of our findings, providing insight into how IkZF factors affect the
transcriptional landscape on a genome wide level.
Specifically, Aiolos/STAT3 ChIP-seq in conjunction with RNA-seq analysis of TFH-like
and TH1 cell populations would help to elucidate functional effects of Aiolos/STAT3 association
on gene expression. Importantly, similar experiments can be repeated in Ikzf3-/- mice. Data from
these experiments would elucidate Aiolos dependent gene changes on a genome wide level, as
well as reveal whether STAT3 enrichment pattern is altered in the absence of Aiolos expression.
Additionally, ATAC-seq analysis of WT vs Ikzf3-/- populations would reveal any Aiolosdependent changes to DNA accessibility. Collectively, these experiments would identiy
functional IkZF/STAT-dependent regulatory regions, which would provide evidence of a broader
role for Aiolos in regulating TFH cell development beyond regulating the expression of Bcl-6.

Novel STAT/IkZF regulatory modules:
Members of the Signal Transducer and Activator of Transcription (STAT) family,
including STAT1, STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6, are wellestablished regulators of CD4+ T cell differentiation and function18, 19. As the development of
each effector CD4+ subset is driven by a unique combination of signals from the extracellular
environment, the activation of individual STAT factors via Janus kinase-induced
phosphorylation, is lineage specific. Once activated, STAT factors dimerize and translocate to
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the nucleus where they can influence gene expression, helping to establish the diverse array of
phenotypes observed amongst T helper cell subsets.
Chapter 6 of this dissertation established that STAT3 cooperates with the IkZF
transcription factor Aiolos to promote the expression of Bcl6 and possibly additional TFH
genes20. Importantly, we found that Aiolos and STAT3 physically interact to form a novel
transcriptional complex that directly influences target gene expression. Intriguingly, STAT and
IkZF members have been shown to influence the development of other effector T cell subsets, as
detailed in Chapter 5. As there is high homology between members of the STAT and IkZF
families, we hypothesize that IkZF/STAT interactions may be conserved in other T helper
lineages beyond TFH cells. As such, the lineage-specific activation of STAT factors and
expression of IkZF members dictates the potential IkZF/STAT factor modules that may exist to
regulate other T helper cell programs (Figure 7.1). Indeed, this is an important consideration
when examining the role of IkZF and STAT factor-mediated signaling pathways in future work.
Additionally, IkZF factor expression is not unique to CD4+ T helper cells, as their
expression and functionality have been described in many other hematopoietic cells21. Thus, the
possibility exists that IkZF/STAT complexes are not exclusive to T helper cells but may function
in the development of many cell types within the immune system. Given the prominent role
STAT factor signaling plays in human disease pathology, establishing the existence and function
of these transcriptional complexes could have far-reaching impacts on human health22.
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Figure 7.1. Distribution of STAT and IkZF expression among T helper subsets
A schematic depicting the effector T helper lineages and the cytokines that drive their development. The activated
STAT factors as well as the expressed IkZF member for each cell type are displayed. Aiolos/STAT3 complexes
have been detected in TFH cells, illustrated by the red box. Given the high homology between individual members of
the two families, it is possible that IkZF/STAT interactions may occur in other subsets.
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Concluding Remarks
Over the past decade, research has begun to elucidate the complex network of cytokines
and transcription factors responsible for driving TFH cell development. Although contributions to
this developmental network are numerous, a complete understanding of TFH cell differentiation
and function remains elusive. The data presented in this dissertation provides novel insight into
the regulatory requirements for TFH cell development. Intriguingly, as IkZF factors are broadly
expressed in many cell types, knowledge gained from this work could provide insight into the
mechanistic role IkZF factors play in an array of developmental settings. Continued
experimentation will play a pivotal role in addressing these gaps in knowledge.
Many therapies have been engineered to target TFH cells due to their essential role in
promoting humoral immunity. Treatments designed to provoke a robust TFH response, like
vaccines, can be used to prevent human disease by invoking the production of high affinity
antigen-specific antibodies. Conversely, treatments for autoimmune diseases, including lupus
and multiple sclerosis, would aim at inhibiting the TFH response, as the pathogenesis is driven in
part by the generation of autoantibodies against host tissue. As such, findings obtained in this
dissertation are significant, as they identify potential therapeutic targets, which will allow for
more selective manipulation of TFH cell populations in efforts to treat human disease.
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