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ABSTRACT

T helper type-2 (Th2) immunity orchestrates responses against extracellular
pathogens under normal conditions and mediates pathogenic responses against innocuous
substances when dysregulated, leading to allergic disease. Among the cytokines
expressed by Th2 cells, interleukin (IL)-13 has emerged as a critical effector molecule in
Th2 responses and common IL13 variants are associated with allergy-related phenotypes
in populations of distinct ethnic background. IL13 expression in human T cells is
paralleled by extensive IL13 locus remodeling, which results in the appearance of
multiple DNase I hypersensitive (HS) sites. Among these, HS4 in the distal IL13
promoter is constitutively present in both naïve and polarized Th2 cells, and spans a
single nucleotide polymorphism, IL13-1512AC (rs1881457), which is common and
strongly associated with total serum IgE levels. This dissertation combines in vitro and ex
vivo approaches to characterize the role of HS4 in the regulation of IL13 gene expression
and to provide novel insights into the mechanisms that underlie the association between
IL13-1512AC and allergic disease.
The results showed that HS4 acts as a novel cis-acting element that up-regulates
IL13 transcription in activated Th2 cells. The enhancing activity of HS4 mapped within
the 3′ end of this element and was dependent on binding/recruitment of the transcription
factors NF90 and NF45. Moreover, the IL13-1512C risk allele significantly enhanced
HS4-dependent IL13 expression by creating a binding site for the transcription factor
Oct-1. The increased expression of the -1512C allele was dependent on endogenous
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levels of Oct-1. Collectively, these results illustrate how a functional variant in an
important regulatory element may modulate susceptibility to a common complex disease.
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1

CHAPTER I: INTRODUCTION

The immune system is thought to have evolved to recognize foreign pathogens
and confer protection against infectious diseases. Adaptive T helper type-2 (Th2) immune
responses, in particular, defend against extracellular pathogens such as helminth parasites
(1-3). Although parasitic infections have been successfully controlled in westernized
countries through primary health-care programs and effective public sanitation (4),
parasitic diseases are still common in developing countries, where more than two billion
people are infected with helminths (1).
A central effector molecule in Th2 immunity is interleukin (IL)-13. During Th2
responses against helminths, IL-13 plays an essential role in orchestrating successful
containment of parasites at infection sites and expulsion of parasitic worms (2, 5-7). Of
note, when Th2 responses are dysregulated by environmental, developmental and/or
genetic factors, IL-13 becomes a key molecule in the development of allergic disease and
its clinical manifestations: allergic asthma, atopic eczema (also known as atopic
dermatitis), and hay fever (also known as allergic rhinitis). Indeed, IL-13 is necessary and
sufficient to induce all the cardinal features of allergic lung inflammation in experimental
asthma (8, 9), and naturally occurring IL13 genetic variants are strongly associated with
allergic phenotypes in several ethnically distinct populations (10).
This dissertation presents original work performed to examine the regulation of
human IL13 expression (Chapter II) and the molecular mechanisms through which
non-coding genetic variation at the IL13 locus affects the control of IL13 transcription,
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thereby affecting susceptibility to allergy and asthma (Chapter III). The conceptual and
experimental background most relevant to this work is discussed in the introduction
(Chapter I).

1.1

Th2 cell differentiation

IL-13 and the other Th2 cytokines, IL-4 and IL-5, are typically produced by Th2
cells, which develop as the result of a complex differentiation process that leads a naïve
CD4+ T cell to acquire a distinct, polarized Th2 cytokine-expressing phenotype.
The initial signal for Th2 differentiation is provided by the interaction of the T
cell receptor (TCR) on naïve CD4+ T cells with antigen loaded onto MHC class II on
antigen presenting cells (APCs). Of the several factors that influence this interaction (e.g.,
cytokine milieu, antigen dose, type of APCs, co-stimulatory signals), the cytokine milieu
is regarded as a major determinant of Th cell fate (11, 12). Importantly, Th2
differentiation requires IL-4 as mice deficient in IL-4, IL-4 receptor, or IL-4-activated
Signal Transducer and Activator of Transcription 6 (STAT6) fail to develop Th2 cells
(13-18). However, the initial source of this IL-4 is not fully defined and might be
provided by innate cells such as basophils, mast cells, eosinophils, or natural killer T cells
(19).
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Much progress has been made in elucidating the signaling pathways engaged
upon TCR and IL-4 receptor stimulation, and key transcription factors that influence Th2
differentiation and regulate Th2 cytokine gene transcription have been identified (Figure
1.1).
TCR signaling activates a complex network of pathways (20). Among those that
positively

influence

Th2

development

are

pathways

that

converge

in

up-regulation/activation of the non Th2-specific factors Nuclear Factor of Activated T
cells (NFAT) and Activator Protein-1 (AP-1) (12, 20). These factors have been found to
contribute to Th2 development by directly regulating the promoters of Th2 cytokine
genes and activating Th2 cytokine gene transcription (12, 21-27). Moreover, NFAT and
AP-1 proteins have been found to partner with each other and with other factors,
including lineage-specific transcription factors, and modulate Th2-specific expression of
IL4 (28-30).
Signals from the IL-4 receptor are transduced by a pathway that converges on the
transcription factor STAT6 (18), which is required for IL-4-dependent events and Th2
differentiation (16-18). This factor promotes Th2 development mainly by up-regulating
the expression of the Th2-specific nuclear factors, c-Maf and GATA3 (16, 31). c-Maf
acts as an activator of IL4, but not IL5 or IL13, transcription (32) while GATA3 is
regarded as the master regulator of Th2 lineage commitment. Indeed, this factor is
necessary and sufficient for Th2 cytokine expression, most likely because of its ability to
control both transcriptional activation and chromatin remodeling of the Th2 cytokine
locus that results in stable, heritable expression of Th2 cytokine genes (33-41).
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Figure 1.1 Transcription factors involved in Th2 cell differentiation
Naïve CD4+ T cells acquire a distinct IL-4/IL-13/IL-5 expressing phenotype upon TCR
and IL-4 receptor engagement by parasitic antigens and IL-4, respectively. Activated
receptors signal through complex pathways that lead to the up-regulation and/or
activation of key transcription factors: Nuclear Factor of Activated T cells (NFAT),
Activator Protein-1 (AP-1), Signal Transducer and Activator of Transcription 6 (STAT6),
GATA3 and c-Maf. These factors promote Th2 differentiation and regulate Th2 cytokine
expression. IL-4R: IL-4 receptor, TCR: T cell receptor. Adapted from Immunol. Rev.
(2004) 202:203 (20).
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1.2

Th2 immunity

CD4+ T helper cells are essential for effective and regulated immune responses
against a broad range of pathogens. Distinct CD4+ Th populations mediate responses to
different pathogens. Th1 cells respond to intracellular viruses and bacteria, Th2 cells
control and contain extracellular parasites, and Th17 cells react against extracellular
bacteria and fungi (42). A main component of these T helper responses is the production
of cytokines, soluble mediators which target multiple cell types and orchestrate the events
that ultimately protect the host against infection (42). The Th2 cells that develop in
response to parasitic antigens co-express the cytokines IL-13, IL-4 and IL-5. These
molecules play mostly distinct but complementary roles in anti-parasite defenses (Figure
1.2) and their coordinated expression is necessary for robust, effective Th2 responses.
IL-4 induces naïve CD4+ Th cells to differentiate into Th2 cells (14) characterized
by high rate secretion of all Th2 cytokines. Both IL-4 and IL-13 stimulate B lymphocytes
to undergo immunoglobulin class switching and synthesize IgE (43, 44). These
antibodies reach the infected tissues through the circulation and bind the high affinity IgE
receptor (FcεRI) on resident mast cells, basophils and dendritic cells (45, 46). FcεRI
crosslinking by parasitic antigens stimulates mast cells and basophils to release soluble
inflammatory mediators such as leukotrienes, prostaglandins, histamine, chemokines,
growth factors, as well as cytokines including IL-13, IL-4 and IL-5, which further
amplify the response. These inflammatory molecules increase vascular permeability and
promote the recruitment of immune cells, including T cells, neutrophils, eosinophils, and
alternatively activated macrophages, to the site of infection (1, 47).
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Figure 1.2 Th2 cytokine functions in the immune response against helminth
infections
The Th2 cytokines IL-4, IL-13 and IL-5 orchestrate Th2 immunity and mediate responses
against extracellular parasites such as helminths. Parasitic antigens are presented to naïve
CD4+ T cells and in combination with IL-4 drive Th2 differentiation. In the presence of
Th2 cytokines (IL-4 or IL-13) and co-stimulatory signals, B cells undergo
immunoglobulin class switching to IgE. At the site of infection, IgE binds to its receptors
on mast cells and basophils. IgE receptor crosslinking by parasitic antigens leads to the
release of inflammatory mediators, which facilitate the recruitment of distinct immune
cells. IL-5 induces the recruitment of a large number of eosinophils, which in
combination with other immune cells form granulomas that can neutralize and damage
the parasite. The effector functions of IL-13 contribute to the ‘weep and sweep’ and
‘epithelial escalator’ responses that ultimately lead to parasite expulsion from the gut.
Adapted from Nat. Rev. Immunol. (2007) 7:12 (1) and Nature (2007) 454:445 (19).
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In B cells and monocytes, IL-4 and IL-13 induce the expression of the low
affinity IgE receptor CD23 (FcεRII), engagement of which activates multiple effector
functions (48-51).
The expansion and recruitment of a large number of eosinophils to the site of
infection is primarily regulated by IL-5, which provides survival, growth, and activation
signals to these cells (52-54). In combination with lymphocytes and macrophages,
eosinophils contribute to the formation of granulomas, localized inflammatory cell
infiltrates which enclose and neutralize the parasitic eggs while possibly facilitating
parasite migration through the intestinal wall (55).
The final expulsion of adult parasites from the gut largely relies on the effector
functions of IL-13 (1, 2, 6, 7). Besides promoting IgE synthesis and CD23 expression,
IL-13 increases smooth muscle cell proliferation and contractility (56), intestinal
permeability, goblet cell metaplasia and mucus secretion by epithelial cells (8, 9, 57, 58),
and responsiveness of these cells to mast cell-derived mediators (1). These functions
contribute to the ‘weep and sweep’ response to intestinal helminths, in which increased
luminal fluids (weep) and muscle contractility (sweep) render the intestinal lumen
inhospitable for the parasite, and ultimately enhance live parasite expulsion (1).
Moreover, IL-13 increases the rate of intestinal epithelial cell turnover, which acts as an
‘epithelial escalator’ to displace parasites from the large intestine and force them into the
gut lumen by removing them along with the intestinal epithelium (5). IL-13 is also
critical for the tissue repair process that follows acute or chronic parasitic infections. The
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replacement of damaged normal cells by connective tissue or myofibroblasts is largely
IL-13-dependent (59-61).
Interestingly, recent evidence from mouse models raises the possibility that in
addition to their role in anti-parasite immunity, Th2 cytokines and their regulators might
be essential for another evolutionarily crucial process, mammary gland development
(62-64). STAT6, the main signaling molecule in both the IL-13 and the IL-4 pathways,
was initially found to be highly expressed in mammary glands during development (63).
Later, mammary epithelial cells were found to up-regulate expression of IL-4, IL-5 and
IL-13 as they commit to the luminal lineage during pregnancy (62). Moreover,
IL13/IL4-deficient mice and STAT6-deficient mice exhibited reduced luminal mammary
epithelial cell differentiation during gestation (62). Finally, independent studies
demonstrated that GATA3, the master regulator of Th2 chromatin remodeling and
lineage commitment, is necessary for the specification and maintenance of the luminal
cell fate in adult mice (64). While the role of Th2 cytokines in human mammary gland
development remains to be established, it is noteworthy that complex associations have
been reported between breast-feeding, allergy and asthma (65-69).
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1.3

Regulation of IL13 gene expression

IL13 is expressed by several immune cells, both adaptive (CD4+ Th2 cells and
CD8+ T cells) and innate (basophils, eosinophils, mast cells, and NKT cells) (70).
However, in quantitative terms, IL-13 production derives mostly from CD4+ Th2 cells,
and the processes that regulate IL13 expression are best understood for these cells. Thus,
this dissertation focuses on the regulation of IL13 gene expression in Th2 cells.

1.3.1

Chromatin studies in murine models
The genes encoding IL13 and the other Th2 cytokines are clustered on human

chromosome 5q31 and the syntenic region of murine chromosome 11 (71). This region is
known as the Th2 cytokine locus. RAD50, an unrelated, ubiquitously expressed DNA
repair gene, also resides within this locus (Figure 1.3). Chromatin studies primarily
performed in mouse models have shown that epigenetic control mechanisms play a
critical role in the regulation of Th2 differentiation and Th2 cytokine gene transcription.
The acquisition of a Th2 phenotype by naïve CD4+ T cells is accompanied by extensive
chromatin remodeling at the Th2 cytokine locus, and robust Th2 cytokine expression
requires a complex array of developmentally regulated cis-acting elements scattered
throughout the locus and marked by nuclease (DNase I) hypersensitivity (72, 73).
Increased sensitivity to nuclease digestion typically marks the location of cis-regulatory
elements found in an open chromatin configuration and reflects the DNA binding activity
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Figure 1.3 DNase I HS sites detected in the human and murine Th2 loci
The Th2 cytokine genes IL5, IL13, and IL4 are clustered within ≈160 kb in human
chromosome 5q31 and ≈120 kb in murine chromosome 11. The gene encoding RAD50, a
DNA repair enzyme, is also located in this region. The colored arrows represent the
direction of transcription while the downward black arrows represent the location of HS
sites identified throughout the locus in murine or human naïve and Th2 cells. In the
enlarged region, DNase I HS sites found in human neonatal naïve and Th2 cells within
the IL13 locus are depicted. Red boxes represent IL13 exons. Adapted from Immunity
(1998) 24:369 (73), J. Immunol. (2002) 169:1893 (74), and J. Biol. Chem. 282:700 (75).
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of trans-activating factors that induce destabilization or displacement of local
nucleosomes (76). Enhanced chromatin accessibility at active cis-regulatory elements
also correlates with, and is likely caused by, post-translational modifications of histone
tails (77) and covalent DNA changes (hypomethylation of cytosines within CpG
dinucleotides) (78).
In murine naïve CD4+ Th cells, the Th2 locus is found in a closed, repressive
chromatin state. Only few DNase I hypersensitive (HS) sites (RHS2, RHS3 and RHS6 in
RAD50, HSS3 downstream of IL13 and HSIV downstream of IL4) can be detected (72,
73, 79, 80) (Figure 1.3). Upon Th2 differentiation, the murine Th2 locus acquires an
open, accessible chromatin conformation. HS sites form at the IL5, IL13, and IL4
proximal promoters and at multiple other locations throughout the locus (the 3′ end of
RAD50, the second intron of IL13, the intergenic IL13/IL4 region, the second intron of
IL4, and downstream of IL4) (72, 73, 79, 80) (Figure 1.3). Acetylation of histones and
CpG hypomethylation is also found at most of these regions (81-83). Chromatin
accessibility at the Th2 cytokine locus is largely under the control of GATA3, which can
induce a Th2-like pattern of nuclease hypersensitivity even when ectopically expressed in
murine Th1 cells (36). Histone hyperacetylation at the IL13 and IL4 loci is also
dependent on GATA3, particularly through interactions with the Conserved GATA3
Response Element (CGRE) located in the distal IL13 promoter (84).
The majority of the HS sites identified in the murine Th2 locus map to, or to the
vicinity of, regions that are highly conserved from mice to humans (conserved
non-coding sequences, CNSs) (85). Several experimental studies have shown that CNSs
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in the human genome are typically endowed with regulatory function (86). At the Th2
locus, in particular, a comparative genomics analysis of one megabase of human
chromosome 5q31 and its orthologous region on mouse chromosome 11 identified
several CNSs (85). Prominent among these were two regions (CNS-1 and CNS2) that
corresponded to experimentally identified HS sites. CNS-1 overlapped with HSS 1,2
located in the IL13/IL4 intergenic region, and CNS-2 overlapped with HSV detected
downstream of IL4. Deletion of CNS-1 from a transgene or from the native murine locus
(85, 87) markedly diminished IL4 and IL13 expression (85, 87). Moreover, targeted
deletion of a 3.7 kb region downstream of IL4 which included HSVA and CNS-2
decreased IL4, but not IL13, expression (88).
Deletion of other HS sites from the mouse genome (89, 90), or studies with
transgenic mice carrying arrays of HS sites (91), provided insights into the function of
several other HS sites in the murine Th2 locus. The HS sites RHS5,6, and 7 clustered at
the 3′ end of RAD50 were shown to act as a locus control region (LCR) conferring
tissue-specific and copy number-dependent expression to an IL4 transgene (79, 92).
Deletion of RHS7 strongly diminished Th2 cytokine expression in vitro and Th2
responses in vivo (90). HSII, located in the second intron of IL4, was found to enhance
IL4 expression (91). In contrast, deletion of HSIV, which is located downstream of IL4,
increased IL4 and IL13 expression in naïve T cells and promoted Th2 skewing in vitro,
characterizing this element as a silencer of IL4 expression in Th1 cells (89). Recent
studies of long-range intra-chromosomal interactions within the murine Th2 locus in
naïve, Th1 and Th2 cells documented differentiation stage-specific physical interactions
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between the nuclease hypersensitive promoters of Th2 cytokine genes and the LCR,
CNS-1, HSIV, and CNS-2 (90, 93). The trans-activating factors GATA3 and STAT6
were found to be involved in the establishment and maintenance of these interactions in
Th2 cells (93).

1.3.2

Chromatin studies in human models
Data about chromatin structure at the human Th2 locus are more limited. One

study in adult Th2 cells, centered on IL4 and IL13, detected several Th2-specific HS sites
in the IL4, IL13, and IL13/IL4 regions (Figure 1.3), which co-localized with CpG
hypomethylation (74). Some of these HS sites showed correspondence with murine HS
sites. For example, DHSI in the distal IL13 promoter corresponded to the CGRE, and
DHSI and DHSII in IL4 likely corresponded to HSII, the intronic enhancer in murine IL4.
DNase I hypersensitivity was not analyzed in naïve T cells, but analysis of DNA
methylation at a limited number of CpG sites showed CpG hypermethylation over the
distal and proximal IL13 promoter, IL13/IL4 intergenic region, proximal IL4 promoter,
and IL4 second intron (74).
The Vercelli Laboratory has comprehensively studied patterns of DNase I
hypersensitivity and CpG methylation at the IL13 locus in human neonatal, naïve CD4+ T
cells and differentiated Th2 cells (75). Only two HS sites, HS4 and HS5, were detected in
naïve T cells at the distal IL13 promoter (Figure 1.3). CpG hypomethylation at these
regions correlated with nuclease hypersensitivity. Upon Th2 differentiation, the IL13
locus was extensively remodeled, as revealed by the formation of additional HS sites

25
(Figure 1.3) associated with DNA hypomethylation. HS6 corresponded to the IL13
proximal promoter, and hypersensitivity at this region correlated not only with CpG
hypomethylation but also with acetylation of histone H4. HS7 was detected in the first
intron and HS8-HS14 were located downstream of IL13. Some of these HS sites likely
corresponded to HS sites previously detected in human adult and/or murine CD4+ T cells.
For example, HS5 may be homologous to HS1 in murine IL13 and to DHSII in adult Th2
cells, HS11 may be homologous to murine HSS3, HS6 corresponded to murine HS2, and
HS13 corresponded to the CNS-1 enhancer. Of these, HS5, HS6 and HS13 co-localize
with peaks of sequence conservation (75) (Figure 1.4). Other HS sites that co-localize
with peaks of conservation are HS7, which may be homologous to a known murine mast
cell-specific HS site (94), and HS8, which has no known murine HS site counterpart. The
high degree of sequence conservation of these elements further supports their functional
importance in controlling IL13 expression in neonatal CD4+ T cells (75). HS4, HS9,
HS10, HS11, HS12 and HS14 did not co-localize with peaks of strong sequence
conservation (Figure 1.4). Therefore, these elements may represent evolutionarily more
recent cis-acting elements that confer species-specific regulatory properties (95).
The analysis of chromatin architecture at the human IL13 locus identified several
novel putative Th2 regulatory elements (HS4, HS5, HS7, HS8, HS9, HS10, HS11, HS12,
and HS14). Functional studies of individual elements will be required to characterize
their contributions to human Th2 cytokine gene regulation. Chapter II in this dissertation
describes the functional characterization of HS4 as a novel IL13 regulatory element.
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Figure 1.4 Comparison between accessibility and sequence conservation at the IL13
locus
Top: schematic representation of DNase I HS sites (ovals) identified across the IL13
locus in human neonatal naïve CD4+ T cells and differentiated Th2 cells. Black ovals
represent HS sites observed in both naïve and Th2 cells while white ovals represent HS
sites observed only in Th2 cells. IL13 exons (black squares) and untranslated regions,
(light grey squares) are indicated. Bottom: pairwise sequence alignment for the human
and mouse IL13 loci generated by VISTA (http://genome.lbl.gov/vista/index.shtml). The
y-axis indicates the percent identity calculated over a 50 bp sliding window. CNSs (≥ 75
% identity) are shaded in pink. Dark blue: protein coding sequence, light blue: 3′ UTR.
From J. Biol. Chem. (2006) 282:700 (75).

1.4

IL-13 dysregulation and allergic disease

IL-4, IL-5 and IL-13, the orchestrators of Th2 immunity, perform complementary
functions that result in parasite clearance during infection (1), but mediate pathogenic
responses when dysregulated (96). Allergic diseases (such as asthma, hay fever and
atopic dermatitis) are thought to represent the outcome of a misdirected Th2 immune
response that targets innocuous environmental antigens (or allergens). In allergic
individuals, persistent exposure to allergens results in chronic Th2-mediated
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inflammation that affects the lung in asthma, the upper respiratory tract in hay fever, and
the skin in atopic dermatitis [reviewed in (19, 97, 98)].
Because of its multiple effector functions, IL-13 is regarded as a central mediator
of allergic diseases. Indeed, experiments in murine models of allergic asthma have
demonstrated IL-13 is necessary and sufficient to induce all the hallmarks of allergic
inflammation of the lung (8, 9). Overexpression of IL-13 in the mouse lung led to
pulmonary eosinophilia, airway epithelial cell hyperplasia, mucus cell metaplasia,
subepithelial fibrosis, airway obstruction and airway hyperresponsiveness (58).
Conversely, blockade of IL-13 in allergen-immunized wild-type mice ameliorated most if
not all of those disease manifestations (8, 9). In humans, higher levels of IL-13 and its
receptors are detected in the respiratory tract of patients with allergen-induced rhinitis
and asthma (99, 100). Furthermore, during early life, a period critical for susceptibility to
allergic disease, IL-13 is expressed in the placenta (101) and is actively secreted by
human neonatal T cells (102). Of note, higher IL-13 production at birth has been
associated with subsequent development of allergy (103-106). Collectively, these
findings have made IL-13, its receptors and signaling pathways promising targets for
therapeutic intervention in allergic diseases (107). For instance, a recent pharmacological
study of an IL-4 variant that potently inhibits the binding of IL-13 and IL-4 to IL-4Rα
complexes showed that this compound decreased asthma symptoms in patients with
atopic asthma (108).
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1.4.1

Allergic diseases as complex diseases

Allergic disorders are prototypical complex diseases in that their pathogenesis
seems to be influenced by the interplay among multiple genetic, developmental and
environmental factors. The incidence of many complex diseases, allergic disorders
included, has dramatically risen in developed countries over the past five decades (4).
Asthma, for example, currently affects 25% of the population in the western world and
has become the leading cause of chronic disease in children (109). In the United States,
over 22 million people have been diagnosed with asthma and over 4000 asthma deaths
are reported every year (110). Allergic asthma is one of the most common asthma
phenotypes, particularly when the disease begins in early life (111).
Since genetic alterations are unlikely to be responsible for rapid changes in
disease prevalence, it is generally thought that modifications in the environment underpin
the increased prevalence of complex diseases in general and asthma/allergy in particular.
According to the hygiene hypothesis, initially formulated in 1989 (112), a rich microbial
environment, particularly in early life, would be essential to promote the development of
immunoregulatory mechanisms that prevent the immune system from mounting
responses against innocuous antigens such as allergens(113). This view is supported by
multiple epidemiological studies that have explored the link between environmental
factors, the immune system and the development of allergic disorders. For instance, it has
been shown that early life exposure to a farming environment (which is rich in microbial
products such as endotoxin and muramic acid) confers strong protection against allergic
sensitization and asthma (114-116).
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Together with environmental factors, genetic factors play a major role in the
development of allergic disease and greatly modify disease susceptibility. An important
connection between genetic dysregulation and allergic inflammation was identified more
than a decade ago through analyses that pointed to linkage between variants in human
chromosome 5q31, which contains the Th2 cytokine gene cluster, and allergic
phenotypes (117-120). Extensive efforts have since then focused on identifying the
genetic basis of asthma/allergy, and several linkage analyses and candidate-gene
association studies have been performed in multiple populations. Overall, >100
susceptibility genes have been found to be associated with allergy and allergy-related
phenotypes in the last decade [reviewed in (121)]. The most robust associations (defined
as at least five positive reports) were found for a subset of 33 genes (Figure 1.5), which a
recent review of the asthma and allergy genetics literature (10) classified into four
distinct groups: innate immunity and immunoregulation, Th2 differentiation and effector
functions, epithelial cell biology and mucosal immunity, and lung function/airway
remodeling/disease severity (Figure 1.6). Prominent among the most robust candidates
are genes located within the Th2 pathway (Figure 1.5): IL13 (chromosome 5q31), IL4
(chromosome 5q31), FcεRIB (the β subunit of the high affinity IgE receptor:
chromosome 11q13), STAT6 (the critical IL-13 and IL-4 signaling molecule:
chromosome 12q13), and IL4RA (the α subunit of the IL-13 and IL-4 receptors:
chromosome 16p12). IL13 in particular remains one of the most replicated allergy genes
across ethnically distinct populations, suggesting that the functional impact of IL13
variants is robust and independent of ethnicity-related differences in genetic background.
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Figure 1.5 Susceptibility genes for asthma and asthma-related phenotypes
Genes associated with asthma/allergy phenotypes in at least five independent reports of
candidate-gene association or positional cloning (underlined) studies. Their chromosomal
location, function and common variants are indicated. This figure was taken from Nature
Rev. Immunol. (2008) 8:169 (10) with permission from the Nature Publishing Group.
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Figure 1.6 Candidate genes for asthma/allergy in a cell-based framework
Susceptibility genes identified through association or positional cloning studies were
classified into four distinct groups based on their functions (I: innate immunity and
immunoregulation, II: Th2 differentiation and effector functions, III: epithelial cell
biology and mucosal immunity, and IV: lung function/airway remodeling/disease
severity). The diagram represents genes from the first three groups. This figure was taken
from Nature Rev. Immunol. (2008) 8:169 (10) with permission from the Nature
Publishing Group.
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1.5

Genetic variation at the IL13 locus

In the year 2000, researchers at the Arizona Respiratory Center first identified a
cluster of common single nucleotide polymorphisms (SNPs) in the IL13 locus (122)
(Figure 1.7). Two of these polymorphisms (-1512AC, -1112CT; SNP numbering is
relative to the IL13 ATG) were found in the distal promoter, one (+1923CT) was found in
the third intron, and three (+2525GA, +2580CA, +2749CT) were found in the 3′
untranslated region (3′ UTR). Moreover, the fourth exon was found to harbor a nonsynonymous SNP (+2044GA) that is expected to lead to a non-conservative amino acid
change (arginine, Arg to glutamine, Gln) at position 130 of the native protein. The SNP
in the third intron and the SNPs in the 3′ UTR were in almost complete linkage
disequilibrium (LD) with IL13+2044GA, while the SNPs in the distal promoter were
linked to one another more than to the coding SNP. Interestingly, total serum IgE levels
were highly associated with IL13+2044GA, IL13-1112CT and IL13-1512AC in skin
test-negative children from three distinct Caucasian populations: the Tucson Children’s
Respiratory Study, a large longitudinal study of allergies and asthma (123), and two
cross-sectional studies of asthma and allergies in Munich and Leipzig, Germany (124).
For skin test-positive children, the strongest association with IgE levels was observed for
IL13+2044GA (122).
Subsequent studies, focusing mostly on IL13+2044GA and IL13-1112CT,
confirmed the association of these SNPs with total serum IgE levels and extended it to a
wide spectrum of additional allergy-related phenotypes (Table 1.1).
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Figure 1.7 Single nucleotide polymorphisms in the IL13 locus
Cluster of SNPs in the IL13 locus identified in three populations of white children and
associated with increased total serum IgE levels (122). SNP number corresponds to the
position of the base pair change relative to the IL13 ATG. Reference numbers from
dbSNP, the NCBI SNP database (http://www.ncbi.nlm.nih.gov/SNP/), for each SNP are
indicated in red. IL13 exons are depicted in black and untranslated regions (UTRs) in
grey.

Table 1.1 Genetic variation at the IL13 locus is associated with allergic phenotypes
IL13 SNP

ASSOCIATED PHENOTYPE

POPULATION

IL13+2044GA

Increased total serum IgE levels in skin
test negative children

1399 white children from Tucson and
Germany (122)

Increased total serum IgE levels and
atopic dermatitis

604 German children from the MAS-90
(Multicenter Atopy Study-90) cohort (125)

Increased total serum IgE levels and
bronchial asthma

267 atopic patients and 228 asthmatic
patients from Germany (126)

Increased total serum IgE levels in
subjects with allergic rhinitis

188 Chinese atopic patients with allergic
rhinitis (127)

Asthma
Atopic asthma and non-atopic asthma

150 young adult, British subjects with
clinical asthma and atopy;
200 young adult, Japanese subjects with
clinical asthma and atopy , 100, or with
clinical asthma but not atopy, 100 (128)

Atopy and atopic dermatitis

288 Canadian white children (129)

Atopic dermatitis

185 Japanese patients with atopic dermatitis
(130)

Grouped atopic dermatitis phenotype
(eosinophil counts, IgE, positive skin
test)

666 American asthmatic children from the
CAMP (Childhood Asthma Management
Program) study (131)
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Increased total IgE levels
-----------------------------------------------IL13+2044GA x IL4RAIle50Val*:
Increased asthma risk
IL13+2044GA x TARC-431CT#:
Elevated total serum IgE levels
IL13-1112CT

Increased total serum IgE levels in skin
test negative children

1399 white children from Tucson and
Germany (122)

Allergic asthma

101 patients with allergic asthma from The
Netherlands (134)

Asthma, BHR (bronchial
hyperresponsiveness), positive skin test
reactivity to common aeroallergens

184 probands and their spouses from a
Dutch population (135)

Increased risk of sensitization to food
and outdoor allergens

823 German children (136)

Allergy and atopic dermatitis

238 atopic individuals from Denmark (137)

Increased total serum IgE levels (effect
independent of IL13+2044GA)
-----------------------------------------------Protection from Schistosoma
hematobium infection

823 German children (138)

Protection from severe malaria
-----------------------------------------------IL13-1112CT x IL4RASer478Pro^:
Increased asthma risk by 5-fold

IL13-1512AC

529 German children from the ISAAC
(International Study of Asthma and Allergy
Childhood) replication cohort (132)
----------------------------------------------------240 Chinese asthmatic children (133)

----------------------------------------------------693 African subjects from Ségué and 148
from Boul (139)
361 adult malaria patients from Thailand
(140)
----------------------------------------------------200 probands and their spouses, children,
and available grandchildren from a Dutch
population (141)

IL13-1112CT x IL13RA1+1398AG&:
Increased total IgE levels

358 Korean children with atopic asthma
(142)

IL13-1112CT x IL4-589CT@ x
IL4RA+148AG% x STAT6+2829CT$:
Increased risk for higher total serum
IgE levels by 10.8-fold and
development of asthma by 16.8-fold

1120 German children (143)

Increased total serum IgE levels in skin
test negative children

1399 white children from Tucson and
Germany (122)

Increased total IgE levels

358 atopic asthmatic children from Korea
(142)

Elevated total IgE levels (IL13-1512AC
alone accounted for most of the
phenotypic variance observed with

3615 subjects from a British 1958 birth
cohort (144)
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IL13-1512AC, IL13-1112CT,
IL13+1923CT, and IL13+2044GA
combined)
Increased total IgE levels
-----------------------------------------------IL13-1512CT x IL13RA1+1398AG&:
Increased total IgE levels

529 German children from the ISAAC
(International Study of Asthma and Allergy
Childhood) replication cohort (132)
----------------------------------------------------358 Korean children with atopic asthma
(142)

*

IL4RAIle50Val, a coding SNP in the IL-4Rα gene
TARC-431CT, a SNP in the thymus and activation-regulated chemokine (TARC) gene
^
IL4RASer478Pro, a coding SNP in the IL-4Rα gene
&
IL13RA1+1398AG, a SNP in the gene encoding the other subunit of the IL-13 receptor
@
IL4-589CT, a SNP in the IL4 promoter
%
IL4RA+148AG, a SNP in the IL-4Rα gene
$
STAT6+2829CT, a SNP in the gene encoding the transcription factor STAT6
#

More recently, the International HapMap project (http://www.hapmap.org/), a
partnership of institutions from Canada, China, Japan, Nigeria, the United Kingdom and
the United States which joined forces in order to identify and catalog genetic variation in
human populations (145), discovered and genotyped several additional SNPs in the IL13
locus and surrounding chromosomal regions. This analysis has deepened the appreciation
of LD patterns at the IL13 locus. For instance, data from HapMap-CEU, a population of
30 unrelated mother-father-child trios from Utah, have revealed that the IL13 SNPs form
two major haplotype blocks (Figure 1.8). The block that lies at the 3′ end of the gene was
described in the original report (122) and encompasses IL13+1923CT, IL13+2044GA and
the 3′ UTR SNPs. In contrast, the block located at the 5′ end of the locus includes the
IL13 promoter SNPs and extends about 90 kb upstream into RAD50.
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Figure 1.8 LD blocks formed by polymorphisms at the IL13 locus and surrounding
regions in the HapMap-CEU population
Graphical display of LD obtained from the Genome Variation Server (146) at
http://pga.gs.washington.edu/ for the region between 131906764 and 132039700 on
human chromosome 5. Only SNPs genotyped in the HapMap-CEU population (Utah
residents with ancestry from northern and western Europe) with allele frequencies of at
least 10% were included. (^,*: IgE-associated SNPs in the ^Th2 LCR and the *IL13
locus). Indicated above the rs numbers are the genic regions for RAD50, IL13 and part of
IL4. Red: coding SNPs, orange: UTR SNPs.
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One important implication of the extensive LD in the Th2 locus is that causative
variants for allergic diseases located in this region cannot be identified by association
studies. Indeed, several SNPs in IL13 and RAD50 (the latter located in Th2 locus control
elements interspersed in the RAD50 gene) were genotyped in a recent genome-wide
association study (GWAS) and were found to be significantly associated with total serum
IgE levels in a subset of 526 children from the ISAAC (International Study of Asthma
and Allergy Childhood) replication cohort (132) (Table 1.2). However, it was impossible
to establish whether this association was driven by RAD50 and/or IL13 SNPs.
Interestingly, the majority of disease-associated RAD50 and IL13 SNPs are located
within, or close to, DNase I hypersensitive sites (Table 1.2), which suggest they may
modulate the function of cis-acting elements important for Th2 cytokine gene
transcription. Functional studies are needed to assess which of the SNPs in the Th2 locus
are responsible for modulating IgE levels and other allergic phenotypes and to
characterize the relevant molecular mechanisms.

Table 1.2 RAD50 and IL13 polymorphisms are associated with increased total serum
IgE levels in asthmatic/allergic children from Germany (132)
GENE

LOCATION / HS SITE

RAD50

Intron 3
Intron 22 (Th2 LCR, RHS6)
Intron 23 (Th2 LCR, RHS6/7)

rs2706347
rs2040704
rs7737470

0.050
0.027
0.044

Distal promoter (HS4)
Exon 4

rs1881457 (IL13-1512AC)
rs20541 (IL13+2044GA)

0.020
0.009

IL13

SNP

P-VALUE
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1.5.1

Functional studies of IL13 polymorphisms
To date, only a few functional studies of disease-associated genetic variants have

been published in the domain of allergy and asthma. The pioneering studies performed by
the Vercelli Laboratory to investigate qualitative and quantitative mechanisms of IL13
dysregulation are discussed below.

1.5.1.1 IL13+2044GA (rs20541)
The structure of human IL-13 has been solved by high resolution NMR, which
determined the protein contains four α-helixes, a short β-sheet region and two disulfide
bonds (147). IL13+2044GA, a common polymorphism in the fourth exon (Minor Allele
Frequency, MAF: 0.27 in Caucasian populations), induces the non-conservative
substitution of Arg (a basic residue) with Gln (a neutral residue) in α-helix D at the IL-13
C-terminus. Independent mutational analyses suggested this region interacts with the
IL-13 receptor (IL-13Rα1/IL-4Rα) as well as with the decoy IL-13Rα2, and thus might
be critical for IL-13 signaling (148, 149). The Vercelli Laboratory performed a rigorous
comparative assessment of the activity of the wild-type (IL-13Arg130) and minor IL-13
variant (IL-13Gln130) on key IL-13-dependent signaling events (Figure 1.9) in primary
immune cells involved in the pathogenesis of allergic inflammation. Both IL-13Arg130
and IL-13Gln130 were expressed in eukaryotic cells, a system that ensures proper
stability of highly glycosylated proteins. Induction of STAT6 phosphorylation, CD23
expression, and IgE synthesis by physiologically relevant concentrations of each protein
was assessed and compared. These studies confirmed that IL13+2044GA leads to the
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Figure 1.9 IL-13 receptor signaling results in STAT6 phosphorylation, induction of
IgE synthesis and up-regulation of CD23 expression
Engagement of the IL-13 receptor (a heterodimer of IL-4Rα and IL-13 Rα1) by IL-13
leads to a series of signaling events that result in the phosphorylation/activation of the
transcription factor STAT6. Phosphorylated STAT6 monomers dimerize, translocate to
the nucleus, and activate transcription of downstream targets, including IgE in B cells and
CD23 in B cells and monocytes. Adapted from J. Allergy Clin. Immunol. (2003) 111:677
(150)
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synthesis of a protein variant with enhanced functional properties (151). Indeed,
IL-13Gln130 was more active than IL-13Arg130 in inducing STAT6 phosphorylation
and up-regulating CD23 expression in primary monocytes. Moreover, IL-13Gln130 was
more active than IL-13Arg130 in inducing IgE synthesis by peripheral blood
mononuclear cells co-stimulated with hydrocortisone. Finally, soluble IL-13Rα2
neutralized the minor variant (IL-13Gln130) less effectively than wild-type
(IL-13Arg130). Collectively, these results showed that IL13+2044GA targets an amino
acid critical for IL-13/IL-13 receptor interactions, IL-13/IL-13Rα2 interactions, and
IL-13-mediated signaling (151). Thus, these studies highlighted potential molecular
mechanisms underpinning the association between IL13+2044GA and increased allergic
disease risk.
Of note, similar to the effects of other common polymorphisms found in other
genes (152-157), the functional differences between the wild-type and the variant IL-13
protein found in the analyses described above were very consistent, yet relatively small
and thus too modest to influence disease susceptibility (151). However, SNP/SNP
interactions within the same gene and/or gene/gene interactions along the same pathway
may amplify the functional impact of common SNPs (158). Indeed, interactions of IL13
polymorphisms with polymorphisms in other genes within the Th2 pathway (e.g.,
IL4RAIle50Val, IL4RASer478Pro, IL13RA1+1398AG, IL4-589CT, IL4RA+148AG, and
STAT6+2829CT) have been found to increase risk for elevated IgE levels and asthma
(Table 1.1).

41
1.5.1.2 IL13-1112CT (rs1800925)
Another study recently performed in the Vercelli Laboratory characterized the
impact of IL13-1112CT, a common SNP in the distal IL13 promoter (MAF: 0.20 in
Caucasian populations), on the regulation of IL13 gene expression (159). Analysis of the
direct effect of the -1112 alleles on IL13 transcription relied on the use of an in vitro
system that compared the activities of two reporter constructs driven by a 2.7 kb IL13
promoter fragment carrying either the major (C) or the minor (T) allele at position -1112.
The T allele significantly enhanced IL13 transcription in both human and murine in vitro
polarized Th2 cells. In these highly differentiated cells, STAT6 was shown to repress the
activity of the major -1112C allele, because mutation of a STAT6 motif located few
bases upstream of position -1112, or antibody-mediated inhibition of STAT6 activation,
resulted in significantly higher IL13 transcription. Selective binding of the transcription
factor YY1 to a site created by the -1112C/T substitution attenuated STAT6-mediated
repression and led to the increased promoter activity associated with the minor -1112T
allele. Of note, this study showed that mitogen-activated peripheral blood mononuclear
cells from -1112TT homozygous individuals enrolled in the Tucson Infant Immune study
[a large prospective study of the development of immunological markers of
asthma/allergy risk (160)] secrete higher IL-13 levels compared to cells from -1112CC or
CT individuals, lending further support to the functional impact of IL13-1112CT on IL13
promoter activity.
Interestingly, a multiple sequence alignment of IL13 promoter sequences from
humans, 12 primate species representative of distinct clades (hominoids, old world
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monkeys and new world monkeys) and mice demonstrated that IL13-1112CT is located
within a putative primate-specific cis-regulatory element, which appears to map to HS5
(75) (Figure 1.3). It was also noteworthy that the allergy-associated minor -1112T allele
represents the ancestral, not the derived allele. IL13 might therefore be the first immunity
gene that conforms to the ancestral susceptibility model proposed to explain the
observation that several alleles that increase complex disease risk (for example, those
involved in energy metabolism and sodium homeostasis) are ancestral (161). According
to this model, ancestral alleles represent adaptations to environments in which derived
alleles were deleterious. With changes in environment and lifestyle, ancestral alleles
would increase risk of common diseases, while derived alleles would become protective.
Indeed, in Westernized environments the IL13-1112T allele is associated with increased
susceptibility to asthma and asthma-related phenotypes, while in Africa and Thailand the
same allele is associated with protection from parasitic infections and severe malaria,
respectively (Table 1.1). Although it is unclear why the derived allele, IL13-1112C, rose
to fixation in most human populations, the IL13 locus shows evidence for a recent
episode of positive selection in Chinese and Caucasian populations (162). Overall, these
findings imply that the analysis of genetic variation in an evolutionary framework might
provide valuable insights into the function of polymorphisms in modern human
populations.
An unexpected finding provided by the functional characterization of
IL13-1112CT was that this polymorphism had distinct functional effects in non-polarized
CD4+ T cells and polarized Th2 cells (159). Indeed, the T allele was transcriptionally
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more active in Th2 cells but as active as, or less active than, the C allele in non-polarized
CD4+ T cells. This difference appeared to result from binding of well-defined
transcription factors (NFAT2 or Oct-1) to the polymorphic region in non-polarized CD4+
T cells, which might interfere with the ability of YY1 to relieve STAT6-dependent
repression in those cells. These results suggest that IL13-1112CT might influence
maintenance and/or exacerbation of allergic inflammation in the context of an established
Th2 response rather than influence its inception (159). These data also highlighted the
importance of characterizing the impact of regulatory genetic variation in the proper
cellular milieu/developmental stage and collecting biological samples under relevant
conditions for phenotyping when testing susceptibility loci in association studies.

1.5.1.3 IL13-1512AC (rs1881457)
IL13-1512AC, another common polymorphism in the distal IL13 promoter (MAF:
0.20 in Caucasian populations), has not been characterized in functional studies.
However, several observations warrant the analysis of this polymorphism. Indeed, strong
associations between IL13-1512AC and elevated total serum IgE levels have been
reported in multiple populations (Table 1.1). One of these studies, which recruited over
3600 subjects, analyzed IL13-1512AC, IL13-1112CT, IL13+1923CT, and IL13+2044GA,
and found that IL13-1512AC alone accounted for most of the phenotypic variance
observed with all four SNPs (144). Moreover, IL13-1512AC is located within HS4 (75)
(Figure 1.3). Collectively, these data suggest IL13-1512AC may be a functional
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polymorphism that affects IL13 expression. The analysis of the role played by
IL13-1512AC in the regulation of IL13 transcription, and the potential mechanisms
underlying its association with susceptibility to allergic disease, are discussed in Chapter
III of this dissertation.

1.6

Dissertation outline

The research work presented in this dissertation focused on understanding how
genetic variation associated with allergic disease affects the regulation of IL13 gene
expression. Variants located in regulatory regions, if functional, could affect the activity
of control elements such as promoters, enhancers, and silencers. The distal IL13 promoter
harbors genetic variants within or in close proximity to HS sites that are likely to mark
the location of cis-regulatory elements active in human T cells (75). IL13-1512AC, in
particular, is located within HS4. In order to begin understanding the potential impact of
IL13-1512AC on IL13 gene expression, the first aim of this dissertation was to
characterize the role of HS4 in the regulation of IL13 transcription and to identify
transcription factors that contribute to the activity of this element. Because traditional
DNA binding protein identification methods failed to identify proteins binding to HS4,
DNA affinity chromatography coupled with tandem mass spectrometry was used to
achieve this goal. This approach was successful, and in combination with functional
analyses identified HS4 as a novel IL13 cis-regulatory element and NF45 and NF90 as
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novel positive regulators of IL13 promoter activity. Chapter II: NF45 AND NF90
REGULATE HS4-DEPENDENT IL13 TRANSCRIPTION IN HUMAN T CELLS describes
these studies. This work is currently submitted for publication in Molecular and Cellular
Biology.
Because of the high LD between IL13-1512AC and IL13-1112CT as well as other
SNPs located in the upstream LD block (Figure 1.8), the direct impact of IL13-1512AC
on IL13 transcription was unclear. Therefore, the second aim of this dissertation was to
determine the impact of this disease-associated SNP on HS4 function, and to characterize
DNA/protein interactions at the polymorphic region with the ultimate goal of identifying
the molecular mechanism underpinning its association with disease susceptibility.
Chapter

III:

AN

ALLERGY-ASSOCIATED

POLYMORPHISM

IN

A

NOVEL

REGULATORY ELEMENT ENHANCES IL13 EXPRESSION describes the functional
characterization of IL13-1512AC. The relevant manuscript is currently in advanced state
of preparation.
The implications of the major findings discussed in Chapter II and III and the
directions that this work could take in the future are described in Chapter IV.

It should be stressed that Chapter II and Chapter III represent manuscripts either
submitted for publication (Chapter II) or in advance stage of preparation for submission
(Chapter III). These chapters, therefore, contain some minor overlaps, due to the need to
present and discuss the experimental data in full and with a clear, logical structure.
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The final chapter of this dissertation is presented as an appendix and describes
work aimed to contribute to the functional characterization of IL13-1112CT. The
outcome of genetic variation is influenced by several factors including the nuclear
regulatory environment in which expression of the relevant gene occurs. Thus, specific
experimental tools are required for the functional study of genetic variation in a given
gene. Th2 cells programmed for high rate IL-13 expression in vivo are the system of
choice when studying regulatory SNPs in the IL13 locus, however human Th2 cell lines
are currently unavailable and the in vitro polarization of human Th2 cells remains a
challenging process because of inter-individual variability in polarization profiles.
Appendix A: D10.G4.1 CELLS: A MODEL SYSTEM FOR THE STUDY OF GENETIC
VARIATION AT THE IL13 LOCUS shows how a murine Th2 cell clone can be used to
study human regulatory polymorphisms. Experiments that contributed to the
characterization of IL13-1112CT and to the understanding of the molecular mechanisms
underlying its function were published in J. Immunol. (2006) 177:8633 (159).
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2

CHAPTER II: NF45 AND NF90 REGULATE HS4-DEPENDENT IL13
TRANSCRIPTION IN T CELLS

2.1

Introduction

The T cell-derived cytokine interleukin-13 (IL-13) plays a pivotal effector role in
T helper type-2 (Th2) immune responses to extracellular parasites (3). When
dysregulated by genetic and/or environmental factors, on the other hand, IL13 expression
is essential for the pathogenesis of allergic diseases (10). Indeed, experimental animal
models have shown that IL-13 is necessary and sufficient to induce all the cardinal
features of allergic lung inflammation, including airway hyper-responsiveness,
eosinophilia, goblet cell metaplasia and mucus hyper-secretion, epithelial cell damage
and fibrosis (8, 9, 163). IL13 expression and IL-13-dependent events are also amplified in
human allergy (99, 100), and high IL-13 production in early life is strongly associated
with the subsequent development of allergic sensitization (104-106).
The IL13 gene lies within the 140 kb Th2 cytokine locus on human chromosome
5q31, which also includes IL4 and IL5. Th2 cytokine gene expression has been shown to
be tightly coordinated and fine-tuned by multiple local and distant cis-regulatory
elements that are located throughout the Th2 locus and are marked by developmentally
conserved DNase I hypersensitive (HS) sites [reviewed in (164)]. HS sites typically
reflect the DNA binding activity of sequence-specific trans-acting factors that induce
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destabilization or displacement of local nucleosomes (76). In the murine Th2 locus,
nuclease HS regions appear to work cooperatively (90, 92) and engage in local and longrange intra-chromosomal interactions that are essential for concerted Th2 cytokine
expression (93).
We recently characterized the dynamic modifications in DNase I hypersensitivity
and epigenetic marks that occur at the IL13 locus during the differentiation of naïve
human CD4+ T cells into a polarized IL-13/IL-4 secreting Th2 phenotype (75). Our study
revealed that distinct regions of the IL13 locus exhibit distinct patterns of chromatin
accessibility at defined stages of the Th cell differentiation process. In naïve T cells,
chromatin at the proximal promoter, the transcription unit and the IL13/IL4 intergenic
region was in an inaccessible state, marked by the absence of HS sites and by extensive
CpG hypermethylation. During Th2 differentiation, these regions underwent profound
remodeling, revealed by the appearance of numerous HS sites that co-localized with
DNA hypomethylation. In contrast, the distal IL13 promoter contained two closely
spaced, novel HS sites, HS4 and HS5, which were detectable in unstimulated naïve CD4+
T cells and persisted throughout Th cell differentiation. Detection of constitutive HS sites
in naïve CD4+ T cells was intriguing because these cells rapidly express substantial
amounts of IL-13 upon T cell receptor cross-linking (102). Early accessibility of the
distal promoter suggested occupancy of HS4 and HS5 by constitutive transcription
factors might poise the locus for rapid IL13 expression upon T cell activation and/or
differentiation.
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The work presented herein was designed to investigate whether HS4 marks the
location of an IL13 cis-regulatory element and to identify nucleoproteins that might
regulate IL13 transcription by interacting with the HS4 region. We show that HS4 does
indeed act as a novel positive regulator of human IL13 promoter activity in response to T
cell activation. Nuclear factor 90 (NF90) and NF45 played an important role in
HS4-dependent up-regulation of IL13 expression.

2.2

Material and methods

Mice C57BL/6 wild-type obtained from the Jackson Laboratory, C57BL/6 NF45+/- (P. N.
Kao et al., unpublished data) and C57BL/6 NF90+/- (165) mice obtained from the
Laboratory of Dr. Peter Kao (Stanford University, Stanford, CA) were maintained under
pathogen-free conditions. All experiments were performed according to institutional
guidelines.

T cell culture

Jurkat T cells (ATCC clone E6-1) were cultured in RPMI 1640

supplemented with fetal bovine serum (10%), penicillin (100 units/ml), streptomycin
(100 µg/ml), and L-glutamine (2 mM). These cells exhibit DNase I hypersensitivity at
HS4 (data not shown) and vigorously up-regulate IL13 mRNA upon activation (159).
Jurkat T cells stably transfected with pEF ires neo, pEF NF45R ires neo or pEF NF90R
ires neo expression vectors (166, 167) were obtained from the Laboratory of Dr. Peter
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Kao (Stanford University, Stanford CA) and grown under the same conditions with the
addition of G418 (1.5 mg/ml).

In vitro Th2 differentiation

Murine Th2 cells were generated essentially as described

(83). Spleens from C57BL/6 mice were harvested and CD4+ T cells were isolated from
splenocyte suspensions using the CD4+ T cell isolation kit (Miltenyi). CD4+ T cells (5 x
106) were resuspended in DMEM supplemented with fetal bovine serum (10%), HEPES
(10 mM), 2-mercaptoethanol (0.1 mM), penicillin (100 u/ml), streptomycin (100 µg/ml),
L-glutamine (2 mM), IL-4 (1000 U/ml), anti-IFNγ (clone R4-6A2, 5 µg/ml) and
anti-IL-12 (clone C17.8, 3 µg/ml) and cultured in flasks coated with anti-CD3 mAb
(clone 145-2C11, 1 µg/ml) and anti-CD28 mAb (clone 37.51, 1 µg/ml). After 3 days,
cells were expanded in the presence of IL-4, neutralizing antibodies and IL-2 (20 U/ml).
At day 7, cells were re-stimulated with plate-bound anti-CD3 and anti-CD28 mAbs, and
nucleofected at day 9-10. Th2 cell polarization was assessed by intracellular cytokine
staining as previously described (75) and consistently yielded ≥ 60 % of IL-4+ and ≥ 70
% IL-13+ T cells.

Reporter constructs -2666IL13p/Luc (159), a luciferase reporter construct driven by the
human IL13 promoter was used to generate shorter promoter fragments. HS6/Luc (168)
consisted of a 363 bp region encompassing the IL13 proximal promoter (-369 to -6)
cloned into pGL3 Basic (Promega). PCR amplification of HS4 (-1650 to -1435) using
-2666IL13p/Luc and the primers HS4-1650 (5′ATACTCGTCGACATAAGGGGCGTTG
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ACTCAC) and HS4-1435 (5′TTGATGTCGACTCTGACTCCCAGAAGTCTG), and
cloning of these regions into the SalI restriction site of HS6/Luc generated HS4-HS6/Luc.
The -1650IL13p/Luc, -1577IL13p/Luc and -1446IL13p/Luc constructs were generated by
PCR amplification using distinct forward primers IL13p-1650 (5′ATACTCGGTACCATA
AGGGGCGTTGACTCAC), IL13p-1577 (5′ATACTCGGTACCATCACGGAGACCCT
GTGGGAGAT), and IL13p-1446 (5′ATACTCGGTACCTGGGAGTCAGAGCCAGC
AGCT), and the same reverse primer IL13p-6 (5′TTGATGCTAGCCAGTGC
CAACAGGAGAGGATT). Each of these regions was cloned into the KpnI and NheI
restriction sites of pGL3 Basic. The -1577mutIL13p/Luc construct, in which the CTGTT
motif within HS4-3′ was mutated by transversion of nucleotides -1529 to -1521, was
generated by ligating two PCR fragments (-1577 to -1526 amplified with primers
IL13p-1577mut

5′ATACTCGAGCTCCATCACGGAGACCCTGTGGGAGAT

and

IL13p-1526 5′TTGATGGGACTAATCTGTAGTAGAGGGCCCAC; and -1541 to -6
amplified with primers IL13p-1541 5′TCTACTACAGATTAGTCCCACTGCCCGT
AGAGGGGTCACACGGCCAAGT and IL13p-6) using a newly created BsmFI
restriction site. The ligated product was cloned into the SacI and NheI restriction sites of
pGL3 Basic. All constructs were verified by sequencing.

Transient transfections

Endotoxin-free plasmids (5 µg) were electroporated into Jurkat

T cells (5 x 106) in log phase of growth using the BTX ECM830 square wave
electroporator (1 pulse, 250V, 50 msec). Cells were co-transfected with pRLTK (25 ng,
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Promega) to normalize for transfection efficiency. After electroporation, cells were
incubated in the presence or absence of PMA, phorbol 12-myristate 13-acetate, (20
ng/ml, Sigma) and ionomycin (1 µM, Sigma). Anti-CD3/anti-CD28-activated Th2 cells
(1 x 106) were nucleofected with endotoxin-free reporter constructs (1ug) and pRL-TK
(50 ng) using the Amaxa nucleofector and the mouse T cell nucleofector kit (Amaxa).
Firefly and Renilla luciferase activities in cell lysates were assessed 16 hours after
electroporation or nucleofection using the Dual Luciferase Assay System (Promega).
Total protein concentrations in cell lysates were determined using the BCA assay
(Pierce). Results were expressed as RLA (relative luciferase activity) units, i.e., firefly
luciferase activity corrected by transfection efficiency and protein content detected in
each sample or as fold induction values, i.e., ratio of RLA units measured in stimulated
over unstimulated samples.

DNA affinity chromatography

Nuclear extracts from Jurkat T cells used in DNA

affinity chromatography were prepared in 2.5-liter batches. Cells were collected by
centrifugation and washed twice with PBS. Cell pellets were resuspended (1:5 v/v) in
buffer A (3 mM MgCl2, 10 mM NaCl, 10 mM Tris pH 7.5, 0.1 mM EGTA, 0.5 mM
DTT, 1 µg/ml aprotinin, 2 µM leupeptin, 1 mM PMSF) and incubated on ice for 10 min.
NP40 (0.5%) was added and nuclei were pelleted by centrifugation. Nuclear pellets were
resuspended (1:2.5 v/v) in buffer C (1.5 mM MgCl2, 20 mM HEPES pH 7.0, 420 mM
NaCl, 25 % gycerol, 0.2 mM EDTA, 0.5 mM DTT, 1 µg/ml aprotinin, 2 µM leupeptin,
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0.5 mM PMSF) and incubated on ice for 30 min. After centrifugation, supernatants were
collected, snap-frozen in liquid nitrogen, and stored at -80oC.
Nuclear extracts (5 mg) were pre-incubated on ice for 30 min with biotinylated
Ncol-HS4-3′-1527/-1496 or Nco1-control (unrelated region that failed to bind any of the
Ncol-HS4-3′-1527/-1496-binding proteins in EMSA, data not shown; 5 µg). DNA/protein
complexes were bound to streptavidin coated-magnetic beads (500 µl, Miltenyi) for 30
min. After incubation, mixture was loaded onto a column (5 ml capacity, Miltenyi)
attached to magnet (Miltenyi) and washed four times with wash buffer (1.5 mM MgCl2,
20 mM HEPES, 100 mM NaCl and 0.5 mM PMSF). The column was removed from the
magnet and bead/DNA/protein complexes eluted with wash buffer supplemented with 8.5
mM MgCl2 and 1 mM DTT. Nco1 (10 units) was added to the sample and digestion was
performed for 1 hr at 37oC. After digestion, sample was loaded again onto column
attached to magnet and bypass collected. Eluted DNA/protein complexes from six
columns were combined and concentrated by overnight precipitation with ice-cold
acetone at -20 oC. Concentrated protein samples were either digested in-solution or
separated by SDS-PAGE prior to peptide digestion following standard protocols. SDS
gels were silver-stained and relevant bands excised only for samples corresponding to
Ncol-HS4-3′-1527/-1496 affinity column eluates due to low protein content in bands from
Ncol-control affinity column eluates.

Mass spectrometry

Tandem mass spectrometry coupled to liquid chromatography

(LC-MS/MS) analyses of digested protein gel bands were carried out using a linear
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quadrupole ion trap ThermoFinnigan LTQ mass spectrometer equipped with a Michrom
Paradigm MS4 HPLC with a reversed-phase (RP) column, a SpectraSystems AS3000
autosampler, and a nanoelectrospray source. Dependent data scanning was performed by
Xcalibur v 1.4 software (169) with scan event series including one full scan followed by
6 dependent MS/MS scans of the most intense ion. Tandem MS spectra of peptides were
analyzed with TurboSEQUEST v 3.1 (170) against a human-rat-mouse nonredundant
protein database from NCBI. Peptide identification was validated using XTandem (171)
and Scaffold (172, 173). Results correspond to proteins/peptides identified with a
probability over 95%. For tandem mass spectrometry coupled to 2-dimensional liquid
chromatography (LC-LC-MS/MS or MudPIT) analyses of digested eluates, a microbore
HPLC system (Paradigm MS4, Michrom) was used with two separate strong cation
exchange (SCX) and RP columns. Peptide elution with a 12 step gradient protocol was
performed directly into a custom built nanoelectrospray ionization source of a
ThermoFinnigan LCQ-Deca XP Plus ion trap mass spectrometer. Tandem MS spectra of
peptides were analyzed as described above.

Electromobility shift assays (EMSA)

Jurkat T cells were incubated in the presence or

absence of PMA (20 ng/ml) and ionomycin (2 µM) for 4 hrs. Nuclei were prepared as
described above. Nuclear proteins were extracted as previously described. Briefly, nuclei
were incubated with 0.3 M ammonium sulfate for 30 min at 4oC and the supernatants
were precipitated with 0.2 g/ml ammonium sulfate. Protein pellets were collected,
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resuspended in buffer C25 (25 mM HEPES, 25 mM KCl, 0.1 mM EDTA, 1 mM DTT, 10
% glycerol) and dialyzed against three changes of buffer C25.
Single stranded complementary oligonucleotides used in EMSA were annealed
and PAGE purified. Double stranded oligonucleotides were end-labeled with γ-32P ATP
by the addition of T4 polynucleotide kinase. Nuclear extracts (15 µg) were incubated
with
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P-labeled IL2pARRE or HS4-3′-1539/-1496 probes in binding buffer (100 mM

Tris-Cl, 10 mM EDTA, 10 mM DTT, 5 mM MgCl2, 8 mM Na2HPO4 pH 7.5, 0.6 mM
NaN3, 400 ng/µl BSA, 160 mM NaCl, 30% glycerol) and poly dI-dC (50 ng/µl) for 30
min at 4oC. Oligonucleotide competitors (90- or 30-fold molar excess) were
pre-incubated with nuclear extracts for 30 min at 4oC before addition of radiolabeled
probe. DNA/protein complexes were separated on 5 % (w/v) non-denaturing
polyacrylamide gels in TBE (0.5 X) for 5 hr at 4oC. Anti-Ku heterodimer (mAB162) and
anti-NF90 (mAB anti- DRBP76) were obtained from BD.

Chromatin immunoprecipitation (ChIP)

Jurkat T cells were incubated in the presence

or absence of PMA (20 ng/ml) and ionomycin (2 µM) for 4 hrs. Formaldehyde
crosslinking was performed essentially as previously described (174), but crosslinking
was stopped with the addition of 125 mM glycine and cells were washed twice with PBS.
Chromatin fragmentation and precipitation were performed as previously described
(168). In brief, crosslinked chromatin was sonicated 5 times for 10 s each time and
diluted 10-fold in ChIP dilution buffer (Upstate Biotechnology) supplemented with
protease inhibitors. After preclearing the sample with a salmon sperm DNA/protein A
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agarose slurry (Upstate Biotechnology), chromatin was immunoprecipitated with
anti-NF90 mAB (10 µg, anti-DRBP76, BD) or anti-NF45 pAB (10 µg, Aviva).
Immunoprecipitated complexes were captured, crosslinks were reversed, and DNA was
recovered by phenol/chloroform extraction and ethanol precipitation. Real time PCR was
performed using the QuantiTect SYBR Green PCR Kit (Qiagen) on an ABI Prism 7900
Sequence Detection System. PCR primers (F 5′TTAGGAAACAGGCCCGTAGA and R
3′CACAAGGGTGCTTGTGAC) were designed to amplify a 244 bp region of the human
distal IL13 promoter, nucleotides -1531 to -1287; and a 249 bp region of the myc1 locus
(174) (F 5′TTCTCAACCTCAGCACTGGTGACA and R 5′GACTTTGCTGTTTGCT
GTCAGGCT) (174). PCR amplifications were performed in triplicate with the cycling
conditions: 15 min at 95C followed by 40 cycles of 15 sec at 90C, 30 sec at 59 C and 30
sec at 72C. Serial dilutions of input DNA were used to generate a standard curve for each
experiment. Copy number values were calculated based on standard curves and results
were expressed as the ratio of immunoprecipitated IL13 promoter targets over
immunoprecipitated myc1 targets.
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2.3

Results

HS4 marks the location of a novel IL13 cis-regulatory element

Our previous

high resolution analysis of DNA methylation at the IL13 locus (75) showed that the CpG
dinucleotides at position -1650 and -1435 in the distal IL13 promoter (numbering relative
to the IL13 ATG, GeneBank accession number NC_000005) represent the boundaries of
a region which is DNase I hypersensitive and hypomethylated in naïve as well as
differentiated Th1 and Th2 cells. This region was named HS4 (Figure 2.1A).
To begin assessing whether HS4 marks the location of a novel cis-acting element
involved in the regulation of IL13 expression and dissect the molecular mechanisms
underlying its function, we took a reductionist approach. The region encompassing HS4
was cloned in both orientations downstream of a luciferase reporter gene in a construct
driven by a highly active 369 bp fragment encompassing HS6, which corresponds to the
proximal IL13 promoter (75, 168). These vectors were transiently transfected into human
CD4+ Jurkat T cells, which are well suited for these studies because they exhibit DNase I
hypersensitivity at HS4 (R. Webster and D. Vercelli, unpublished results) and up-regulate
IL13 mRNA levels ≈100-fold upon activation (168). Luciferase activity was measured
after 16 hrs of culture in the presence or absence of activating stimuli (PMA: 20 ng/ml,
and ionomycin: 1 µM) that recapitulate T cell receptor-mediated signaling. Figure 2.1B
shows that T cell activation resulted in brisk up-regulation of proximal IL13 promoter
activity, which was further significantly increased by HS4 when the region was cloned in
the genomic, but not the reverse, orientation.
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Figure 2.1 HS4 acts as an IL13 cis-regulatory element
(A) Schematic representation of DNase I HS sites (arrows) mapped throughout the IL13
locus in human primary CD4+ T cells (75). Exons I to IV are depicted as black boxes.
HS4 is boxed and its boundaries indicated by the triangle. (B,C). Jurkat T cells were
transiently transfected with the luciferase reporter constructs shown on the left, and
harvested after 16 hrs of culture in the presence or absence of PMA (20 ng/ml) and
ionomycin (1 µM). Results are expressed as the mean ± SE of fold induction values (ratio
between RLA in stimulated and unstimulated cells) measured in 4 (panel B) or 7 (panel
C) independent experiments. Statistical significance was calculated using the Wilcoxon
two-sample test.
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Complementary experiments compared the activity of IL13 promoter reporter
vectors that did (-1650IL13p/Luc) or did not (-1446IL13p/Luc) carry HS4 at its genomic
location. Figure 2.1C shows that deletion of the entire HS4 region (-1650/-1446)
significantly decreased IL13 promoter activity. However, the latter was fully preserved
when only the 5′ end of HS4 (-1650 to -1577) was deleted, indicating that the IL13
enhancing properties of HS4 map to the 3′ end of the element (HS4-3′, -1577 to -1446).
In all experiments, HS4 had negligible effects on IL13 promoter-driven transcription in
unstimulated cells (data not shown). Collectively, these results indicate that the 3′ end of
HS4 acts as a position-independent, orientation-dependent cis-regulatory element that
increases IL13 promoter activity, albeit not as a conventional orientation-independent
enhancer, in stimulated CD4+ T cells.

Identification of NF45 and NF90 as HS4-3′-binding proteins In order to begin
exploring the molecular mechanisms underlying HS4-3′-mediated enhancement of IL13
transcription, we examined DNA/protein interactions occurring at this region in resting
and activated CD4+ Jurkat T cells. Electrophoresis mobility shift assays (EMSA) detected
distinct complexes specifically binding to HS4-3′ (data not shown), but traditional
approaches [oligonucleotide competition and/or antibody supershifting guided by a
reliable binding motif-predicting algorithm (175)] failed to identify the constituent
proteins. Therefore, we adopted a different, hypothesis-generating strategy that sought to
identify HS4-3′ binding nucleoproteins by combining DNA affinity chromatography with
tandem mass spectrometry. For this analysis and to achieve high resolution, HS4-3′ was
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divided into three shorter fragments (Figure 2.2A). Here, we present the results obtained
for HS4-3′-1527/-1496, the central portion of the element.
Our strategy involved coupling a biotinylated HS4-3′-1527/-1496 oligonucleotide, or
a biotinylated unrelated negative control, to magnetic beads coated with streptavidin, and
using the latter as baits to isolate the relevant DNA-binding proteins from T cell nuclear
extracts. Because uncoupled magnetic beads were found to support some degree of nonspecific protein binding, we incorporated an NcoI restriction site at the 5′ end of the
oligonucleotide baits (Figure 2.2A). NcoI cleavage after incubation of the nuclear
extracts with the magnetic beads, but before mass spectrometry analysis, allowed
maximizing the enrichment for recovery of sequence-specific DNA-binding proteins.
Jurkat T cell nuclear proteins were incubated with NcoI-HS4-3′-1527/-1496 or
NcoI-control oligonucleotides. The mixture was then loaded onto streptavidin-coated
beads, and DNA/protein complexes were recovered from the affinity columns after
digestion with NcoI. The identity of proteins bound to the NcoI-HS4-3′-1527/-1496
oligonucleotide was established by two complementary proteomics approaches, one
gel-based (SDS-PAGE followed by liquid chromatography/tandem mass spectrometry:
LC-MS/MS) (169) and the other gel-free (Multidimensional Protein Identification
Technology: MudPIT) (176, 177). In contrast, the identity of proteins bound to the
NcoI-control oligonucleotide was determined by using only MudPIT because low protein
content in these eluates prevented analysis by SDS-PAGE. Proteins recovered from
HS4-3′-1527/-1496, but not oligonucleotide control, beads were considered to be DNA
sequence-specific (Figure 2.2B).
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Figure 2.2 Isolation and identification of HS4-3′-interacting proteins
(A) Sequence of biotinylated oligonucleotides used as baits in DNA affinity
chromatography. The Ncol restriction site is underlined. (B) Biochemical approach to the
isolation and identification of HS4-3′-1527/-1496-binding proteins. Jurkat T cell nuclear
extracts were incubated with biotinylated DNA oligonucleotides and streptavidin
coated-magnetic beads. Protein-DNA-bead complexes were loaded onto magnetic
columns and eluted upon Ncol digestion. Eluates were either separated by SDS-PAGE
prior to peptide digestion or digested in solution. Peptides were analyzed by LC-MS/MS
or MudPIT. (C) Total numbers of protein species recovered from DNA affinity
chromatography and identified by tandem mass spectrometry. (D) NF45 and NF90
peptides identified by tandem mass spectrometry.
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Figure 2.2C-D, and Table 2.1 show the results of this series of experiments.
Overall,

gel-based

and

gel-free

strategies

identified

similar

numbers

of

HS4-3′-1527/-1496-binding proteins (Figure 2.2C), 18 of which were detected by both
approaches. Among these, seven proteins bound HS4-3′-1527/-1496 specifically (Table 2.1).
HS4-3′-1527/-1496-specific proteins identified only by SDS-PAGE/LC-MS/MS or MudPIT
are listed in Tables 2.2 and 2.3.
Among the HS4-3′-1527/-1496-specific proteins listed in Table 2.1, NF45 and NF90
became

the

focus

of

subsequent

work.

Their

identification

as

bona

fide

HS4-3′-1527/-1496-binding proteins was supported not only by the recovery of the
appropriate peptides (Figure 2.2D) but also by several other independent findings: the
detection of identical peptides when SDS-PAGE/LC-MS/MS was used to analyze Jurkat
cell-derived and recombinant NF90 and NF45 (data not shown); the consistent recovery
of both proteins, in line with their known ability to bind DNA as heterodimers (178, 179);
and the presence in HS4-3′-1527/-1496 of a single CTGTT motif (-1525/-1521) that has been
shown to mediate NF45/NF90 binding to the 3′ end of the antigen receptor response
element in the IL2 proximal promoter (IL2pARRE) (174).
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Table 2.1 HS4-3′-1527/-1496-specific binding proteins identified by
SDS-PAGE-LC-MS/MS and MudPIT
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Table 2.2 HS4-3′ -1527/-1496 - specific binding proteins identified by
SDS-PAGE-LC-MS/MS
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Table 2.3 HS4-3′-1527/-1496-specific binding proteins identified by MudPIT
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In vitro analysis of HS4-3′-1527/-1496/protein interactions

EMSA analysis was

next performed to assess whether the CTGTT motifs within HS4-3′-1539/-1496 and the
IL2pARRE support binding of similar complexes. Nuclear extracts from Jurkat T cells
cultured for 4 hrs in the presence or absence of PMA (20 ng/ml) and ionomycin (2 µM)
were incubated with
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P-labeled IL2pARRE or HS4-3′-1539/-1496 oligonucleotide probes,

with or without relevant unlabeled oligonucleotide competitors (Figure 2.3A). Figure
2.3B shows that, consistent with our previous findings (174, 179), the IL2pARRE probe
formed a complex (IL2p) (lane 1, 5 and 11), which became slightly more intense in
response to T cell stimulation (lane 2). This complex bound the ARRE specifically
because it was competed by unlabeled IL2pARRE (lane 6), but not by an oligonucleotide
[mutIL2pARRE (179)] in which the element was mutated (lane 7). Similarly, the
HS4-3′-1539/-1496 probe formed a specific complex (IL13p: lane 3, 8 and 14), which also
became slightly more intense in extracts from activated T cells (lane 4) and was
selectively

competed

by

unlabeled

HS4-3′-1539/-1496

(lane

15),

but

not

by

mutHS4-3′-1539/-1496 , an oligonucleotide in which the CTGTT motif had been transverted
(lane 16). Of note, IL13p and IL2p had virtually identical mobility (lanes 1-4). Moreover,
IL2pARRE (lane 9), but not mutIL2pARRE (lane 10), inhibited complex IL13p
formation. Conversely, HS4-3′-1539/-1496 (lane 12), but not mutHS4-3′-1539/-1496 (lane 13),
inhibited IL2p formation. These data indicate that the CTGTT motifs within
HS4-3′ - 1539 / -1496 and the IL2pARRE interact with similar if not identical protein
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Figure 2.3 DNA/protein interactions at HS4-3′-1527/-1496
(A) Sequence of DNA oligonucleotides used as EMSA probes or competitors. Underlined
is the known (IL2pARRE) or predicted (HS4-3′) recognition motif for NF90/NF45. (B)
EMSA analysis was performed using nuclear proteins extracted from Jurkat T cells after
a 4 hour incubation with or without PMA (20 ng/ml) and ionomycin (2 µM). The probes
and competitors used in these experiments are shown below or above the gels,
respectively. Competitors were added at 90-fold molar excess (lanes 6-7, 9-10) or 30-fold
molar excess (lanes 12-13, 15-16).
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complexes.

Likely, because of low affinity interactions under EMSA conditions,

supershifting experiments with the available anti-NF45 or anti-NF90 antibodies could not
unambiguously identify NF45 and/or NF90 as constituents of the IL13p or IL2pARRE
complexes (data not shown).

NF90 and NF45 bind HS4 in vivo

In order to further validate our in vitro

findings, we used chromatin immunoprecipitation (ChIP) to assess whether NF45 and/or
NF90 interact with HS4 in vivo. Crosslinked chromatin was isolated from Jurkat T cells
(unstimulated or PMA/ionomycin-stimulated for 4 hrs) and immunoprecipitated with
anti-NF90 or anti-NF45 antibodies. Real time PCR was then performed to test for
enrichment of a 244 bp region spanning HS4-3′ (nucleotides -1531 to -1287). A negative
control was provided by amplification of a 249 bp region within the myc1 locus which
fails to bind NF90 (174). Results were expressed as HS4-3′ relative copy number, i.e., as
the ratio between immunoprecipitated IL13 promoter targets and immunoprecipitated
myc1 targets. Figure 2.4 shows that under basal conditions the HS4-3′ containing region
was modestly enriched in chromatin samples immunoprecipitated with anti-NF90 or
anti-NF45 antibodies, but T cell activation markedly increased the recruitment of
endogenous NF90 and NF45 to HS4-3′. Because chromatin sonication for ChIP typically
yields DNA fragments that are somewhat heterogeneous in size, and the human IL13
promoter contains several CTGTT motifs, which might support NF90/NF45 binding
(nucleotides -1165/1161, -562/-558, and -18/-14, in addition to -1525/-1521), ChIP
analysis cannot formally prove that the docking site for NF90/NF45 complexes is
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located within, or is limited to, the HS4-3′ region. However, these results are fully
consistent with the possibility that NF90 and NF45 interact with HS4-3′, and more
generally they implicate these proteins in the regulation of endogenous IL13 in human
CD4+ T cells.

Figure 2.4 NF90 and NF45 bind HS4 in vivo
Chromatin from Jurkat T cells, resting or activated with PMA (20 ng/ml) and ionomycin
(2 µM) for 4 hours, was crosslinked, sonicated, and immunoprecipitated with anti-NF90
or anti-NF45 antibodies. Target enrichment was assessed by real time PCR with primers
that amplify a 244 bp region spanning HS4-3′ (nucleotides -1531 to -1287) or a 249 bp
negative control region within the myc1 locus. A standard curve for each experiment was
generated with serial dilutions of input DNA. Results are expressed as the mean ± SE of
the ratio between the numbers of HS4 and myc1 target copies immunoprecipitated by
anti-NF90 or anti-NF45 antibodies in 3 independent experiments.
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NF90 and NF45 act as positive regulators of HS4-3′-dependent IL13 promoter
activity In order to investigate whether and to what extent NF90 and NF45 contribute to
the regulation of IL13 promoter activity by HS4-3′, Jurkat T cells stably overexpressing
NF90 (166) or NF45 (167) were transfected with the -1577IL13p/Luc reporter construct
and harvested after a 16 hour incubation in the presence or absence of PMA (20 ng/ml)
and ionomycin (1 µM). Jurkat T cells stably transfected with empty vector provided a
negative control. Figure 2.5 (black bars) shows that overexpression of NF90 or NF45 led
to a strong, statistically significant enhancement of IL13 promoter-driven reporter activity
in activated T cells relative to the negative control. These results indicate that NF90 and
NF45 act as positive regulators of IL13 expression in response to T cell activating
stimuli.
The single CTGTT binding motif within HS4-3′ contributed to NF90- and
NF45-dependent IL13 up-regulation, because introduction into -1577IL13p/Luc of the
motif mutation that abrogated IL13p complex binding in EMSA (Figure 2.3) attenuated
significantly, albeit not completely, the IL13-enhancing effects of NF90 and NF45
overexpression (Figure 2.5, white bars). Collectively, these results indicate that the
interaction between NF90/NF45 and HS4-3′ plays an important role in the up-regulation
of IL13 transcription in response to T cell activation. The residual activity of
-1577mutIL13p/Luc in cells overexpressing NF90 or NF45 suggests that other relevant
cognate sites located beyond the HS4-3′ boundaries also contribute to increasing IL13
expression.
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Figure 2.5 NF90 and NF45 are positive regulators of IL13 transcription
Jurkat T cells stably transfected with NF90, NF45 or empty pEF ires neo expression
vectors (166, 167) were transiently co-transfected with IL13 promoter reporter constructs,
wild-type (1577IL13p/Luc) or mutated at the HS4-3′ CTGTT motif (1577mutIL13p/Luc).
Cells were harvested after 16 hours of culture in the presence or absence of PMA (20
ng/ml) and ionomycin (1 µM). Results are expressed as the mean ± SE of fold induction
values (ratio between RLA in stimulated and unstimulated cells) measured in 8
independent experiments. Statistical significance was calculated using the Wilcoxon
two-sample test.

HS4-dependent IL13 up-regulation is dependent on the levels of endogenous
NF45 and NF90

Overexpression experiments such as those discussed above are

powerful and informative but also artificial, and therefore difficult to interpret. To
overcome these limitations and further validate our results in a relevant setting, we turned
to NF90- and NF45-deficient mice and established a collaboration with the Laboratory of
Dr. Peter Kao (Stanford University, Stanford, CA), which created these knockout mice.
Deletion of both copies of NF90 or NF45 results in perinatal lethality due to respiratory
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failure (165) or embryonic lethality (P.N. Kao et al., unpublished results), respectively.
On the other hand, despite a 50% reduction in NF90 and NF45 RNA levels (data not
shown), adult NF90+/- and NF45+/- mice are indistinguishable from wild type littermates
in terms of size, activity and longevity [(165) and P.N. Kao et al., unpublished results].
These mice, therefore, provide a unique model to assess whether HS4-dependent IL13
up-regulation depends on the endogenous levels of NF45 and/or NF90. To this purpose,
HS4/HS6 IL13 reporter vectors were nucleofected into actively proliferating primary
CD4+ Th2 cells that had been isolated from wild-type, NF45+/- or NF90+/- mice obtained
from our collaborators and polarized in vitro. Murine Th2 cells are programmed for high
rate IL13 expression and, as shown by our previous experiments (159), the murine Th2
transcriptional machinery allows optimal human IL13 expression. Intracellular staining
for IL-13 and IL-4 revealed that CD4+ T cells from NF45+/- and NF90+/- mice became
Th2 polarized as efficiently as wild-type cells upon incubation with the appropriate
differentiating stimuli (Figure 2.6A). Figure 2.6B shows that HS4 strongly enhanced IL13
promoter activity in wild-type murine Th2 cells, thus confirming the results obtained in
human CD4+ T cells. However, virtually no HS4-dependent up-regulation of IL13
expression was detected in Th2 cells from NF45+/- mice. A more subtle decrease in HS4
enhancing activity was observed in NF90+/- Th2 cells. Comparable results were obtained
when murine Th2 cells were nucleofected with the -1577IL13p/Luc reporter construct
(data not shown). These results demonstrate that HS4-dependent IL13 enhancement is
exquisitely dependent on the endogenous levels of NF45, and to a lesser extent of NF90,
reiterating the important role these factors play in HS4-mediated IL13 regulation.
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Figure 2.6 HS4-dependent IL13 up-regulation is dependent on the levels of
endogenous NF45 and NF90
(A) Th2 cells from C57BL/6 wild-type (grey area), NF45+/- or NF90+/- (black line) mice
were generated by in vitro polarization for 9-10 days, and analyzed by
immunofluorescence for intracellular Th2 cytokine expression, IL-13 (top) and IL-4
(bottom). The dotted lines correspond to relevant isotype controls. (B) Th2 cells were
nucleofected with HS4/Luc and HS4-HS6/Luc and harvested 16 h after transfection.
Results are expressed as RLA (mean ± SE) measured in 9 independent experiments.
Statistical significance was calculated using the Wilcoxon two-sample test (*p≤0.04).
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2.4

Discussion

Activation of gene expression upon engagement of cell stimulatory pathways
relies on a complex interplay between cis-regulatory elements, sequence-specific
trans-activating factors and co-activators. IL13 expression in activated human CD4+ T
cells is no exception. Several cis-regulatory elements have been mapped in the murine
IL13 locus [reviewed in (164)] and a number of putative ones have been identified by our
group in the human locus (75). Here we characterize HS4 as a novel element that
enhances IL13 promoter activity in stimulated T cells by directly interacting with the
IL13 proximal promoter. Interestingly, HS4 has regulatory properties, yet a multi-species
sequence alignment showed the HS4 region is highly conserved in Hominoids and Old
World monkeys, but not in New World monkeys, prosimians or rodents (Figure 2.7). In
this respect, our findings might appear to be at odds with the basic tenets of comparative
genomics, according to which functional sequences are typically marked by strong
evolutionary conservation (180, 181). On the other hand, recent experiments in mouse
cells containing a copy of a human chromosome in addition to the complete mouse
genome clearly showed that non-conserved sequences can be not only functional, but
responsible for important species-specific differences in gene expression patterns (95).
Our data are consistent with these findings and raise the possibility that the emergence of
HS4 may have endowed the IL13 locus with primate-specific regulatory properties.
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Figure 2.7 HS4 is a recently arisen putative regulatory element
The ClustalW program (182) was used to generate a multiple sequence alignment for the
HS4 region in humans, 11 primate species from distinct clades and mice. Hominoid, Old
World monkey (OWM) and New World monkey (NWM) IL13 promoter sequences were
previously generated in our Laboratory (159). Human, mouse and prosimian (PS) IL13
promoter sequences were obtained from GenBank accession No. NC_000005, GenBank
accession No. NC_000077 and Ensembl GeneScaffold_442, respectively. Dashes and
asterisks mark conserved positions and gaps, respectively. The location of the
NF90/NF45 binding motif is indicated. Numbering is relative to the IL13 ATG.

The IL13 enhancing activity of HS4 mapped to the 3′ half of the element and
involved previously undescribed, direct interactions with NF45 and NF90. The
identification of these proteins as IL13 regulators was supported by multiple,
complementary lines of evidence: the results of mass spectrometry analysis of proteins
recovered from HS4-3′-based affinity chromatography, which were confirmed by ChIP;
the existence of an NF45/NF90 binding CTGTT motif (174) within HS4-3′; and
functional data from both overexpression experiments and NF45- or NF90-deficient
mouse models. NF90 and NF45 are DZF (C2H2 zinc finger) motif-containing proteins
that bind DNA as a heterodimer (178, 179) and are subunits of a supra-molecular
complex that docks onto the proximal IL2 promoter at the ARRE, a cis-regulatory
element that promotes IL2 transcriptional activation in response to T cell receptor
signaling (166, 167, 174, 179, 183). The trans-activation domains of NF90 and NF45
have been proposed to interact with RNA polymerase II at the IL2 promoter, thereby
leading to transcription (174). Indeed, antisera against NF90 or NF45 decreased basal and
inducible in vitro IL2 transcription (179). Furthermore, stable overexpression of NF90
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and NF45 resulted in a large increase of IL2 ARRE luciferase activity, whereas NF90
deficiency disrupted inducible IL2 transcription and was accompanied by decreased
binding of RNA polymerase II at the IL2 promoter in activated murine T cells (166, 167).
We hypothesize that similar mechanisms may contribute to the positive role played by
NF45 and NF90 in IL13 regulation.

On the other hand, a comparative analysis of the interactions between the
NF90/NF45 complex and the promoters for IL13 and IL2 offers intriguing insights into
the role of promoter context in fine-tuning how nuclear proteins that target multiple genes
might contribute to diversified functional outcomes. The interaction of NF90/NF45 with
the AT-rich purine box ARRE in the IL2 promoter was shown to involve the specific and
dynamic binding of that element by Ku70 and Ku80, and a model was proposed
according to which T cell activation-induced conformational changes in the ARRE would
lead to decreased KU70 binding and concomitantly, to increased binding of Ku80 and
NF90 (174). In vivo data supported this model. In contrast, we could not find evidence for
an interaction between Ku70 or Ku80 and the IL13 promoter, even though ChIP analysis
showed that recruitment of NF45 and NF90 to the promoter was enhanced by T cell
activation. It is noteworthy that, according to our mutational analysis, NF45/NF90
binding to the IL13 regulatory region might involve a CTGTT motif fully conserved in
the IL2 promoter. Interestingly, immediately upstream of the core motif, the IL2 promoter
also contains a stretch of five adenines that are not found in IL13. We hypothesize that
the lack of these adenines might create unfavorable conditions for binding of Ku proteins,
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whose predilection for AT-rich targets is well known (184). The inability of Ku proteins
to interact with the IL13 promoter in turn suggests that the strong T cell
activation-dependent enhancement in NF90/NF45 recruitment to this promoter might
involve other proteins (perhaps, some of those identified by our mass spectrometry
analysis) and/or require activation-induced post-translational modification of NF45
and/or NF90 themselves. Low level binding of NF45/NF90 to HS4 might be compatible
with, or sufficient for, maintaining the region in a constitutively accessible state, but
activation-dependent NF45/NF90 recruitment to HS4 might be required for this element
to proficiently interact with the IL13 proximal promoter and up-regulate its activity.
The exquisite dependence of HS4-mediated IL13 up-regulation on physiologic
levels of NF45, and likely of NF90, was remarkable but consistent with our finding that
overexpression of these proteins resulted in over 300-fold increases in IL13 promoter
activity in activated T cells. Moreover, studies in NF90+/+ and NF90+/- mice demonstrated
decreased IL-2 production by heterozygous T cells (166). It remains to be established
whether this concentration requirement reflects stoichiometric constraints imposed by
NF5/NF90 heterodimerization, or rather results from the existence of these proteins in
concentrations that are limiting relative to the multiple tasks they are expected to
perform.
In view of the ability of NF90 to bind double-stranded RNA and regulate IL2 and
MKP-1 mRNA stability in T cells and epithelial cells, respectively (166, 185), we do not
rule out the possibility that the NF90/NF45 complex might also be involved in the
post-transcriptional regulation of IL13 expression. Like other cytokines, IL13 mRNA
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contains several AU-rich elements in its 3′ untranslated region (3′ UTR) (186).
Interestingly, replacement of the heterologous 3′ UTR

of the -1577/IL13p reporter

construct with the IL13 3′ UTR led to decreased enhancement of luciferase activity in
NF90- and NF45-overexpressing T cells (data not shown), and endogenous IL13 mRNA
levels were lower in these cells (data not shown). These preliminary data suggest that
NF90/NF45-responsive elements in the IL13 3′ UTR may control IL13 mRNA stability.
Future research will address the mechanisms underpinning these observations and clarify
the functional interplay between promoter- and 3′ UTR-based influences of NF45 and
NF90 on human IL13 expression.
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3

CHAPTER III: AN ALLERGY-ASSOCIATED

POLYMORPHISM IN A NOVEL REGULATORY ELEMENT
ENHANCES IL13 EXPRESSION

3.1

Introduction

The cytokine IL-13 is a central effector of Th2 responses and is necessary and
sufficient to induce all the cardinal features of allergic lung inflammation and
experimental asthma. IL-13 promotes allergen-induced airway hyperresponsiveness,
epithelial cell damage, goblet cell metaplasia with mucus hyperproduction, and
eosinophilia (8, 9). Furthermore, IL-13 shares with another cytokine, IL-4, a unique
capacity to stimulate human B lymphocytes to synthesize IgE (48), which further
amplifies allergen-specific inflammatory responses. Long-term lung inflammation is
sustained by the IL-13-dependent activation of resident lung cells, which release
chemokines, cytokines (187) and other effector molecules (188) and are involved in
airway fibrosis (189, 190). Of note, IL-13 is readily detectable in the human placenta
(191) and is vigorously secreted by neonatal T cells (102), in line with the notion that
early life immunoregulatory events play a critical role in the inception of asthma and
allergy (192).
Because of its critical role as an effector of Th2 immunity, IL13 is a strong
candidate gene for allergy and asthma. Indeed, the associations between allergy-related
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phenotypes (such as IgE levels, asthma and atopy) and individual IL13 variants
(particularly IL13-1112CT, rs1800925, and IL13+2044GA, rs20541) are robust and
widely replicated [reviewed in (10)]. However, dissection of IL13 genotype/phenotype
associations and identification of causative variants require functional studies, because
the IL13 locus harbors numerous common single nucleotide polymorphisms (SNPs) and
complex patterns of linkage disequilibrium (LD). We recently showed that IL13-1112CT
in the promoter increases IL13 transcription in Th2 cells and IL-13 secretion by
peripheral blood mononuclear cells by creating a YY1 binding site and relieving
STAT6-mediated repression (159). IL13+2044GA, a non-synonymous SNP in the fourth
exon in modest LD with IL13-1112CT, leads to the expression of an IL-13 variant with
increased biological activity (151).
Studies in mouse models have shown that expression of IL13 and the other Th2
cytokine genes, IL5 and IL4, is orchestrated by multiple conserved and developmentally
regulated nuclease hypersensitive (HS) sites that are scattered throughout the 160 kb Th2
locus (85) and include gene-specific enhancers as well as a locus control region (Figure
3.1A). HS sites typically map to cis-regulatory elements and reflect the DNA binding
activity of sequence-specific trans-acting factors that induce destabilization or
displacement of local nucleosomes (76). We extensively analyzed chromatin remodeling
at the human IL13 locus in naïve and differentiating CD4+ Th cells (75). Among the
novel HS sites we identified was HS4, which resides in the distal IL13 promoter and
co-localizes with CpG hypomethylation in naïve and in vitro polarized Th1 and Th2 cells.
Early and persistent accessibility at HS4 suggests that occupancy by constitutive

82

83
Figure 3.1 HS4 is a recently arisen putative regulatory element
(A) Schematic representation of the DNase I HS sites within the murine Th2 cytokine
locus (arrows). IL5P: IL5 promoter. RHS5-7: HS sites of the Th2 locus control region
(LCR). IL4P: IL4 promoter. IL4 IE: IL4 intronic enhancer. The blow-up depicts the
DNase I HS sites within the human IL13 locus. Exons I to IV are marked by black boxes.
(B) The ClustalW program (182) was used to generate a multiple sequence alignment for
the HS4 region in humans, 11 primate species from distinct clades and mice. Hominoid,
Old World monkey (OWM) and New World monkey (NWM) IL13 promoter sequences
were previously generated in our Laboratory (159). Human, mouse and prosimian (PS)
IL13 promoter sequences were obtained from GenBank accession No. NC_000005,
GenBank accession No. NC_000077 and Ensembl GeneScaffold_442, respectively.
Dashes and asterisks mark conserved positions and gaps, respectively. The location of
IL13-1512AC is indicated. Numbering is relative to the IL13 ATG.

transcription factors may poise the promoter for rapid IL13 expression upon T cell
activation and/or differentiation. Notably, HS4 harbors a common SNP, IL13-1512AC
(rs1881457, minor allele frequency >20%), which is strongly associated with total serum
IgE levels in unselected populations from the United States, Germany (122) and the
United Kingdom (144). An association with IgE levels was also found in atopic asthmatic
children from Korea (142). We investigated whether HS4 marks the location of a novel
IL13 regulatory element, and if so, whether IL13-1512AC alters HS4 function.

3.2

Material and methods

Mice C57BL/6 wild-type mice obtained from the Jackson Laboratory and Oct1+/- mice
on a C57BL/6 background (193) obtained from the Laboratory of Dr. Dean Tantin
(University of Utah, Salt Lake City, UT) were maintained under specific pathogen-free
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conditions. All experiments were performed according to institutional and federal
guidelines.

T cell isolation and Th2 differentiation

Jurkat T cells (ATCC clone E6-1) were

cultured in RPMI 1640 supplemented with fetal bovine serum (10%), penicillin (100
units/ml), streptomycin (100 µg/ml), and L-glutamine (2 mM).
To generate murine Th2 cells, CD4+ T cells were isolated from splenocyte
suspensions using the CD4+ T cell isolation kit (Miltenyi) as recommended by the
manufacturer. Cells (5x106) were resuspended in DMEM supplemented with FCS (10%),
HEPES (10 mM), 2-ME (0.1 mM), penicillin (100 U/ml), streptomycin (100 µg/ml) and
L-glutamine (2 mM), and stimulated for 3 days with plate-bound anti-CD3 mAb (clone
145-2C11, 1 µg/ml) and anti-CD28 mAb (clone 37.51, 1 µg/ml) in the presence of IL-4
(1000 U/ml) and neutralizing antibodies against IFN-γ (clone R4-6A2, 5 µg/ml) and
IL-12 (clone C17.8, 3 µg/ml) (83). After expansion in the presence of IL-4, neutralizing
antibodies and IL-2 (20 U/ml) for 4 days, cells were re-stimulated with plate-bound
anti-CD3 and anti-CD28 mAb, and nucleofected at day 9-10. Th2 cell polarization was
assessed by intracellular cytokine staining (75).

Reporter constructs -2666IL13p/Luc, a luciferase reporter construct driven by the
major
generate

IL13-1512A

promoter

-2666IL13p-1512C/Luc

variant (159), was used as a template
through

QuickChange

site-directed

to

mutagenesis

(Stratagene). HS6/Luc consisted of a 363 bp region encompassing the human IL13
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proximal promoter (-369 to -6) cloned into pGL3 Basic (Promega) (168). PCR
amplification of HS4 using -2666IL13p/Luc or -2666IL13p-1512C/Luc as templates and
primers HS4-1650 (5′-ATACTC GTCGACATAAGGGGCGTTGACTCAC) and HS4-1435
(5′-TTGATGTCGACTCTG ACTCCCAGAAGTCTG), and cloning of these amplicons
into the SalI restriction site of HS6/Luc in both orientations, generated HS4-1512A/Luc and
HS4-1512C/Luc, respectively. The -1650IL13p/Luc and -1446IL13p/Luc constructs were
generated by PCR amplification using distinct forward primers (IL13p-1650: 5′-ATAC
TCGGTACCATAAGGGGCGTTGACTCAC; IL13p-1446: 5′ATACTCGGTACCTGGGA
GTCAGAGCCAGCAGCT) and the same reverse primer (IL13p-6: 5′-TTGATGCTA
GCCAGTG CCAACAGGAGAGGATT). Each of these regions was cloned into the KpnI
and NheI restriction sites of pGL3 Basic. All constructs were verified by sequencing.

Transient transfections Endotoxin-free plasmids (5 µg) were electroporated into Jurkat
T cells (5 x 106) in log phase of growth using the BTX ECM830 square wave
electroporator (1 pulse, 250V, 50 msec). Cells were co-transfected with pRLTK (25 ng,
Promega) to normalize for transfection efficiency. After electroporation, cells were
incubated in the presence or absence of PMA, phorbol 12-myristate 13-acetate, (20
ng/ml, Sigma) and ionomycin (1 µM, Sigma). Anti-CD3/anti-CD28 mAb-activated Th2
cells (1x106) were nucleofected with equimolar amounts of endotoxin-free reporter
constructs (1 µg) and pRL-TK (50 ng: Promega) using the Amaxa nucleofector and the
mouse T cell nucleofector kit (Amaxa). Firefly and Renilla luciferase activities in cell
lysates were assessed 16 h after nucleofection using the Dual Luciferase Assay System
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(Promega). Total protein concentrations in cell lysates were determined using the BCA
assay (Pierce). Results were expressed as RLA (relative luciferase activity) units, i.e.,
firefly luciferase activity corrected for renilla luciferase (transfection efficiency) and
protein content of each sample.

EMSA

Murine Th2 cells (15x106) were incubated in the presence or absence of PMA

(20 ng/ml) and ionomycin (1 µM) for 3 h. After stimulation, cells were collected by
centrifugation and washed twice with PBS. Cell pellets were resuspended (1:5 v/v) in
buffer A (3 mM MgCl2, 10 mM NaCl, 10 mM Tris pH 7.5, 0.1 mM EGTA, 0.5 mM
DTT, 1 µg/ml aprotinin, 2 µM leupeptin, 1 mM PMSF) and incubated on ice for 10 min.
NP40 (0.5%) was added and nuclei were pelleted by centrifugation. Nuclear pellets were
resuspended (1:2.5 v/v) in buffer C (1.5 mM MgCl2, 20 mM HEPES pH 7.0, 420 mM
NaCl, 25 % glycerol, 0.2 mM EDTA, 0.5 mM DTT, 1 µg/ml aprotinin, 2 µM leupeptin,
0.5 mM PMSF) and incubated on ice for 30 min. After centrifugation, supernatants were
collected, snap-frozen in liquid nitrogen, and stored at -80oC. Nuclear extracts from
human CD4+ Jurkat T cells were prepared as previously described (159). A
pcDNA3.1-Oct-1 expression vector or empty pcDNA3.1 control (Invitrogen) were in
vitro translated using the TNT Quick Coupled Transcription/Translation System
(Promega) following the manufacturer’s directions.
Nuclear extracts (5 µg) or in vitro translated Oct-1 were incubated with
32

P-labeled HS4-1512A or HS4-1512C probes in binding buffer (10 mM Tris-Cl, 1 mM

EDTA, 1 mM DTT, 0.5 mM MgCl2, 100 mM NaCl, 10% glycerol) and poly dI-dC (50
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ng/µl) for 30 min at 4oC. Oligonucleotide competitors (Octamer: 5′-GGATGCAAAT
ATGCAAATATGCAAATGG

and

Octamer

mut:

5′-

GGcgGCAAATcgGCA

AATcgGCAAATGG, 100-fold molar excess) or antibodies (anti-Oct-1, C-21X, from
Santa Cruz Biotechnologies, or IgG1κ, PMP48, from Serotec: 2 µg) were pre-incubated
with nuclear extracts for 30 min at 4oC before addition of radiolabeled probe.
DNA/protein complexes were separated on 5 % (w/v) non-denaturing polyacrylamide
gels in TBE (0.5 x) for 5 h at 4oC.

3.3

Results

HS4 marks a novel IL13 cis-regulatory element

In order to assess the

evolutionary conservation of HS4 and choose the most effective strategy for the
functional characterization of the region and its -1512 allelic variants, we initially
performed a multi-species sequence alignment. Figure 3.1B shows that HS4 (-1650 to
-1435: numbering is relative to the IL13 ATG) is a recently arisen putative regulatory
element, highly conserved in Hominoids and Old World monkeys, but not in New World
monkeys, prosimians or rodents. The low conservation of the HS4 sequence in mice,
which is consistent with the reported lack of DNase I hypersensitivity of that region
(164), precluded direct manipulations of the element in the endogenous mouse genomic
context. Therefore, we assessed the role of HS4 in IL13 regulation by constructing
luciferase reporter vectors driven by extended, wild-type (-1512A) IL13 promoter regions
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that did (-1650 IL13p/luc) or did not (-1446 IL13p/luc) include HS4 at their 5′ end. These
vectors were transiently transfected into human CD4+ Jurkat T cells, which vigorously
up-regulate IL13 mRNA upon activation (159). Luciferase activity was assessed after
incubating the cells for 16 hours in the presence or absence of PMA (20 ng/ml) and
ionomycin (1 µM), which trigger signaling events recapitulating physiologic T cell
receptor engagement. Figure 3.2A shows that HS4 deletion significantly (p=0.03) blunted
T cell activation-induced up-regulation of IL13 promoter activity. In complementary
experiments, we tested whether HS4-induced IL13 up-regulation was position- and/or
orientation- dependent. To this purpose, we generated reporter constructs in which
wild-type HS4 was cloned in both orientations downstream of a luciferase gene driven by
the IL13 proximal promoter (-369 to -6, HS6) (75, 168). Figure 3.2B shows that HS4
significantly (p=0.03) enhanced IL13 promoter activity when cloned in genomic, but not
in reverse, orientation. In order to further validate these findings, these constructs were
also transiently transfected into actively proliferating, in vitro polarized primary murine
CD4+ Th2 cells. These cells are programmed for high-rate IL13 expression in vivo and
are endowed with a transcriptional machinery ideal for investigating allele-specific
differences in human IL13 expression (159). When cloned in genomic orientation, HS4
significantly (p=0.008) up-regulated IL13 promoter activity in murine Th2 cells (Figure
3.2C). Combined with our previous chromatin analysis demonstrating nuclease
hypersensitivity at HS4 in naïve and polarized human CD4+ T cells (75), these results
indicated that HS4 acts as a position-independent positive IL13 cis-regulator, albeit not as
a bona fide orientation-independent enhancer, in IL13 expressing CD4+ T cells.
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Figure 3.2 HS4 enhances IL13 promoter activity
(A, B) Jurkat T cells were transiently transfected with luciferase reporter constructs
(schematically shown on the left) and harvested after 16 hrs of culture in the presence or
absence of PMA (20 ng/ml) and ionomycin (1 µM). Results are expressed as the mean ±
SE of fold induction values, i.e., the ratio between RLA in stimulated and unstimulated
cells measured in 7 (panel A) or 4 (panel B) independent experiments. (C) Actively
proliferating murine Th2 cells polarized in vitro for 9-10 days were nucleofected with
HS4/Luc constructs carrying an A or a C at position -1512. Cells were harvested 16 h
post-transfection. Results are expressed as RLA (mean ± SE) measured in 10 independent
experiments. Statistical significance was calculated using the Wilcoxon two-sample test.
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IL13-1512AC enhances HS4 activity IL13-1512AC lies in the central portion of
HS4 (Figure 3.1). The replicated association between IL13-1512AC and total serum IgE
levels (122, 142), an IL-13-dependent phenotype (194), and its location within a
regulatory element, suggest this variant might be functional. However, extensive linkage
disequilibrium at the IL13 locus (10) prevents the identification of functional variants
through association studies. To directly test the impact of IL13-1512AC on the regulatory
properties of HS4, we compared the ability of HS4-1512A and HS4-1512C to up-regulate the
activity of the IL13 proximal promoter in transiently transfected murine CD4+ Th2 cells.
Figure 3.3A shows that the regulatory element carrying the -1512C risk allele was
significantly (p=0.0003) more active than the A allele in this model. Moreover, a
full-length (2.7 kb) IL13 promoter construct carrying -1512C was significantly more
active than the A variant in both murine Th2 cells (Figure 3.3B) and human Jurkat T cells
(Figure 3.3C). Collectively, these results demonstrate that IL13-1512AC is a functional
polymorphism that enhances HS4 activity, thereby up-regulating IL13 expression. It is
noteworthy that the -1512C allele drove increased IL13 transcription in both Th2 cells
and non-polarized CD4+ T cells. Thus, unlike IL13-1112CT (159), the relative activity of
the IL13-1512 alleles appeared to be independent of T cell nuclear environment and
polarization state.
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Figure 3.3 IL13-1512C enhances HS4-dependent IL13 expression
Actively proliferating murine Th2 cells polarized in vitro for 9-10 days were nucleofected
with HS4/Luc constructs (A) or -2666IL13p/Luc constructs (B) carrying an A or a C at
position -1512. Cells were harvested 16 h post-transfection. Results are expressed as
RLA (mean ± SE) measured in 10 (panel A) or 6 (panel B) independent experiments. (C)
Jurkat T cells were transiently transfected with luciferase reporter constructs and
harvested after 16 h of culture in the presence or absence of PMA (20 ng/ml) and
ionomycin (1 µM). Results are expressed as the mean ± SE of fold induction values, i.e.,
the ratio between RLA in stimulated and unstimulated cells measured in 6 independent
experiments. Statistical significance was calculated using the Wilcoxon two-sample test.
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The IL13-1512C allele selectively binds Oct-1

To characterize the molecular

mechanisms underlying the differential activity of the IL13-1512 alleles in CD4+ T cells,
we searched for allele-specific patterns of IL13 promoter/protein interactions. EMSA
analysis with -1512 allele-specific probes and competitors and murine Th2 cell nuclear
extracts (Figure 3.4A) identified a specific complex that constitutively bound HS4-1512C
but not HS4-1512A and was cross-competed by -1512C but not -1512A unlabeled
oligonucleotides (Figure 3.4B, arrow). Although the presence of a C at position -1512 in
the distal IL13 promoter does not create a canonical octamer motif [ATGCAAAT (193)],
competition analyses suggested this complex contained the transcription factor Oct-1.
Specifically, this complex was competed by an oligonucleotide carrying a canonical
octamer motif but not by an oligonucleotide in which the motif had been disrupted (195)
(Figure 3.4C). The -1512C allele-specific binding of Oct-1 was further confirmed by
supershifting experiments with Oct-1-specific antibodies (Figure 3.4B) as well as by
using in vitro translated rOct-1 (Figure 3.4C) or Oct-1 containing human Jurkat T cell
nuclear extracts (data not shown).
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Figure 3.4 HS4-1512C selectively binds Oct-1
Radiolabelled HS4 probes carrying an A or a C at position -1512 (A) were incubated with
nuclear extracts (NE) from in vitro polarized murine Th2 cells cultured for 3 h in the
presence or absence of PMA (20 ng/ml) and ionomycin (1 µM) (P/I) (B) or in vitro
translated rOct-1 (C). EMSA probes and experimental conditions are noted below the
gels. Competitors (100-fold molar excess) and supershifting antibodies are noted above
the relevant lanes. n.s.: non-specific
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Increased activity of the IL13-1512C allele requires physiologic levels of Oct-1
Because Oct-1 binds selectively the -1512C allele, and this allele exhibits higher activity,
we hypothesized that Oct-1 is required for enhanced HS4 activity. To test our hypothesis
in a nuclear environment providing physiologic levels of Oct-1, we turned to genetically
modified mouse models and established a collaboration with the Laboratory of Dr. Dean
Tantin (University of Utah, Salt Lake City, UT), which created an Oct-1-deficient mouse
(193). Oct1 deletion by gene targeting is embryonically lethal because of defective
erythropoiesis, but heterozygous Oct1+/- mice are fully viable (193). We compared the
activities of HS4-1512A and HS4-1512C reporter constructs following transfection into Th2
cells from Oct1+/+ and Oct1+/- C57BL/6 mice obtained from our collaborators. Figure
3.5A shows that endogenous Th2 cell differentiation, as revealed by intracellular IL-4
and IL-13 protein expression, was fully preserved in Oct1+/- cells. Of note, HS4-1512C was
significantly (p=0.01) more active than HS4-1512A in up-regulating the human IL13
promoter in Oct1+/+ Th2 cells. In contrast, the partial decrease in Oct-1 binding activity
caused by heterozygosity for the Oct1 null mutation (≈60%, data not shown) was
sufficient to abrogate the increased activity of the -1512C allele in Oct1+/- Th2 cells
(Figure 3.5B). Comparable results were obtained by transfecting Oct1+/+ and Oct1+/- Th2
cells with -1512 allelic variants of the full-length IL13 promoter construct (Figure 3.5C).
These results show that the enhanced activity of HS4-1512C was dependent on physiologic
levels of Oct-1 binding activity.
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Figure 3.5 The increased activity of HS4-1512C is Oct-1-dependent
(A) Th2 cells from C57BL/6 wild-type (grey area) or Oct1+/- (black line) mice were
generated by in vitro polarization for 9-10 days, and analyzed by immunofluorescence for
intracellular Th2 cytokine expression, IL-13 (left) and IL-4 (right). The dotted lines
correspond to the isotype control. Th2 cells were nucleofected with HS4/Luc constructs
(B) or -2666IL13p/Luc constructs (C) carrying an A or a C at position -1512. Cells were
harvested 16 h after transfection. Results are expressed as RLA (mean ± SE) measured in
8 (panel B) or 11 (panel C) independent experiments. Statistical significance was
calculated using the Wilcoxon two-sample test.
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3.4

Discussion

Extensive studies in mouse models have shown that the expression of Th2
cytokines, including IL13, is controlled by an array of conserved DNase I HS regulatory
elements that are positioned throughout the Th2 locus [reviewed in (164)]. Few of these
elements have been functionally characterized in mice (24, 79, 87-90, 92) and virtually
none in humans. Our current analysis focused on HS4, an element located in the distal
human IL13 promoter which is detectable in naïve CD4+ T cells and persists throughout
T cell differentiation. Our data show that HS4 is a functional regulatory element that
strongly up-regulates IL13 transcription in response to T cell activation cues.
Interestingly, HS4 has regulatory properties, yet its sequence is highly conserved
across primates but not in more distant species. In this respect, our findings might appear
to be at odds with the basic tenets of comparative genomics, according to which
functional sequences are typically marked by strong evolutionary conservation (180,
181). On the other hand, recent experiments in mouse cells containing a copy of a human
chromosome in addition to the complete mouse genome clearly showed that
non-conserved sequences can be not only functional, but responsible for critical
species-specific differences in gene expression patterns (95). Our data are consistent with
these findings and raise the possibility that the emergence of HS4 may have endowed the
IL13 locus with primate-specific regulatory activity.
The IL13-1512C allele creates an Oct-1 binding site within HS4. Although the
site contains a non-canonical octamer motif, its ability to specifically bind Oct-1 was
supported by DNA/protein interaction analysis and by functional studies in murine Th2
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cells. Oct-1 belongs to a family of transcription factors characterized by the POU domain,
whose peculiar bipartite structure confers to these proteins great flexibility in their
interactions with DNA and other transcriptional regulators (196). Because of this
functional versatility, the role played by Oct proteins in the regulation of individual genes
varies with the sequence of the octamer motif, the promoter context and the identity of
the regulators that engage in interactions with the POU domain. In T lymphocytes, Oct-1,
a ubiquitously expressed protein, has been shown to activate tissue-specific gene
transcription by cooperatively interacting with lineage-selective factors, particularly
NFAT family proteins, within DNase I HS regions (197-199). Interestingly, HS4 contains
several putative NFAT binding sites, one of which lies immediately upstream of
IL13-1512AC and may provide a platform for productive NFAT/Oct-1 interactions.
Further studies are in progress to characterize the molecular events responsible for
Oct-1-dependent IL13 up-regulation. It is also noteworthy that Oct-1 had not been
previously linked to IL13 regulation (193). Indeed, in our model endogenous IL13
expression was fully preserved in Th2 cells from Oct1+/- mice. The increased IL13
enhancing activity of the Oct-1-binding human -1512C allele illustrates how creation of a
transcription factor binding site within an important cis-element can bring a given gene
under the influence of an otherwise unrelated regulatory program, thereby offering
evolutionarily novel opportunities for modulating gene expression and disease
susceptibility.
To what extent do the gain-of-function properties of IL13-1512AC explain the
association between variation in IL13 and allergy-related phenotypes? The increase in
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IL13 transcription dependent on the -1512C allele was statistically highly significant but
admittedly modest in absolute terms. This functional outcome was not unexpected, and in
fact is quite typical for common regulatory variants (152, 159). Therefore, taken in
isolation, IL13-1512AC is unlikely to dysregulate IL13 expression intensely enough to
cause an allergic disease phenotype. On the other hand, IL13-1512AC is in complete LD
with another gain-of-function promoter SNP, IL13-1112CT (159), and both
polymorphisms are included in an LD block that extends ≈87 kb upstream, reaching
beyond the Th2 locus control region located in RAD50 (132). Remarkably, several of the
SNPs in this block fall within highly conserved HS sites that have been shown to be
critical for the coordinated regulation of Th2 cytokine gene expression in mice [reviewed
in (73)]. It is therefore tempting to speculate that, by acting in concert, these linked
variants may profoundly alter Th2 cytokine expression, thereby modifying susceptibility
to Th2-mediated allergic inflammation.
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4

CHAPTER IV: FUTURE DIRECTIONS

IL-13 has emerged as a critical effector molecule in Th2-mediated immune
responses. The primary objectives of this dissertation were to study the mechanisms
involved in IL13 regulation and to provide novel insights into the impact of non-coding
genetic variants on the regulation of IL13 transcription. This work focused on HS4, a
constitutive nuclease HS element in the distal IL13 promoter that contains a common
polymorphism (IL13-1512AC) associated with allergy phenotypes in multiple
populations (122, 132, 142, 144).
The approaches used for the characterization of wild-type and polymorphic HS4
were novel and powerful because they combined in vitro human cell line studies with ex
vivo mechanistic analyses in primary mouse cells deficient in the relevant regulatory
molecules. The findings described were also novel. HS4 was found to act as a functional
cis-regulatory element that enhances IL13 transcription (Chapter II) and IL13-1512AC
was characterized as a gain-of-function SNP that increases HS4-mediated enhancement
of IL13 transcription (Chapter III). Remarkably, the effect of IL13-1512C relied
completely on its interaction with the transcription factor Oct-1. This finding raises the
possibility that a strategy aimed to disrupt selective binding of Oct-1 to the IL13-1512
risk allele may serve as a therapeutic option to decrease IL13 transcription in allergic
individuals carrying this substitution.
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Of note, IL13-1512AC is highly linked to IL13-1112CT (122), another SNP
which also leads to higher IL13 transcription (section 1.5.1.2 of Chapter I). Moreover,
IL13+2044GA, a non-synonymous IL13 coding SNP partially linked with the promoter
polymorphisms (122), results in the synthesis of a more active IL-13 variant (section
1.5.1.1 of Chapter I). These findings raise the possibility that an individual carrying all
these substitutions would express higher levels of a more active IL-13, suggesting that a
genetically determined increase in IL13 expression and/or activity may underlie the
strong association of this cytokine gene with susceptibility to allergic disease.

4.1

A new in vivo model for the study of IL13 regulation
and its genetic alterations

Despite being informative, elegant and necessary in the face of a deluge of
descriptive genetic association data, in vitro analyses of polymorphic regions have
several inherent problems. They are artificial, that is, they do not recapitulate the
physiologic chromatin context in which gene expression and its control take place.
Moreover, whereas polymorphisms occur within complex haplotypes, in vitro analyses
can only investigate individual SNPs and cannot elucidate their functional interplay.
Finally, genetic variants often engage in critical gene/gene and gene/environment
interactions, none of which can be effectively modeled in vitro.
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The Vercelli Laboratory is currently launching an innovative approach that
promises to circumvent these problems and provide a powerful tool to study the role of
genetic variation in IL13 dysregulation in vivo, thus validating findings from in vitro
analyses of IL13 SNPs (described in sections 1.5.1.1 and 1.5.1.2 of Chapter I, and in
Chapter III). The entire human Th2 cytokine locus (≈160 kb) carrying wild-type (Table
4.1, Hap I) or allergy/asthma-associated IL13 haplotypes (Table 4.1, Hap II-IV) is
inserted into the mouse genome as a transgene, and the effects of genetic variants on IL13
expression and/or function are assessed. Insertion of the entire Th2 locus, rather than the
IL13 region alone, ensures the inclusion of all known regulatory elements necessary for
faithful IL13 expression.

Table 4.1 Major IL13 haplotypes found in Caucasian populations and their
frequencies
BAC5 (Hap I) has been modified by recombineering to generate
allergy/asthma-associated Hap II, III and IV. The minor alleles at each position are
depicted in red. Numbering is relative to the IL13 ATG.
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4.1.1

Study of IL13-1512AC in the context of the IL13 5′ SNP block
Transgenic mouse lines carrying the wild-type human Th2 locus have already

been generated (V. Pivniouk et al., unpublished data). Genomic DNA from an individual
of European descent who carried major alleles at all of the IL13 polymorphic positions
(Table 4.1, Hap I) was obtained from the Coriell Cell Repository. A bacterial artificial
chromosome (BAC) library was created from this DNA, and BAC5, a clone which
includes the Th2 cytokine locus, was isolated and injected into C57BL/6 mouse oocytes.
The Hap I transgenic mouse lines thus generated have demonstrated robust,
tissue-specific and copy number-dependent expression of human IL-13 and IL-4 in
polarized CD4+ Th2 cells and in splenocytes from mice immunized with house dust mite
(HDM), a natural allergen involved in human allergic inflammation (V. Pivniouk et al.,
unpublished data).
BAC recombineering, an efficient method to modify BAC constructs through
RecA-mediated homologous recombination in bacteria (200), was used to alter single
nucleotides in BAC5 and recapitulate the major IL13 haplotypes found in Caucasian
populations (V. Pivniouk et al., unpublished data) (Table 4.1). Hap III corresponds to the
block of SNPs located at the 3′ end of IL13 and includes IL13+2044GA, Hap IV
corresponds to the block of SNPs located at the distal IL13 promoter and includes
IL13-1512AC and IL13-1112CT, and Hap II contains both IL13 SNP blocks. Th2 BAC
transgenic mouse lines for each haplotype are currently being generated and those
carrying identical transgene copy numbers will be compared and contrasted in terms of
IL13 expression and IL13-dependent events in the lung. IL-13 expression will be tested in
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Th2 cells and bone marrow-derived mast cells and IL-13 activity will be tested in models
of allergen-induced allergic inflammation and airway hyperresponsiveness. In order to
avoid interferences from murine IL-13, all BAC transgenic lines will be first crossed with
IL13 knockout mice (7). These studies will determine which SNP block(s) affect IL13
expression and/or function, and how coding and non-coding variants contribute to IL13
dysregulation. Importantly, these studies will assess whether allergy/asthma-associated
IL13 polymorphisms are sufficient to induce appreciable dysregulation of IL13
expression and/or function in a physiologic environment.
If the IL13 5′ SNP block plays an important role in IL13 dysregulation in vivo,
transgenic mouse lines carrying only IL13-1512AC or selectively lacking only
IL13-1512AC can be generated to specifically address the role of this SNP in this model.

4.1.2

HS4 characterization
Future experiments will address the function of HS4 in the context of chromatin.

To this purpose, a typical approach would involve deleting HS4 in vivo. Because human
HS4 is a recently arisen element and is not conserved in mice (Figure 2.7), a direct
knockout approach will not be feasible. The Vercelli Laboratory’s Th2 BAC transgenic
model, on the other hand, will be ideal to study HS4 as well as the other HS elements in
the locus (HS9, HS10, HS11, HS12, and HS14) that do not co-localize with peaks of
strong human/mouse sequence conservation (Figure 1.3).
For the study of HS4, transgenic mouse lines carrying an intact human wild-type
Th2 BAC transgene (Hap I) or a Th2 BAC transgene lacking HS4 will be generated. A
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valid comparison of mice carrying or lacking human HS4 will require an identical
number of transgene copies inserted at the same genomic location. Because the number
of transgene copies, and the locations at which they become inserted into the mouse
genome in a given mouse oocyte injection cannot be controlled, a Cre/loxP
recombination system will be adopted for these studies. This system uses the
bacteriophage recombinase Cre which mediates intra-molecular or inter-molecular
site-specific recombination between loxP sites based on their position and orientation
(201). BAC recombineering, already in place in the Vercelli Laboratory, will be used to
introduce loxP sites (in the same orientation) at the ends of HS4 in BAC5. This new BAC
construct will be injected into C57BL/6 mouse oocytes and transgenic mouse lines
carrying loxP sites flanking HS4 will be generated. Induction of Cre-mediated
intra-molecular (excisive) recombination in vivo, and generation of a transgenic mouse
line lacking HS4 from its Th2 transgene, will be achieved by crossing a transgenic mouse
line carrying a single transgene copy containing loxP sites flanking HS4 with a transgenic
mouse expressing Cre. A single transgene copy would avoid undesired inter-molecular
recombination events between loxP sites in multiple genomic locations. In this model, the
contribution of HS4 to the regulation of IL13 at the level of transcription, chromatin
remodeling and/or long-range intra-chromosomal interactions can be tested. More
specifically:
•

HS4 is detectable in naïve CD4+ T cells as well as polarized Th1 and Th2 cells (75).
Early accessibility at HS4 suggested this element might be important for rapid IL13
transcription upon T cell activation and/or differentiation (75). Our results indicated
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that HS4 up-regulates IL13 transcription in activated CD4+ T cells (Figure 2.1) and
Th2 cells (Figure 3.2), but the activity of this element in Th1 cells was not tested.
IL13 transcription (assessed by real time RT-PCR using human IL13-specific primers,
and as protein expression measured by human IL-13-specific ELISA) will be
compared in resting and activated naïve T cells, as well as Th1 and Th2 cells from
Th2 BAC transgenic mice carrying or lacking HS4. These studies will test whether
HS4 acts as a cis-regulatory element for IL13 transcription in the context of
chromatin and whether it plays a role in Th2-specific IL13 expression.
•

Knockout studies of HS sites identified throughout the murine Th2 locus have shown
that these elements often affect the expression of more than one cytokine gene (85,
87, 89, 90). For instance, deletion of CNS-1 (located in the intergenic IL13/IL4
region) and deletion of HSIV (located downstream of IL4) affected both IL13 and IL4
expression (85, 87, 89). In order to assess whether HS4 plays a role in IL4 regulation,
IL4 transcription/expression will also be tested in this model.

•

Several regulatory elements characterized as enhancer sequences in functional assays
in vitro have been shown to play an additional role in vivo, for instance, by
influencing chromatin accessibility of their relevant loci (202-204). Thus, a region in
the second intron of IL4 that enhances IL4 transcription in transfected mast cells was
also found to be essential for maintaining the demethylated status of the IL4 locus in
these cells in vivo (202). Moreover, CNS-1, a potent enhancer of IL13 and IL4
transcription in transfected T cells, has also been found to regulate histone
modifications at the IL4 promoter (205). Although HS4 did not act as a conventional
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enhancer in vitro, the function of this cis-regulatory element in fostering permissive
histone modifications and/or DNA demethylation at the Th2 locus will be explored in
BAC5-based transgenic lines using chromatin immunoprecipitation with specific
antibodies against relevant post-translational histone modifications, and bisulfite
sequencing of CpG motifs across the IL13 and IL4 regions.
•

Murine Th2 cytokine transcription involves differentiation stage-specific physical
interactions among several cis-regulatory elements in the Th2 locus and Th2 cytokine
gene promoters (90, 93). Human Th2 cytokine transcription is expected to be
regulated through similar processes, but no direct study has been performed thus far.
Moreover, despite large conservation, the human locus is significantly (≈40 kb) larger
than its murine counterpart. This raises the possibility that several recently arisen
regulatory elements might contribute to intra-chromosomal interactions in humans.
The Th2 BAC transgenic model will be used to test whether HS4 is one of those
elements. HS4 interactions with the IL13 and/or IL4 promoters and with additional
cis-regulatory elements in the context of an intact human Th2 locus will be analyzed
in naïve, Th1 and Th2 cells using the chromosome conformation capture (3C)
technique. This technique gauges the frequency with which two chromosomal regions
interact in space by determining their relative proximity expressed as the ability to
become crosslinked after formaldehyde treatment (206). Next, the impact of HS4
deletion on intra-chromosomal interactions at the human Th2 locus will be
determined in transgenic lines lacking HS4.
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4.1.3

Study of DNA/protein interactions at HS4
The implementation of proteomics approaches led to the identification of

previously undescribed interactions between HS4 and several nuclear proteins.
Subsequent functional analyses demonstrated two of these proteins, NF45 and NF90,
play an important role in the regulation of IL13 transcription (Chapter II). In vitro
DNA/protein interactions studies also identified Oct-1 as a transcription factor that binds
the allergy-associated, but not the wild-type, HS4 region and increases the activity of the
minor IL13-1512C promoter allele (Chapter III). A major goal of future studies will be to
further characterize how all of these proteins contribute to the regulation of polymorphic
IL13 in vivo.

4.1.3.1 NF90 and NF45
The results described in Chapter II indicated that the interaction between
NF90/NF45 and the CTGTT motif in HS4 was important for IL13 transcription (Figure
2.5). Future research could investigate the role played by this motif in IL13 regulation in
vivo in the Th2 BAC transgenic model. BAC recombeneering could be used to mutate the
NF90/NF45 motif within HS4 in BAC5, and transgenic mouse lines carrying the mutated
transgene could be generated as described in section 4.1.1. IL13 expression in these mice
could be compared to that occurring in copy-number matched transgenic mice carrying
an intact Th2 BAC transgene. Moreover, our data suggested that NF90 and NF45 might
engage in functional interactions with the IL13 promoter at site(s) other than the one
located within HS4 (Figure 2.5). The functional relevance of additional NF90/NF45
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binding motifs within the IL13 promoter could be similarly investigated by mutating
these motifs in BAC5 one by one or in combination. Should the regulatory role of these
motifs be significant, tissue (T cell)-specific knockouts of NF90 and NF45 in a Th2 BAC
transgene background could be generated to allow in-depth mechanistic studies (e.g.,
analyses of chromatin remodeling and Th2 locus-wide long-range interactions) while
circumventing the problems of perinatal or embryonic lethality seen in conventional
knockouts (165) (P. N. Kao et al., unpublished results).

4.1.3.2 Oct-1
The data discussed in Chapter III indicated that Oct-1 binds the minor
IL13-1512C allele of HS4 in vitro (Figure 3.4). However, allele-specific binding of Oct-1
to the endogenous IL13 promoter in the context of chromatin remains to be tested. I am
currently performing these experiments and their results will be incorporated in the
manuscript that will report the work described in Chapter III before it is submitted for
publication. CD4+ T cells will be isolated by negative selection from peripheral blood
mononuclear cells of individuals heterozygous for IL13-1512AC. The use of
heterozygous cells will allow a direct comparison of the two IL13-1512 alleles in the
same sample, thus avoiding interferences from inter-assay variability. Because our results
showed that the higher transcriptional activity associated with IL13-1512C is dependent
on T cell activation, purified CD4+ T cells will be incubated in the presence or absence of
T cell-activating stimuli. Chromatin inmmunoprecipitation experiments will be
performed using an anti-Oct-1 antibody and allele-specific enrichment of Oct-1 at the
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polymorphic IL13 region will be assessed by a custom TaqMan SNP assay (Applied
Byosistems). This assay relies on the use of two probes labeled with different reporter
dyes. One labeled with VIC will detect the major allele (-1512A), and the other labeled
with FAM will detect the minor allele (-1512C). Enrichment of the -1512C allele in
Oct-1-immunoprecipitated chromatin samples would lead to a higher increase in FAM
dye fluorescence compared to VIC dye fluorescence during PCR amplification. These
data will likely provide further support for the overall conclusion that enhanced
HS4-mediated IL13 up-regulation in carriers of IL13-1512C is mediated by the formation
of a functional Oct-1 binding site.
Future research could assess the extent to which binding of Oct-1 to the minor
IL13-1512C allele contributes to the effect of the IL13 5′ SNP block (Hap IV) on IL13
gene expression in vivo. For this purpose, Th2 BAC transgenic mice carrying Hap IV
and/or carrying only IL13-1512AC could be crossed with Oct-1+/- mice and IL13
transcription could be compared in mice sufficient and partially deficient in this factor. If
the regulatory role of Oct-1 in vivo turns out to be significant, a T cell-specific knockout
of this gene could be generated to circumvent the embryonic lethality observed in
conventional Oct-1-/- mice (193) and investigate more deeply the underlying mechanisms
involved in Oct-1-dependent IL13 transcription from the polymorphic IL13-1512C
promoter allele in vivo. Specifically, chromatin modifications and long-range interactions
could be explored.
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4.1.3.3 Other HS4-3′-binding proteins
In addition to NF90 and NF45, several other HS4-interacting proteins (HSPA8,
SIAHBP1, NEP1, G3BP1, and KHDRBS1) were identified by two tandem mass
spectrometry approaches (Chapter II). The characterization of the involvement of those
proteins in the regulation of IL13 transcription requires further investigation. The role of
HSPA8, NEP1, G3BP1, and KHDRBS1 in transcriptional regulation is yet to be
explored. SIAHBP1 has been found to act as a transcriptional repressor (207, 208). Of
note, NF45 and NF90 are subunits of a nuclear complex that also includes HSPA8 and
SAP62 (209). SAP62 was identified by SDS-PAGE-LC-MS/MS, but not by MudPIT
(Table 2.2). If the relative abundance of SAP62 in DNA affinity chromatography eluates
was much lower than that of other proteins in the sample, the relevant peptides likely did
not reach the quantitative threshold necessary to be identified by our MudPIT analysis.
Similarly, eIF-2, another protein known to interact with NF90 and NF45 in a nuclear
complex in T cells (210), was identified by SDS-PAGE-LC-MS/MS, but not by MudPIT
(Table 2.2). Future analyses could be aimed to test whether these proteins interact with
HS4 and whether they contribute to the regulation of IL13 gene expression using the
strategies discussed for NF90 and NF45 in Chapter II and in section 4.1.3.1 of this
chapter.
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APPENDIX A: D10.G4.1 CELLS: A MODEL SYSTEM FOR THE STUDY
OF GENETIC VARIATION AT THE IL13 LOCUS

A.1

Introduction

The functional outcome of disease-associated regulatory polymorphisms is
influenced by several factors including the nuclear environment in which the relevant
gene is expressed (211). Since IL-13 is typically expressed by Th2 cells and these cells
are key mediators of allergic inflammation, the assessment of the functional role of
allergy-associated regulatory variants at IL13 and the analysis of the underlying
molecular mechanisms should be performed in these cells. Human Th2 cell lines are
currently unavailable and the in vitro polarization of human Th2 cells from freshly
isolated naïve CD4+ T cells from peripheral blood remains a challenging process due to
inter-individual variability in polarization profiles. An alternative model system,
potentially suitable for these purposes could be a homogenous Th2 cell population
generated by cloning. One such population is D10.G4.1, a non-transformed murine Th2
clone (212). Because these cells require continues activation and proliferation signals to
grow, they have the relevant surface molecules and signaling pathways for a more normal
induction of cytokine genes compared to transformed T cell lines. D10.G4.1 cells are
antigen specific to conalbumin and are typically grown with APCs and IL-2, a cytokine
that promotes T cell proliferation and reinforcement of Th2 differentiation (213).
Originally, D10.G4.1 cells were characterized as an IL-4 and IL-5-producing clonal
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population (214, 215), but later were shown to secrete IL-13 (41, 72, 216, 217). As more
researchers incorporated them into their work, D10.G4.1 cells became a well-established
model of Th2 differentiation and gene regulation studies (41, 72, 216-222).
The work presented in this appendix describes the establishment of culture
conditions necessary to grow D10.G4.1 cells in the Vercelli Laboratory and the
development of functional assays aimed to characterize the role of genetic variation in the
transcriptional regulation of IL13. The outcome of experiments using D10.G4.1 cells
designed to study IL13-1112CT were published in a manuscript on which I am a
co-author: J. Immunol. (2006) 177:8633 (159).

A.2

Cell culture

Materials and Methods

The murine Th2 cell clone (D10.G4.1) was obtained from the American

Type Culture Collection (ATCC). D10.G4.1 cells were cultured in RPMI 1640 medium
supplemented with fetal bovine serum (10%), HEPES (10 mM), sodium pyruvate (1
mM), sodium bicarbonate (1.5g/L), glucose (4.5 g/L), 2-mercaptoethanol (0.05 mM),
penicillin (100 u/ml), streptomycin (100 µg/ml), L-glutamine (2 mM), and murine
recombinant IL-2 (5 u/ml). Cells were fed with conalbumin (100 µg/ml) and mitomycin
C (50 µg/ml)-treated or irradiated syngeneic AKR/J splenocytes at a 1:15 ratio
(D10:splenocyte) and re-fed every 2-3 weeks at a 1:5 ratio. Experiments were performed
6-12 days after stimulation with antigen and splenocytes. When indicated, cells were
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cultured with Rat T-STIM + Concanavalin A (ConA)/IL-2 (10%) and murine IL-1α (10
pg/m), instead of mIL-2, antigen, and splenocytes.

Intracellular flow cytometry

Cells (0.25x106)

cultured for at least 6 days after

stimulation with antigen and irradiated splenocytes were incubated in the presence or
absence of

PMA (20 ng/ml) and ionomycin (1 µM) for 4 hrs. BD GolgiStop

(0.25x106/µl) was added for the last 3 hrs of incubation. Cells were harvested, washed in
PBS, and fixed for 10 min in paraformaldehyde (4%). Fixed cells were washed twice
with permeabilization buffer (1% BSA, 0.1% NaAZ, 3% FBS, 0.5% saponin, in PBS)
and incubated for 20 min with anti-IL4 PE (BD), biotinylated anti-IL13 (R&D) detected
by streptavidin PE (BD), anti-IFNg FITC (BD), or isotype controls. After incubation,
cells were washed twice with permeabilization buffer and resuspended in
paraformaldehyde (2%). Population levels of intracellular cytokine expression were
measured on a FACSCalibur flow cytometer (BD).

Real time RT-PCR

Total RNA was extracted from 2x106 cells after a 3 hr incubation in

the presence or absence of PMA (20 ng/ml) and ionomycin (1 uM) using the RNeasy
Mini Kit (Qiagen) and contaminating genomic DNA was removed by using RNase-Free
DNase (Qiagen). Total RNA (1 ug) was reverse transcribed using Super Script II
(Invitrogen) and Oligo(dT) primers (Invitrogen). Real time PCR was performed using
pre-developed QuantiTect primer assays for murine IL4, IL13, and GapdH (Qiagen) with
SYBRGreen detection on an ABI Prism 7900 Sequence Detection System. Relative
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abundance of each target transcript in unstimulated or stimulated samples was normalized
to GapdH using the formula 2-∆CT, where ∆Ct = CtTARGET - CtGapdH. Fold change values
correspond to the difference of target transcript relative abundance in stimulated
compared to unstimulated samples and were calculated using the formula 2-∆∆CT, where
∆∆Ct = ∆CtSTIMULATED – ∆CtUNSTIMULATED.

Reporter vectors and transient transfections D10.G4.1 cells (2x106) were nucleofected
with endotoxin free-prepared luciferase reporter constructs (-1112IL13p /Luc) driven by a
2.7 kb IL13 promoter fragment carrying the major (C) or minor (T) allele at position
-1112 relative to the IL13 ATG or pGL3 Basic (2ug) and pRL-TK (50 ng: Promega)
using program T01 in the Amaxa Nucleofector system. Transfection efficiency was
assessed by nucleofection of pmaxGFP (Amaxa) and analysis by flow cytometry. When
indicated, anti-mIL4 mAb or IgG1 isotype control Ab (10ug: BD Pharmigen) were added
to the culture. Firefly and Renilla luciferase activities in cell lysates were assessed 16-18
hours after nucleofection using the Dual Luciferase Assay System (Promega). Total
protein concentrations in cell lysates were determined using the BCA assay (Pierce).
Results are expressed as fold increase in RLA (Relative Luciferase Activity) units, which
correspond to Firefly luciferase activity corrected by transfection efficiency and protein
content, detected in unstimulated cells transfected with IL13 reporter constructs relative
to cells transfected with pGL3 Basic.
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A.3

Results

Optimization of D10.G4.1 cell culture conditions D10.G4.1 cells were initially
cultured using murine recombinant IL-1α and T-STIM + ConA. This culture supplement
mixture promotes polyclonal activation and ensures proliferation for 3 months. To begin
the optimization of cell culture conditions, D10.G4.1 cell growth was assessed after 2, 3
or 4 days of medium supplementation. Figure A.1 shows that logarithmic phase growth
was readily observed when cells were supplemented with fresh media every two days.
This period was chosen to culture D10.G4.1 cells.
In order to render a growth environment that better simulated a physiologic
milieu, D10.G4.1 cells were subsequently grown with feeder cells (syngeneic splenocytes
from AKR/J mice) and specific antigen (chicken egg white conalbumin). When purified
T cells are grown with feeder/stimulating cells, stimulator cell division should be blocked
to ensure that the proliferation observed resulted from responder T cells and not from the
accessory cell populations. Therefore, D10.G4.1 cell growth was compared in the
presence of splenocytes treated with different methods to block cell division, mitomycin
C or ionizing irradiation (60Co, 2000 rads). Figure A.2A shows that D10.G4.1 cell growth
in the presence of mitomycin C-treated splenocytes was overall lower, and cells died after
3 weeks in culture. In contrast, D10.G4.1 cell growth in the presence of irradiated
splenocytes was consistent until day 20 (Figure A.2B). On that day, cells were restimulated by irradiated splenocytes and antigen, and continued to proliferate for
another 20 days. Moreover, when irradiated splenocytes and antigen were added to
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D10.G4.1 cells on day 1 after irradiation, overall cell growth was lower and cells died
after 17 days of culture (Figure A.2C). Thus, for functional experiments, D10.G4.1 cells
were grown with irradiated splenocytes and antigen from day 0 and re-fed every 2-3
weeks.

Figure A.1 D10.G4.1 cell growth in T-STIM media
D10.G4.1 cells were grown in T-STIM + ConA supplemented with IL-1α. At the
indicated days, cells were counted (black circles) and seeded (dashed lines) at 0.2 x 106
cells/ml.
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Figure A.2 D10.G4.1 cell growth with syngeneic splenocytes and antigen
Cells were grown in the presence of antigen and mitomycin C-treated (A) or irradiated
(B,C) splenocytes. At the indicated days, cells were counted (black circles) and seeded
(dashed lines) at 0.2 x 106 cells/ml. The * denotes days when cells were fed or re-fed with
antigen and splenocytes.
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Expression of IL4 and IL13 by D10.G4.1 cells

Numerous

studies

have

demonstrated the selective expression of IL4 (72, 215, 216, 222, 223) and IL13 (41, 72,
216, 217) mRNA and protein by D10.G4.1 cells. To determine whether our culture
conditions led to suitable cytokine expression, IL4 and IL13 transcript levels at different
time points throughout D10.G4.1 cultures were first measured. Cells were incubated for 3
hours in the presence or absence of T cell activating stimuli, PMA (20 ng/ml) and
ionomycin (1 µM). After incubation, RNA was extracted and reverse transcribed into
cDNA. Real time PCR was performed to assess for IL13 and IL4 mRNA levels using
pre-developed murine primers. Relative abundance compared to GapdH and fold change
(i.e., stimulated over unstimulated) of target genes were measured at different time points
during the D10.G4.1 cell culture and overall, no major differences were observed from
one day to another. Figure A.3A shows that IL13 transcript levels increased ~50-fold
upon T cell activation while IL4 transcript levels increased ~580-fold. The relative
abundance of induced IL13 and IL4 mRNAs in activated cells were very similar (Figure
A.3B). However, in unstimulated cells, IL13 mRNA relative levels were ~11 times
higher than IL4 mRNA relative levels, suggesting cell culture in the presence of
syngeneic splenocytes and antigen resulted in constant, detectable cell activation leading
to IL13 transcription.
Next, IL-4 and IL-13 intracellular protein expression in D10.G4.1 cells was
assessed. Cells were incubated in the presence or absence of PMA and ionomycin for 4
hours. Cells were then fixed, permeabilized, and incubated with anti-IL-4 or anti-IL-13
fluorochrome conjugated-antibodies. Figure A.4 shows that IL-13 and IL-4 were
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expressed by 77% and 86%, respectively, of the activated D10.G4.1 cell population.
These numbers were markedly decreased (5.2% for IL-13 and 8.5% for IL-4) as the
cultures reached 50 days (data not shown). Of note, as expected IFN-γ production was
absent (Figure A.4C). Unstimulated cells produced undetectable cytokine amounts (data
not shown). Collectively, these results indicated our growth conditions promote cell
proliferation and high cytokine expression making D10.G4.1 cells a suitable model to
study the regulation of IL13 transcription.

Figure A.3 IL13 and IL4 transcript levels in D10.G4.1 cells
Total RNA was extracted from unstimulated or stimulated cells for 3 hrs with PMA and
ionomycin. Real time PCR was performed using predeveloped QuantiTect Primer
Assays and SYBRGreen detection. (A) Fold change values correspond to target transcript
levels in stimulated over unstimulated samples normalized by GapdH. (B) Relative
amount values correspond to target transcript levels in unstimulated or stimulated
samples relative to GapdH. Each graph corresponds to 11 independent measurements
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Figure A.4 IL-13 and IL-4 protein levels in D10.G4.1 cells
Cells were incubated for 4 hrs with PMA and ionomycin. After incubation, cells were
permeabilized, fixed, and stained with anti-IL-4 PE (A), anti-IL-13 biotin-streptavidin PE
(B), anti-IFNg FITC (C), or isotype controls.
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Optimization of D10.G4.1 cell transfection assays In

order

to

transiently

transfect IL13 promoter-driven luciferase constructs into D10.G4.1 cells, transfection
assays were first optimized based on transfection efficiency and post-transfection
viability. Two methodologies were tested, traditional electroporation and nucleofection
using the Amaxa Nucleofector Technology system, which consists of a nucleofector with
pre-developed transfecting programs and an optimized recovery medium (Amaxa). A
GFP-encoding plasmid, pmaxGFP (2 µg), was electroporated or nucleofected into
D10.G4.1 cells (2 x 106) growing with T-STIM and GFP expression was measured after
16 hours of culture by flow cytometry. Table A.1A lists the transfection efficiencies and
post-transfection viabilities recorded. Cell electroporation resulted in lower viability (9%)
compared to cell nucleofection using program T-01 (22%) (Table A.1A, upper panel).
Several additional nucleofecting programs (P-01, S-01, T-09, T-13, and T-20) were also
tested. Of these, T-01, P-01 and S-01 led to higher cell viability percentages with S-01
resulting in the lowest transfection efficiency (8.6%) (Table A.1A, middle panel). A
second experiment indicated that program T-01 resulted in the highest transfection
efficiency (12.25%) when compared to programs P-01 (5.34%) and S-01 (7.73%) (Table
A.1A, lower panel). Subsequent experiments using program T-01 to nucleofect D10.G4.1
cells growing in the presence of feeder cells showed similar transfection efficiency
percentages (Table A.1B).
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Table A.1 Analysis of transfection efficiency and post-transfection viability
D10.G4.1 cells growing with T-STIM (A) or splenocytes and antigen (B) were
electroporated or nucleofected (using different programs) with pmaxGFP. After 16 hrs of
culture, cells were harvested and GFP expression was measured by flow cytometry.
%Efficiency corresponds to the fraction of GFP positive live cells and %viability
corresponds to the amount of live cells.

Next, -1112CIL13p/Luc, a reporter construct driven by a 2.7 kb fragment of the
wild-type IL13 promoter, which carries the major allele (C) at position -1112 (159), or
Basic pGL3, a reporter construct that lacks a promoter sequence (Promega), were
nucleofected into D10.G4.1 cells (2 x 106). After 16 hours of culture in the presence or
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absence of PMA (20 ng/ml) and ionomycin (1 µM), luciferase activity was assessed.
Figure A.5 shows that PMA and ionomycin stimulation led to modest up-regulation of
IL13 promoter activity in cells grown with T-STIM (3.8-fold, Figure A.5A) or feeder
cells and antigen (2.8-fold, Figure A.5B). These results deviated from previous work
which had demonstrated that PMA and ionomycin stimulation leads to brisk
up-regulation of -1112CIL13p/Luc activity in Jurkat T cells (~20-fold) or in vitro
polarized primary Th2 cells (~30-fold) (159). A potential explanation for this finding is
that D10.G4.1 cells were already stimulated and therefore addition of PMA and
ionomycin only modestly up-regulated the already activated IL13 promoter. Indeed, cells
grown with T-STIM were constantly receiving stimulation signals from the culture
medium containing ConA, which is known to up-regulate IL13 transcription (224, 225).
Since transfections were performed early (days 6-12) during the culture with feeder cells
and antigen, splenocytes were likely still activating D10.G4.1 cells. In fact, these cells are
considered to be “resting” only after ~14 days in culture with splenocytes and antigen
(72, 219, 225, 226). Therefore, considering these observations, subsequent transfection
experiments were performed without the addition of PMA and ionomycin and results
were analyzed by comparing the activity of IL13 reporter vectors to baseline (i.e., the
activity of the Basic pGL3 vector). Re-analyzing the results shown in Figure A.5B in this
manner led us to conclude that the activity of the IL13 promoter was up-regulated by
~30-fold in antigen/splenocyte-stimulated cells.
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Figure A.5 PMA/ionomycin stimulation modestly increases IL13 promoter activity
Cells grown with T-STIM (A) or feeder cells (B) were transiently nucleofected with
-1112CIL13p/Luc or pGL3 Basic. Cells were harvested after 16 hrs of culture in the
presence or absence of PMA and ionomycin and luciferase activity measured. Results are
expressed as RLA (relative luciferase activity) ± SE for n=4 (panel A) and n=8 (panel B).
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D10. G4.1 cells recapitulate the nuclear environment of human primary Th2
cells

In order to assess the functional role of IL13-1112CT in murine Th2 cells,

luciferase reporter constructs driven by a ~2.7 kb fragment of the IL13 promoter carrying
a C or a T at position -1112 were nucleofected into D10.G4.1 cells (2 x 106) and
luciferase activity measured after 16 hours of culture. Figure A.6 shows that the
-1112T allele exhibited significantly higher activity compared to the -1112C allele. This
result was consistent with previous data from our group showing that the -1112T allele
leads to increased transcription compared to the -1112C allele in in vitro polarized human
Th2 cells (159). Therefore, this finding indicated that murine Th2 cells are a suitable
model for the study of the impact of genetic variation naturally occurring in human
populations on IL13 transcription and allowed to use this model system to investigate the
molecular mechanisms underlying the increased activity of the -1112T allele.

STAT6 inhibition increases IL13 transcription associated with the -1112C allele
in D10.G4.1 cells

The transcription factor STAT6 binds to both -1112C and -1112T

alleles while YY1 binds preferentially to the -1112T allele at a binding motif that
overlaps the STAT motif (159). Since mutation of the STAT motif significantly increased
the activity of the -1112C allele while its effect on the activity of the -1112T allele was
minimal, it was concluded that STAT factors repress IL13 transcription upon binding to
the -1112C allele and suggested that specific binding of YY1 to the -1112T allele
counteracted this negative effect (159).
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Figure A.6 IL13-1112T increases IL13 promoter activity
D10.G4.1 cells were transiently nucleofected with 2.7 kb IL13 promoter-driven reporter
constructs containing a C or a T at position -1112 or pGL3 Basic. Cells were harvested
after 16 hrs of culture and luciferase activity measured. Results are expressed as mean
fold induction values ± SE for n=8 independent experiments (p<0.01). Fold induction
values correspond to the fold increase in relative luciferase activity of the IL13
promoter-driven reporter constructs relative to pGL3 Basic. Published in J. Immunol.
(2006) 177:8633 (159).

In response to IL-4 receptor engagement, STAT6 is activated and translocates to
the nucleus where it binds gene targets (150). To provide further evidence for a
repressive role of STAT6 in the regulation of IL13 transcription, endogenous IL-4
signaling was blocked by using an anti-IL-4 antibody. The -1112C and -1112T promoter
allele constructs were nucleofected into D10.G4.1 cells and luciferase activity measured
after 16 hours of culture in the presence of an anti-IL-4 antibody or an IgG1 isotype

127
control. Figure A.7 shows that addition of anti-IL-4 significantly up-regulated the activity
of -1112C while the activity of the -1112T allele was not changed Collectively, our
results demonstrate that STAT6 specifically represses the IL13 wild-type promoter by
interacting with the -1112C allele because blocking STAT6 activation by neutralizing
endogenous IL-4 led to increased activity of only the -1112C allele. This study (159) was
the first to report a negative effect of STAT6 on IL13 transcription.

Figure A.7 Anti-IL-4 increases the activity of the IL13-1112C promoter allele
D10.G4.1 cells were transiently nucleofected with -1112CIL13p/Luc, -1112TIL13p/Luc
or pGL3 Basic. After 16 hrs of culture in the presence of anti-IL-4 or control IgG1
antibodies, cells were harvested and luciferase activity was measured. Results are
expressed as mean fold induction values ± SE for n=6. Fold induction values correspond
to the fold increase in relative luciferase activity of the IL13 promoter-driven reporter
constructs relative to pGL3 Basic. Published in J. Immunol. (2006) 177:8633 (159).
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A.4

Discussion

IL-13 is a central mediator of allergic inflammation and genetic variation at the
IL13 locus has been strongly associated with allergic phenotypes (10). The
characterization of the functional role of genetic variation at the IL13 locus and the
dissection of the underlying molecular mechanisms will contribute to our understanding
of IL13 dysregulation and association to allergic disease. Due to the challenges inherent
to the in vitro differentiation of human CD4+ T cells into Th2 cells, the development of a
suitable alternative model for the study of naturally occurring genetic variation at the
human IL13 locus was required. Our results demonstrate that murine Th2 cells (D10.G4.1
cells) recapitulate the nuclear environment of human Th2 cells and therefore can be used
for this purpose
Using D10.G4.1 cells, we have provided further evidence supporting a negative
role of STAT6 in IL13 regulation. Inhibition of STAT6 activation by blocking
endogenous IL-4 led to increased activity of the -1112C allele. Engagement of the IL-4
receptor leads to the activation of the STAT6 pathway in which activated Janus kinases
(JAKs) phosphorylate cytoplasmic STAT6 that in turn dimerizes and translocates to the
nucleus where it binds target genes and regulates their transcription (150). Essential roles
of STAT6 as an activator of Th2 cytokine expression have been demonstrated. STAT6
knockout mice failed to differentiate into Th2 cells or produce Th2 cytokines (16).
Moreover, STAT6 activation was required for the development of an accessible
chromatin structure at the Th2 cytokine locus and expression of Th2 cytokines (72). Our
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finding of a negative role of STAT6 in IL13 regulation was therefore counteractive.
However, repressive effects of STAT6 on Th2 cytokine regulation have also been
reported. STAT6 bound and repressed the IL4 proximal promoter in Jurkat T cells (227).
In D10.G4.1 Th2 cells, NFAT bound the IL4 proximal promoter early upon activation
and increased IL4 transcription while STAT6 bound the IL4 proximal promoter in later
phases of activation and decreased IL4 transcription (219). Based on these findings, the
authors proposed that the repressive effect of STAT6 on IL4 transcription could be part of
an auto-regulatory mechanism of IL-4 to modulate its own expression. A similar
mechanism could also play an important role in the transcriptional regulation of IL13
expression (159). In early phases of activation, STAT6 could initially act as a permissive
factor of chromatin accessibility and a positive regulator of IL13 transcription and in fully
differentiated Th2 cells act as a negative regulator that limits, albeit not completely, IL13
transcription.
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