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Abstract 

Allergic inflammation is mediated by T helper 2 (Th2) cells. Chemoattractant 

receptor homologous molecule expressed on Th2 cells (CRTh2) is expressed by 

Th2 cells and mediates chemotaxis and production of the Th2 cytokines 

interleukin (IL)-4, IL-5 and IL-13.  

To understand the molecular regulation of CRTh2, we studied the promoter and 

found putative binding sites for GATA3 and nuclear factor in activated T cells 

(NFAT), transcription factors known to regulate Th2 cytokine expression. We 

hypothesized these factors also regulate transcription of CRTh2. Using a reporter 

construct with the proximal region of the CRTh2 promoter, we found transcription 

of CRTh2 was increased following stimulation in CRTh2
+

 Th2 cells. Endogenous 

CRTh2 was decreased following stimulation. Further, over-expression of NFAT1 

decreased a GATA3 dependent increase in CRTh2 promoter activity. The 

discrepancy between CRTh2 endogenous expression and proximal promoter 

activity indicates longer regions of the CRTh2 5’ regulatory region may be 

important for regulation.  
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CHAPTER I: Introduction 

1.1 Allergic Inflammatory Diseases 

Allergic inflammatory diseases including rhinitis, asthma and atopic dermatitis 

are rising in prevalance worldwide (1). Allergic asthma is a disease of chronic 

airway inflammation and is characterized by infiltration of eosinophils and T 

helper 2 (Th2) cells, structural remodeling, mucous hypersecretion, airway hyper-

responsiveness and reversible airway obstruction (2). Atopic dermatitis is a 

chronic allergic disease associated with eosinophilia and elevated 

immunoglobulin (Ig) E both systemically and locally at the site of inflammation 

in the skin (3). Similarly, allergic rhinitis is characterized as IgE mediated 

recruitment of eosinophils, basophils and Th2 cells to nasal mucosa (4).  

1.1.1 Mast cell sensitization and response to allergen re-exposure 

Early responses to allergen exposure are mediated by mast cells sensitized to 

specific allergen(s). Sensitization is the first step in an allergic response and 

results from mounting an immune response to a normally innocuous protein, there 

after known as an allergen. The initial immune response produces allergen 

specific IgE antibodies which coat mast cells via their Fc receptors (FcεRI), 

leaving the allergen specific region of the antibody free to capture encountered 

allergen (Figure 1, reviewed in (5)). During secondary exposure, allergen cross-

links the bound IgE on the sensitized mast cells and results in the immediate 

release of factors such as histamine and a slower release of cytokines (interleukin 

(IL)-4, IL-13 and IL-5) and lipid mediators including prostaglandin (PG) D2 and 

leukotrienes (Reviewed in (6)). Cytokines contribute to activation of other 

immune cells and PGD2 and leukotrienes result in contraction of smooth muscles,  
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Figure 1: Allergic sensitization and secondary allergen exposure 

Allergic sensitization begins with initial allergen encounter when allergen is presented by 

dendritic cells on major histocompatibility complex (MHC). Dendritic cells migrate to 

the secondary lymphoid organs. Through cell contact and cytokine help (IL-4 and IL-13) 

from differentiated Th2 cells, B cells recognize the allergen via surface IgM and produce 

IgE. IgE then migrates to coat mast cells in the tissue. Upon subsequent allergen 

exposure, allergen will crosslink the IgE on mast cells and result in release of preformed 

mediators, including histamine followed by lipid mediators and cytokines which 

perpetuate the allergic phenotype.  
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activation of immune cells including Th2 cells and vasodilation which may allow 

increased transendothelial migration of immune cells (6-11). 

1.2 T and B lymphocytes 

1.2.1 T cell differentiation – Th1 and Th2 

T cells are lymphocytes that can be further characterized as CD4
+ 

helper T cells 

(Th) cells and CD8
+
 cytotoxic T cells (Tc) cells. Th cells can be further divided 

into Th1, Th2, Th17 and T regulatory (Treg) cells, along with other less described 

lineages that are currently being characterized (12). The first Th cell subsets were 

discovered in mice and described as having distinct cytokine profiles with 

different effects on B cell function, especially immunoglobulin production (13-

14). These Th cell subsets were named T helper 1 (Th1) and T helper 2 (Th2). 

Cytotoxic T cells have also been shown to differentiate into similar type 1 and 

type 2 cells based on cytokine profiles (15).  

Both Th1 and Th2 cells differentiate from naïve CD4
+
 T cells (Th0) in the 

secondary lymphoid organs depending on signals, such as cytokines, which they 

receive from antigen presenting cells, including but not limited to dendritic cells 

(DCs). In the allergic response, DCs are activated at the periphery and then 

migrate back to the secondary lymphoid organs.  Specifically, DCs have been 

shown to be activated by a cytokine, thymic stromal lymphopoietin (TSLP), to 

prime naïve Th (Th0) cells to differentiate to Th2 cells (16). TSLP is highly 

expressed by epithelial cells, especially those associated with atopic dermatitis 
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lesions (16). TSLP expression has also been shown in the asthmatic lung (17-18), 

the gut (17) and is up-regulated in mast cells following IgE cross-linking (18).  

TSLP activated DCs migrate back to the secondary lymphoid organs and present a 

specific allergen to the T cell along with co-stimulation and Th2 polarizing 

cytokines. IL-4 will differentiate naïve CD4
+
 T cells into Th2 cells and up-

regulate expression of Th2 cytokines such as IL-5, IL-13 and more IL-4 (19). 

Conversely, naïve CD4
+
 T cells will differentiate to Th1 cells when exposed to 

IL-12 (20) which results in up-regulation of the major Th1 effector cytokine, IFNγ 

(21). Interestingly, IL-4 and IFNγ are not only the effector cytokines of the Th2 

and Th1 subsets, respectively, but also inhibit production of the opposing subset 

(reviewed in (22)). Highly polarized Th2 cells will also up-regulate their 

expression of CRTh2 (chemoattractant homologous receptor expressed on Th2 

cells), a marker of Th2 cells and a receptor for PGD2 (23-25).  

1.2.2 B cells and isotype switching play a role in allergic inflammation 

The allergic sensitization cascade would not be possible without allergen specific 

IgE, which is produced by B cells (Figure 1). Cytokines produced by Th2 cells 

direct immunoglobulin (Ig) isotype switching in B cells (26-27). During B cell 

development, the germ-line DNA encoding the immunoglobulin genes undergoes 

dynamic rearrangements to produce antigen specificity and a mature B cell (28). 

B cells then express antigen specific IgM on their surface which recognizes and 

internalizes antigen to be expressed on major histocompatibility complex II for 

interaction with Th cells. Following B cell interaction with Th cells, cytokine 

receptors on the B cell surface are up-regulated (29). Cytokine signaling regulates 
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the rearrangement of the immunoglobulin constant region gene and therefore 

determines the isotype of the antibodies produced; a process known as class 

switching (reviewed in (30)). In human B cells, IL-4 has been shown to cause 

sequential switching from IgM to IgG4 and then IgE (31-32). IL-13 also mediates 

IgG4 and IgE class switching (33). In addition to the secondary lymph nodes, class 

switching was also shown to occur at peripheral sites, such as the nasal mucosa in 

patients with rhinitis (34). 

1.2.3 Memory T cell subsets – Central and effector memory cells are 

maintained to quickly mount an immune response to allergen re-exposure 

Allergic sensitization results in a pool of allergen specific Th2 cells that remain in 

our body as primed memory cells. Maintenance of memory T cells allows the 

immune system to quickly respond to re-encountered allergens with a lower 

threshold of initial co-stimulatory molecules such as CD28 and less proliferation 

(35).  

Human CD4
+
 memory T cells are composed of two distinct populations known as 

effector memory (TEM) or central memory (TCM) cells (36). Both populations are 

defined as highly expressing the memory cell markers (CD45RO
 
and CD44) 

without the naïve cell marker (CD45RA). However central memory cells are 

CCR7
+
CD62L

+
 and effector memory cells are CCR7

-
CD62L

-
 (35). CCR7 is a 

chemokine receptor and CD62L is an adhesion molecule also expressed by naïve 

T cells and mediate homing to the secondary lymphoid organs for activation (35). 

Similarly, central memory cells migrate periodically back to the secondary 

lymphoid organs via CCR7 and CD62L molecules. If exposed to their allergen, 
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TCM cells undergo clonal expansion and generate a population of effector cells 

(36). Conversely, effector memory cells do not display homing ligands because 

when they re-encounter allergen they are immediately capable of effector 

functions such as cytokine production (35). Studies show that circulating CRTh2
+
 

CD4
+
 Th2 cells display a central memory phenotype, however, they have also 

been observed in the tissue in atopic dermatitis lesions and nasal mucosa (37-38). 

Although it has not been investigated, those CRTh2
+
CD4

+
 Th2 cells are 

considered to represent an effector memory phenotype and maintain the Th2 

milieu within the tissues through cytokine production (37, 39). 

1.2.4 TSLP activated dendritic cells maintain the Th2 phenotype through 

OX40 and OX40 ligand (OX40L) co-stimulation 

CRTh2
+
CD4

+
 cells are not only polarized but also maintained by TSLP activated 

dendritic cells (37). TSLP activated dendritic cells induce a robust expansion of 

CRTh2
+
CD4

+
 T cells in an autologous TSLP-DC co-culture system (37). This 

effect is dependent on the OX40/OX40L co-stimulatory pathway. OX40/OX40L 

interactions appear to prolong CRTh2
+
CD4

+
 T cell survival (37). In this model 

system, the TSLP-induced Th2 polarization relies on the OX40/OX40L 

interactions (37, 40). 

1.3 PGD2 is a metabolite of arachidonic acid and binds two receptors, D 

prostanoid receptor 1 (DP1) and CRTh2 

One of the major mast cell mediators released following IgE cross-linking is 

PGD2. PGD2 is metabolized from arachidonic acid in the cellular membrane. 

Phospholipase A2 releases arachidonic acid from the membrane and 

cyclooxygenase -1 (COX-1) and COX-2 metabolize free arachidonic acid to 
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prostaglandin H2 (PGH2) which is then metabolized to PGD2 via PGD synthase 

(reviewed in (41-42)). PGD2 has two known receptors, D prostanoid receptor 1 

(DP1) and chemoattractant homologous receptor expressed on Th2 cells (CRTh2) 

(also known as; DP2, GPR44 and CD294); both are G-protein coupled receptors 

(GPCRs) (43). DP1 is a Gαs coupled GPCR and when activated, increases 

intracellular cyclic adenosine monophosphate (cAMP). CRTh2 is a Gαi coupled 

GPCR and when activated, increases intracellular calcium (Ca
2+

) and decreases 

intracellular cAMP (25, 43-45). PGD2 can be metabolized further to other active 

molecules that act with high affinity at the CRTh2 receptor such as 13,14-

dihydro-15-keto-PGD2 (DK-PGD2) (44), Δ
12

-PGD2 (46), Δ
12

-PGJ2 (47), 15-

deoxy-Δ
12,14

-PGD2 and 15-deoxy-Δ
12,14

-PGJ2 (48) (Figure 2).  

1.4 CRTh2 and DP1 are receptors for PGD2 

PGD2 has two known receptors, D prostanoid receptor 1 (DP1) and 

chemoattractant homologous receptor expressed on Th2 cells (CRTh2) (also 

known as; DP2, GPR44 and CD294); both are G-protein coupled receptors 

(GPCRs) (43). DP1 is a Gαs coupled GPCR and when activated, increases 

intracellular cyclic adenosine monophosphate (cAMP). CRTh2 is a Gαi coupled 

GPCR and when activated, increases intracellular calcium (Ca
2+

) and decreases 

intracellular cAMP (25, 43-45). The DP1 receptor is widely expressed on both 

hematopoietic and non-hematopoietic cells (49) in contrast to the CRTh2 receptor 

which has a more limited expression among hematopoietic cells (25, 43). CRTh2 

expression is well documented on Th2, but not Th1 cells, basophils, eosinophils  
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Figure 2. Metabolic pathway of PGD2 synthesis 

PGD2 is metabolized from membrane bound arachidonic acid. Arachidonic acid is 
cleaved from the membrane by phospholipase A2 and further metabolized to biologically 

active molecules, including PGD2 by cyclooxygenase-1 (COX-1) and COX-2 and 

prostaglandin (PG) D synthase. * indicates activity reported at CRTh2 receptor. 
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and low expression on monocytes (25, 43). Further, CRTh2 is expressed by 

murine mast cells (50).  

The differential regulation of CRTh2 is poorly understood, with most of the 

literature focusing on receptor function. CRTh2 is located on chromosome 11; 

location: 11q12-q13.3. This region has been associated with susceptibility genes 

for asthma in African Americans by genome wide scanning and mapping analysis 

(51). Further, genetic variations in potential regulatory regions of CRTh2 have 

been associated with allergic diseases in various populations (52-53). 

1.4.1 PGD2 binding to DP1 decreases eosinophil migration and IFNγ 

Prior to the discovery of CRTh2 as another D prostanoid receptor, PGD2 was 

predicted to be a mediator of allergic asthma using DP1 knock-out C57BL/6 mice. 

These mice displayed lower lymphocyte and eosinophil infiltration to the lungs, 

lower Th2 cytokine release and less airway hyper-responsiveness in a mouse 

model of ovalbumin (OVA)-induced asthma (54). However, in a study with 

chimeric mice, where irradiated wild type mice were reconstituted with bone 

marrow from DP1
-/-

 mice, loss of DP1 resulted in increased lung eosinophilia in an 

OVA induced asthma model (55). The difference is considered to be due to DP1 

expression on non-hematopoietic cells including epithelial cells, fibroblast, 

smooth muscle cells and importantly endothelial cells which may have a pro-

inflammatory effect including vasodilation and increased transendothelial 

migration of immune cells (11, 55). There may also be a pro-inflammatory effect 

of PGD2-CRTh2 signaling that may be heightened when DP1 is missing. Using 

PGD2 and DP1 specific agonist BW245C signaling through DP1 reduces IFNγ and 
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IL-2 expression from human CD4
+
 and CD8

+
 cells. (56). These data imply that 

the DP1 receptor, expressed on both hematopoietic and non-hematopoietic cells, 

has a complex effect, but that overall is considered to be anti-inflammatory. 

1.4.2 CRTh2 is expressed on Th2 cells and other leukocytes  

CRTh2 is expressed on Th2 but not Th1 cells in humans (25, 43) and is currently 

the most reliable marker for circulating Th2 (and Tc2) cells in blood (24, 57-58). 

Although there is a low frequency of circulating CRTh2
+
 T cells, they are 

functionally significant and contain allergen specific cells, since when CRTh2
+
 

cells are removed from peripheral blood mononuclear cells (PBMCs) and there is 

a lack of proliferation in response to a common allergen (house dust mite) (43). 

Further, when freshly isolated CRTh2
+
CD4

+
 cells from donors with atopic 

dermatitis are stimulated in vitro, 88% express IL-4, IL-5 and IL-13 but no IFNγ; 

indicating that CRTh2 is frequently and selectively expressed by Th2 cells (59). In 

addition, PGD2-CRTh2 ligation also results in chemotaxis of Th2 cells, 

eosinophils and basophils (44) which may account for the increased presence of 

these cells at the sites of allergic inflammation. Further, CRTh2 is expressed by 

murine mast cells and mediates calcium dependent migration in response to a 

CRTh2-specific metabolite of PGD2, DK-PGD2 (50). 

1.5 PGD2 ligation of CRTh2 results in Th2 cytokine production  

Functionally, ligation of CRTh2 on Th cells has been shown to induce Th2 

cytokine release, independent of T cell receptor (TCR) activation (44, 56, 60-61). 

Although the majority of PGD2 is considered to come from mast cells, there is 
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also evidence for paracrine activation of CRTh2 because PGD2 is also produced 

by Th2 cells (62).  

Since CRTh2 is a G-protein coupled receptor bound to Gαi, ligation results in 

increased intracellular Ca
2+

 (25, 43). Th2 cytokine production is downstream of 

calcium flux, through calcineurin mediated dephosphorylation of cytoplasmic 

nuclear factor of activated T cells (NFAT) proteins. PGD2-CRTh2 signaling has 

been shown to result in nuclear translocation of NFAT2 and IL-4 production (63).  

Interestingly, PGD2-CRTh2 ligation has also been suggested to maintain IL-4 

expression by keeping NFAT2 in the nucleus. PGD2-CRTh2 activates the 

phosphatidylinositol 3-kinase (PI3K) pathway that inhibits glycogen synthase 

kinase 3β (GSK3β), a kinase that regulates nuclear exports of NFAT proteins, 

thus turning off cytokine expression (63) (Figure 3).  

1.5.1 PGD2 ligation of CRTh2 inhibits apoptosis of Th cells 

PGD2 ligation of CRTh2 has also been shown to inhibit apoptosis in T cells 

deprived of IL-2 (64). One mode of apoptosis is intrinsic apoptosis which begins 

by release of cytochrome c from the mitochondria. PGD2-CRTh2 signaling 

inhibits apoptosis by activation of PI3K-mediated phosphorylation of a 

serine/threonine protein kinase, protein kinase B (PKB) (64). The activated PKB 

phosphoryates a pro-apoptotic molecule, Bcl-xL/Bcl-2-associated death promoter 

(BAD) which normally causes release of cytochrome c from the mitochondria (64)  
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Figure 3. Signaling pathways downstream of PGD2-CRTh2 ligation 

PGD2 signaling via CRTh2 activates 1) calcium signaling to increase NFAT dependent 

cytokine expression and 2) PI3K to inhibit apoptosis and 3) polymerization of F-actin for 

chemotaxis. NFAT: nuclear factor of activated T cells, PI3K: phosphatidylinositol 3-
kinase, GSK3β: glycogen synthase kinase 3β, BAD: Bcl-xL/Bcl-2-associated death 

promoter, PKB: protein kinase B, CRTh2: chemoattractant homologous molecule 

expressed on Th2 cells, PGD2: prostaglandin D2.  
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(Figure 3). This could lead to prolonged survival of Th2 cells at the site of 

allergic inflammation.  

1.5.2 PGD2 ligation of CRTh2 induces chemotaxis 

Another function of PGD2-CRTh2 signaling is chemotaxis of Th2 cells, 

eosinophils and basophils via the CRTh2 Gαi mediated activation of PI3K (63). 

PI3K mediated activation of PKB allows F-actin to polymerize resulting in 

chemotaxis, independent of the CRTh2 mediated Ca
2+

 signaling (63) (Figure 3).  

1.5.3 Evidence for PGD2–CRTh2 mediated inflammatory cell infiltration and 

local expansion 

The relative contribution of infiltration versus local expansion of CRTh2
+
 cells at 

sites of allergic inflammation is still not clear. Indeed, higher numbers of CRTh2 

expressing leukocytes have been observed in the nasal mucosa of patients with 

allergic rhinitis and skin of atopic dermatitis patients (38, 65). Since CRTh2
+
 

leukocytes have been shown to undergo chemotaxis in response to PGD2, the 

increased numbers of CRTh2
+
 leukocytes may be due to infiltration. Although 

CRTh2
+
 cells undergo chemotaxis in response to PGD2, they also respond to the 

Th2 chemoattractant, thymus and activation regulated chemokine (TARC); a 

CCR4 agonist but not Th1 chemoattractants, macrophage inflammatory protein 1β 

(MIF 1β); a CCR5 agonist and interferon-γ-inducible protein 10 (IP 10); a 

CXCR3 agonist (59). This would indicate that recruitment may be important to 

establish CRTh2
+ 

cells at the site of allergic inflammation. However, there is 

evidence with a nasal mucosal explant system that IgE/anti-IgE stimulations 

increase PGD2 and CRTh2 mRNA (66) indicating that local expansion of CRTh2
+
 

cells may occur.  
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Regardless of the local expansion or infiltration, in humans, PGD2 is found in the 

lungs of asthmatics following allergen challenge (67) and severe asthma has been 

associated with an increased number of PGD2 producing mast cells in the lungs 

(68). Further, the proportion of CRTh2
+
CD4

+
 cells correlates with disease severity 

in atopic dermatitis patients (59) and circulating CD4
+
 T cells from atopic 

dermatitis patients have more CRTh2 mRNA (69). These indicate that CRTh2
+
 

cells have a significant role in these allergic diseases. 

1.6 Animal models used to study PGD2–CRTh2 interaction in allergic 

inflammation 

The effect and mechanisms of PGD2 in the allergic response has been extensively 

studied in animal models. One model commonly used is an antigen induced 

asthma model to mimic immune cell infiltration to the lungs as seen in human 

asthmatics. In these models, animals are sensitized intraperitoneally to antigen 

and later challenged (by aerosol or intratracheal) with the same antigen so they 

develop allergic asthma. In studies of CRTh2, two antigens used are OVA (70) 

and soluble cockroach antigen (71). Other mouse models were used to assess the 

role of CRTh2 in allergic skin inflammation, especially to study atopic dermatitis 

(AD). These models involve exposing the skin of the animals repeatedly to small 

hapten molecules (72), tape stripping an area of skin to cause irritation and then 

exposing it to an allergen (73) or by epicutaneous sensitization to cedar pollen. A 

model of allergic rhinitis in mice is also used, where animals develop allergic 

symptoms following repeated intranasal sensitization with a common conifer 

pollen (74). 
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1.6.1 Over-expression of PGD synthase increases allergic phenotypes 

Over-expression of human lipocalin-like PGDS in mice (FVB strain) resulted in 

increased eosinophils and lymphocyte infiltration in an OVA induced asthma 

model (75). Saline washes (bronchoalveolar lavage) from lungs of PGDS 

transgenic mice showed increased IL-4, IL-13 and an eosinophil recruitment 

chemokine (eotaxin) as well as decreased IFNγ compared to wild type mice. This 

study indicates a role for the downstream effector of PGDS, PGD2, in Th2 

responses (75).  

1.6.2 Activation of CRTh2 using specific agonists results in increased Th2 

response 

CRTh2 activation with specific agonist DK-PGD2 increases the number of 

eosinophils in bronchoalveolar lavage and tissue in mouse models of asthma and 

atopic dermatitis, respectively (70). Eosinophilia in rat lungs can also be seen 

following tracheal administration of CRTh2 selective agonists, DK-PGD2 and 

15R-methyl-PGD2 (76-77).  

1.6.3 Antagonism of CRTh2 decreases allergic responses 

There are also animal studies showing that blocking CRTh2 inhibits various 

aspects of the allergic response, including airway hyperresponsiveness and 

leukocyte infiltration into airways (71). To block CRTh2 in BALB/c mice, a 

CRTh2 antagonist was used in a soluble cockroach antigen asthma model. The 

CRTh2 antagonist reduced antigen specific IgE, IgG1, and IgG2a as well as 

decreased mucous accumulation and leukocyte infiltration in the airways (71). 

Further, BALB/c mice treated with the CRTh2 antagonist also showed decreased 
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inflammatory infiltrate and allergen specific IgE in an atopic dermatitis model 

(78).  

1.6.4 Crth2 deficient mice show conflicting changes in allergic phenotypes 

Mice deficient in Crth2 (Crth2
-/-

) have also been studied. Several groups have 

used a similar Crth2
-/-

 mouse that was created on the BALB/c background. In 

models of atopic dermatitis, Crth2
-/-

 mice show a decrease in cellular infiltrate 

(eosinophils and lymphocytes) at the site of allergic inflammation, compared to 

wild type mice (72-73, 79). Similarly, in a model of allergic rhinitis, Crth2
-/-

 mice 

have decreased allergen-specific IgE, infiltrating eosinophils and IL-4 in the 

regional lymph node compared to wild-type mice (74). Interestingly, another 

group has created Crth2
-/-

 mice on the C57Bl/6 background; although they 

observed a decrease in IL-4 from splenocytes, there was increased eosinophilia in 

an asthma model due to increased IL-5 compared to wild-type mice (80). 

The differences in these knockout mice could be due to: 1) the mouse strain, i.e. 

BALB/c versus C57Bl/6; 2) disease models (skin versus lung model) and/or 3) 

differences or defects in animal response due to incomplete backcrossing of the 

Crth2
-/-

 in the C57Bl/6 mice. Studies have shown that BALB/c mice may be more 

susceptible to developing Th2 responses (81-82). One mechanism may be due to 

differences in mast cell production of PGD2, since one study shows BALB/c mice 

produce more PGD2 than C57Bl/6 mice (81).  Mice have also been shown to 

express CRTh2 on both Th1 and Th2 cells (80, 83) which may lead to unexpected 

dysregulation of IL-5 as seen in the C57Bl/6 Crth2
-/-

 mouse. Even with the 

contradicting results from Crth2
-/-

 mice, the bulk of the literature suggest that 
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CRTh2 could be central in maintaining an allergic Th2 cell phenotype at the site 

of the allergen exposure.  

1.7 CRTh2 antagonists – proof of concept and clinical trials 

Due to the reduction in allergic responses by blocking CRTh2, there are currently 

multiple CRTh2 antagonists which have been tested in animal models and a few 

are in clinical trials. The only CRTh2 antagonist on the market (BAYu3505) is 

used in Japan for treatment of allergic rhinitis and is commonly known as 

Ramatroban. This antagonist was originally developed as a thromboxane A2 

inhibitor and was found to decrease bronchial hyper-responsiveness to 

methacholine challenge in humans (84). Later, Ramatroban was also found to 

inhibit CRTh2 activity (85-86). Further, TM30089 is a highly selective antagonist 

for CRTh2 that has no activity at the thromboxane A2 receptor and also decreases 

peribronchial eosinophilia and mucus cell hyperplasia in a mouse model of 

asthma (87).  

Developing antagonists for CRTh2 as a treatment of allergic disease is currently 

underway. Molecules have been developed by Merck (MK-7246) (88-89), Amira 

Pharmaceuticals (AM432) (90) and AstraZeneca (AZ11665362) (91). In animal 

models of allergic disease, these molecules have inhibited eosinophil activation 

(89-91), recruitment of eosinophils and basophils (91) and airway 

hyperresponsiveness (89). These molecules are a proof of concept, and indicate 

the likelihood that this approach may be effective as a treatment in human allergic 

disease.  
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Currently the pharmaceutical company Actelion and an Oxford biotech company 

Oxagen both have CRTh2 antagonists in Phase II clinical trials for dose range 

efficacy in patients with allergic rhinitis and asthma 

(www1.actelion.com/en/scientists/development-pipeline/phase-2/crth2-

antagonist.page) and (http://www.oxagen.co.uk/pdfs/CRTH2summary.pdf), 

(reviewed in (92)). 

1.8 Molecular regulation of the Th2 phenotype 

1.8.1 DNA and chromatin structure 

Gene expression can be regulated by DNA accessibility; this is accomplished 

through epigenetic modification of chromatin. Eukaryotic genomes exist in a 3-

dimensional structure called chromatin, where DNA is strategically wrapped 

around protein complexes called histones. The histone-DNA complexes are 

known as nucleosomes. When DNA is in a closed chromatin conformation 

(heterochromatin), the genes are not accessible for transcription. To allow for 

transcription, cells open the chromatin conformation (euchromatin) in a region of 

the genome when local histone acetylation occurs (reviewed in (93)). Histone 

modifications that regulate accessibility of DNA are used to regulate genes that 

are not needed in a specific cell type or stage of cell development/differentiation. 

1.8.2 Epigenetic changes to DNA modify gene accessibility 

In addition to histone modifications, epigenetic modifications involving changes 

to DNA, but not to the DNA sequence, also control gene accessibility and 

transcription. One of the major modifications is methylation of the five carbon on 

cytosine bases in the dinucleotide sequence CpG (94).  Regions with high CpG 



19 

 

content and hyper-methylation are associated with gene silencing whereas 

hypomethylated CpG motifs have been associated with an open DNA 

conformation (94). Methylated DNA has been associated with recruitment of 

histone deacetylases which results in a closed chromatin structure (reviewed in, 

(95)). Demethylation of CpG motifs has been shown as a regulatory mechanism 

for several cytokine genes including IL-2 and IL-4 during differentiation (96-97). 

Importantly, DNA methylation patterns are maintained between cell generations 

by maintenance DNA methyltransferases (98-99), even in the absence of the 

original stimulus (reviewed in (100)). 

Chromatin remodeling, specifically histone acetylation, is important in opening 

the Th2 cytokine locus in differentiating Th2 cells (101). Importantly, this occurs 

downstream of TCR activation and IL-4 dependent STAT6 signaling (102-103). 

Specifically, this chromatin remodeling is GATA3 dependent (104-105). Without 

chromatin remodeling, transcription factors, such as NFAT and GATA3 could not 

activate transcription of Th2 cytokine genes (106).  

1.9 GATA3 and NFAT, transcription factors involved in regulating the Th2 

phenotype 

1.9.1 GATA3 is the transcription factor largely responsible for Th2 

differentiation 

Several mouse models have shown that GATA3 is a major transcription factor 

responsible for Th2 differentiation in vivo (107-109). Most convincingly, when 

GATA3 is inhibited, expression of Th2 cytokines is significantly decreased, thus 

GATA3 is necessary for Th2 cytokine production. Further, when GATA3 is 
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expressed ectopically in Th1 clones, Th2 cytokine mRNA increases substantially 

indicating that GATA3 is sufficient for Th2 cytokine expression (110).  

GATA3 expression can be induced by IL-4. IL-4 signaling through its receptor on 

T cells results in dimerization and activation of STAT6. STAT6 was shown to be 

necessary and sufficient for IL-4 dependent Th2 differentiation (111). More 

specifically, STAT6 activation is upstream of GATA3 expression (112) and 

interacts at the GATA3 promoter (113). In resting Th2 cells, GATA3 found in the 

cytoplasm and upon T cell receptor activation p38MAP kinase phosphorylates 

GATA3 for nuclear translocation via importin-α (114).  

1.9.2 High expression of GATA3 is strongly associated with the CRTh2
+
 T 

cell fraction in humans  

A study in a human population missing one GATA3 allele showed decreased 

serum levels of Th2 associated immunoglobulins (IgG4 and IgE) and an increase 

in Th1 associated IgG1 (115). In humans, GATA3 expression per se is not a 

marker of Th2 cells, since low level GATA3 is also expressed in Th1 cells (23, 

116). Importantly, the level of GATA3 expression is significantly higher in 

CRTh2
+
 versus CRTh2

-
 cells (23).  

However, like in mice, ectopic expression of GATA3 in committed human Th1 

cells is sufficient to induce Th2 cytokine expression and in naïve T cells results in 

up-regulation of CRTh2 (117). This plasticity was shown to be less present as 

cells matured to effector memory cells (117).  
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1.9.3 NFAT1 and NFAT2 are expressed in activated T cells 

Nuclear factor of activated T cells (NFAT) is another family of transcription 

factors involved in Th2 differentiation. NFAT1 (NFATp, NFATc2) was the first 

NFAT to be cloned and is constitutively present in the cell cytoplasm (118). 

NFAT2 (NFATc, NFATc1) is present in low amounts in the cytoplasm of resting 

cells, but is greatly induced by T cell receptor activation and NFAT1 binding to 

its promoter (118-120).  

1.9.4 NFAT activation is calcium dependent 

In mice and humans, NFAT1 and low amounts of NFAT2 are found in the 

cytoplasm of resting T cells (119). Upon TCR activation, the signaling molecule 

phospholipase C-γ (PLCγ) is activated and hydrolyzes phosphatidylinositol-4-5-

biphosphate to inositol-1, 4, 5-triphosphate (InsP3) and diacylglycerol. InsP3 binds 

its receptor on the endoplasmic reticulum and induces the release of intracellular 

calcium stores. Calcium activates calmodulin which in turn activates the 

phosphatase calcineurin to dephosphorylate cytoplasmic NFAT and allow nuclear 

translocation where NFAT can function as a transcription factor (reviewed in 

(121)) (Figure 4). NFAT nuclear translocation can be inhibited by Cyclosporin A, 

which interferes with the phosphatase activity of calcineurin.  

1.9.5 NFAT1 and NFAT2 regulate Th2 differentiation 

NFAT proteins mediate Th2 cytokine production (IL-4 and IL-13) (122). NFAT1 

significantly increased early IL-4 in human primed T cells (123) and mouse in 

vitro differentiated Th2 cells (106, 124). At the Il4 enhancer, NFAT1 and GATA3 

synergize to increase IL-4 (106). Interestingly, NFAT1 was also shown to bind  
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Figure 4. NFAT activation cascade following TCR activation 

Signaling downstream of TCR activation results in increased intracellular calcium (Ca
2+

) 

which activates a phosphatase (calcineurin) to dephosphorylate NFAT and allow nuclear 
translocation. APC: antigen presenting cell, TCR: T cell receptor, PLCγ; phospholipase C 

γ, PtdIns (4, 5) P2: Phosphatidylinositol 4, 5-bisphosphate, DAG: diacylglycerol, InsP3: 

Inositol triphosphate, InsP3R: inositol triphosphate receptor. 
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the IFNγ promoter in Th1 cells and increase IFNγ production, indicating that 

NFAT1 is not cell type specific and that chromatin regulation appears to also 

direct the cytokine genes upon which NFAT1 acts (106, 124). Similarly, NFAT2 

in mice was shown to be necessary for IL-4 production following stimulation 

(125-126). Mice deficient in NFAT2 show decreased lymphocyte proliferation, 

IL-4 and decreased IL-4 driven isotype switching (to IgE) in B cells (125-126).  

Although NFAT1 has been associated with early IL-4 production (reviewed in 

(127-128), NFAT1 knockout mice show increased and prolonged late phase IL-4 

response (129-130). NFAT1 knockout mice also show an enhanced Th2 response 

in a parasite model (Leishmania major) (131). Also, when both NFAT1 and 

NFAT4 (NFATc3) are knocked out in mice, naïve Th0 cells intrinsically 

differentiate into Th2 cells (126, 132-133). This is further substantiated in a 

glycosylation-inhibiting factor (GIF) deficient mouse which showed that normally 

GIF maintained NFAT1 in the nucleus resulting in decreased IL-4 expression 

(134). These studies indicate overall NFAT1 may limit Th2 responses, possibly in 

a negative feedback mechanism.  

Although NFAT1 is important in initial up-regulation of IL-4 and IL-13 (122), 

NFAT1 knockout mice show that the major role may be to down-regulate IL-4 in 

a negative feedback mechanism (129). There are also complex interactions of 

NFAT proteins with several co-factors to direct gene expression (reviewed in 

(128)). These complicated actions of NFAT1 indicate that in different cellular, 
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genetic environments and stages of differentiation, NFAT1 may act in variable 

ways. 

1.10 Rationale for this study 

The regulation of CRTh2 is poorly understood but since CRTh2 mRNA levels 

have been shown to correlate with protein expression (43-44), we hypothesized 

that CRTh2 expression is regulated at the level of transcription. Transcription can 

be regulated by chromatin conformation and DNA methylation status. If the gene 

is constitutively unmethylated or open, transcription could be primarily regulated 

by transcription factor binding. Ectopic expression of GATA3 in naïve T cells has 

been shown to up-regulate surface expression of CRTh2 (117) and CRTh2 

expression is induced by IL-4, an upstream effector of GATA3 (23). Our lab 

previously showed that GATA3 over-expression in Jurkat T cells increases 

CRTh2 promoter activity, using a reporter gene assay (135). The human CRTh2 

gene contains putative binding sites for common Th2 cytokine transcription 

factors, such as GATA and NFAT (135). To further study the molecular 

regulation of CRTh2, we developed a CRTh2
+
 Th2 cell line and examined 

promoter activation and endogenous gene expression. My overall hypothesis is 

that NFAT and GATA3 contribute to molecular regulation of CRTh2 and 

expression in CRTh2
+
 Th2 cells. 

1.11 Study objectives 

To study the molecular regulation of CRTh2 expression  

The objective of this thesis was to study the regulation of the proximal region of 

the CRTh2 promoter. Chromatin structure was studied by assessing methylation in 
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CRTh2
high

 and CRTh2
low

 cells. Transcriptional regulation was also studied using a 

luciferase promoter reporter construct containing a fragment of the CRTh2 

promoter. Transcription factor binding was determined by electromobility shift 

assay (EMSA) and transcription factors were over-expressed in CRTh2
low

 cells to 

assess their role in CRTh2 transcription.  

To study the regulation of endogenous CRTh2 expression 

To determine whether the stimulus induced promoter activity observed with 

reporter constructs reflects endogenous expression, CRTh2 expression was 

studied by surface staining and quantitative reverse transcription polymerase 

chain reaction (qRT-PCR). 

To assess whether OX40L co-stimulation regulates CRTh2 expression  

Since OX40L has been associated with maintenance of CRTh2
+

 cells in a DC-T 

cells co-culture system, we asked whether exogenous OX40L could alter CRTh2 

gene responses. Exogenous OX40L was added to cultures at various time points 

following stimulation and CRTh2 expression was examined by qRT-PCR. 

. 
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CHAPTER II: Materials and Methods 

2.1 Cell culture 

2.1.1 Jurkat cells  

Jurkat cells (clone E6-1) were purchased from American Type Culture Collection 

(VA, USA) and were cultured in RPMI 1640 media (Sigma Aldrich, ON, Canada) 

supplemented with Fetal Bovine Serum (10%; Hyclone Scientific, Fisher 

Scientific, Ontario, Canada) and  Penicillin, Streptomycin and glutamine (1X; 

Gibco, ON, Canada).  

2.1.2 In vitro differentiated CRTh2
+
 cells  

Peripheral blood mononuclear cells (PBMCs) were isolated from self reported 

non-allergic (n=1) and allergic donors (n=8) by density centrifugation over Ficoll 

histopaque PLUS (GE Healthcare, Sweden) and CD4
+
 cells were isolated by 

negative selection with CD4
+
 cell Isolation Kit II (Miltenyi Biotech, CA, USA). 

On one occasion, as indicated, following CD4
+
 isolation, naïve CD4

+
 CD45RA

+
 

cells were further isolated using a CD45RO depletion kit (CD45RO microbeads, 

Miltenyi Biotech, CA, USA).  Cells were activated on plate bound anti-CD3 

(Clone UCHT1, 1 µg/mL) and anti-CD28 (Clone 37407, 1 µg/mL) in Th2 

differentiating conditions; recombinant human (rh) IL-2 (5 ng/mL), rhIL-4 (10 or 

20 ng/mL), and blocking antibody against IFNγ (polyclonal, 1µg/mL) and IL-12 

(Clone C8.6, 1µg/mL) for 3 days. Cells were then proliferated with cytokines and 

blocking antibodies but without activating CD3 and CD28 for 4 days. After 7 

days of differentiation, CRTh2
+
 cells were isolated by positive selection (CRTh2

+ 

cell selection kit, Miltenyi Biotech, CA, USA) or sorted for CRTh2 using anti-
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CRTh2 PE (Miltenyi Biotech, CA, USA) with the fluorescence activated cell 

sorting (FACS) Aria cell sorting flow cytometer (Becton Dickson, ON, Canada) 

to 98% purity. CRTh2
+ 

cells were maintained for up to 60 days on cycles of 

activation (3 days αCD3/CD28 + IL-2) followed by proliferation (4 days IL-2 

alone) (Figure 5). Experiments were performed between days 10 and 60, when 

CRTh2 expression was >50%. Recombinant human cytokines and monoclonal 

antibodies were all from R&D Biosystems Inc. (MN, USA) except anti-IL-12 was 

from eBiosciences Inc. (CA, USA). All primary cells were cultured in X-Vivo15 

media (Lonza, MD, USA), supplemented with Fetal Bovine Serum (10%; 

Hyclone, Fisher Scientific, Canada) and Penicillin, Streptomycin and glutamine 

(1X; Gibco, ON, Canada). All stimulations were done with cells at 2 x 10
6
 

cells/mL (unless otherwise indicated) in X-Vivo15. As indicated, phorbol 12-

myristate 13-acetate (PMA) (20 ng/mL, Sigma Aldrich, ON, Canada), ionomycin 

(1µM, Sigma Aldrich, ON, Canada), N-terminal histidine tagged OX40L (50 – 

200 ng/mL, R&D Biosciences, MN, USA, 1054-OX) and/or α-polyhistidine (9.2 

µg/mL, R&D biosciences, MN, USA, MAB050) were added. 

2.1.3 Extracellular flow cytometry 

Isolated CD4
+
 T cells and in vitro differentiated CRTh2

+
 Th2 cells were stained 

for surface markers following both the activation and proliferation phases during 

culture. All antibodies were purchased from BD Pharmingen (ON, Canada), 

unless otherwise indicated. Cells were incubated with antibody or matched 

antibody control at 4°C (30 min) before fixation with 2% paraformaldehyde + 

0.54% sucrose. Staining was assessed by flow cytometry (FACSCalibur, Becton 



28 

 

 

 

 

 

F
ig

u
re

 5
. 
In

 v
it

ro
 d

if
fe

re
n

ti
a
ti

o
n

 o
f 

C
R

T
h

2
+
 T

h
2
 c

el
ls

 

S
ch

em
at

ic
 t

im
el

in
e 

fo
r 

in
 v

it
ro

 d
if

fe
re

n
ti

at
io

n
 o

f 
C

D
4

+
 T

 c
el

ls
, 

is
o
la

ti
o
n
 o

f 
C

R
T

h
2

+
 c

el
ls

 a
n

d
 c

ar
ry

in
g

 t
h

e 
d
if

fe
re

n
ti

at
ed

 C
R

T
h

2
+
 

T
h

2
 c

el
ls

. 



29 

 

Dickson, ON, Canada). Cells were stained for CD4 (Clone RPA-T4, Isotype 

mouse IgG1 FITC, AbD serotech), CD8 (Clone RPA-T8, isotype mouse IgG1κ 

PE), OX40 (Clone ACT35, isotype mouse IgG1κ FITC), CD62L (Clone DREG-

56, isotype mouse IgG1κ PE), CD45RA (Clone L48, mouse IgG1κ FITC) and/or 

CD45RO (Clone UCHL-1, isotype mouse IgG2κ PE-Cy7). Only cells stained for 

OX40 were blocked with normal mouse IgG (Invitrogen, CA, USA) at room 

temperature (30 min) prior to incubation with antibody.  

CRTh2 expression was assessed throughout the culture by surface staining after 

the proliferation phase or after the activation phase. Cells
 
were blocked with 

normal rat IgG (Invitrogen, CA, USA) at room temperature (30 min) followed by 

staining with primary biotin conjugated CRTh2 antibody (Clone BM16, Miltenyi 

biotech, CA, USA) or rat IgG2a isotype (ABD Serotech, NC, USA) at 4°C (30 

min) followed by Streptavidin-APC (eBioscience, CA, USA), at 4°C (30 min). 

Samples were fixed and assessed by flow cytometry as above. 

2.1.4 Intracellular flow cytometry 

Intracellular staining for IL-4, IL-13 and IFNγ was performed following the 

proliferation phase. In vitro differentiated CD4
+
 CRTh2

+ 
cells (1.3 x 10

6
 cells/mL) 

were stimulated (4h) with PMA (20 ng/mL) and ionomycin (1 µM) in the 

presence of Brefeldin A (10 µg/mL, Sigma Aldrich, ON, Canada). Cells were 

fixed on ice (10 min) with paraformaldehyde (4%; Sigma Aldrich, ON, Canada) 

and permeabilized on ice (10 min) with saponin (0.4%, Sigma Aldrich, ON, 

Canada). IL-13-PE (Clone JES10-5A2, isotype rat IgG1κ PE), IFNγ-Alexa 647 

(Clone B27, isotype mouse IgG1κ Alexa 647) and IL-4-Alexa 488 (Clone 8D4-8, 
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isotype mouse IgG1κ Alexa 488) antibodies (BD Pharmingen, ON, Canada) were 

added and samples were incubated at 4°C (30 min) and after washing cells, 

fluorescence was assessed by flow cytometry (FACS Calibur, Becton Dickson, 

ON, Canada). 

2.1.5 Supernatant analysis for cytokines 

Supernatant from differentiated CRTh2
+
 Th2 cells were collected following the 

activation phase and frozen at -80°C until use. Supernatants were analyzed for 

cytokines by 42-plex discovery assay, using Multiplex LASER Bead Technology 

(EVE technologies, Calgary, Alberta). 

2.2 CRTh2 sequence analysis and assessment of promoter region methylation 

2.2.1 Sequence analysis 

CRTh2 sequence was obtained from Ensembl (http://www.ensembl.org) and 

species conservation was determined using VistaPlot 

(http://genome.lbl.gov/vista/index.shtml). In silico analysis of transcription factor 

binding sites was performed using MatInspector (www.genomatix.de) and matrix 

search parameters were set at a core similarity of 0.75 and an optimized matrix 

similarity. 

2.2.2 Bisulphite treatment of DNA and sequencing 

Genomic DNA was extracted from freshly isolated CD4
+
 T cells (Day 0) or from 

in vitro differentiated CRTh2
+
 Th2 cells (Day 45) using the Wizard genomic 

DNA extraction kit (Promega, WI, USA) and eluted in nuclease free water. 

Genomic DNA was treated with sodium bisulphite according to manufacturer’s 

instructions (EZ DNA methylation Kit; ZymoResearch, CA, USA) and 

resuspended in nuclease free water. Sodium bisulphite treatment results in 

http://www.ensembl.org/
http://genome.lbl.gov/vista/index.shtml
http://www.genomatix.de/
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deamination of unmethylated cytosines (Figure 6a).  A fragment of the 5’ region 

of CRTh2 (-646 to +66) was amplified by polymerase chain reaction (PCR) from 

bisulphite treated DNA with primers designed using MethPrimer 

(www.urogene.org/methprimer/index1.html) to recognize bisulphite treated DNA: 

TTTTAGAGGAGAAGGAAGTTG – forward and 

ACAATCAACTCCTAACAACAAC – reverse. Untreated DNA was also 

amplified by PCR as a negative control using the following primers: 

CCTCAGAGGAGAAGGAAGCTG - forward and 

GCAGTCAGCTCCTGACAGCAGC – reverse.  Amplified DNA was gel 

extracted (Gel extraction kit, Qiagen) and 4 µl of PCR product was cloned 

(pCR2.1TOPO vector, TOPO-TA cloning kit, Invitrogen, CA, USA).  From each 

cloned PCR amplification, 20 clones were sequenced and analyzed for 

methylation status. With this procedure, methylated cytosines are protected from 

deamination (Figure 6b) and are amplified as cytosine (Figure 6c). Unmethylated 

cytosines are deaminated and undergo a conformational change to uracil, which is 

then amplified as thymine (Figure 6c). Results are presented as percent of clones 

methylated at each CpG site [(number protected (methylated) cytosines/ (total 

number of cytosines)]. Sequencing was performed by Molecular Cloning 

Laboratories (McLab, San Francisco, California, USA). 

             

http://www.urogene.org/methprimer/index1.html
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Figure 6. Sodium bisulphite deamination of unmethylated cytokines 

Treatment of DNA with sodium bisulphite results in deamination of cytosine to uracil (a). 

Methylated cytosines are protected from deamination (b). All unmethylated cytosines 
will be deaminated to uracil (c). 
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2.3 Transient transfection and nucleofection 

2.3.1 Plasmids 

Luciferase reporter plasmids were constructed by cloning the region 450 base 

pairs, upstream of the transcription start site (TSS, Figure 7a) into the pGL3 basic  

(Promega, WI, USA, Figure 7b) construct (CRTh2-450/Luc).  

The complimentary DNA (cDNA) for GATA3 and NFAT1 (OriGene, United 

States) were sub-cloned into pcDNA3.1
+
 (Invitrogen, ON, Canada).  

For over-expression experiment, expression vectors were added at molar 

equivalents relative to GATA3; GATA3 (5 µg), pcDNA3.1
+
 (3.95 µg) and/or 

NFAT1 (6.1 µg). Furthermore, in order to add equal amounts of plasmid DNA 

during the over-expression assay, pcDNA3.1
+
 was added to NFAT1 and GATA3 

conditions to equal the molar equivalent of the total DNA in the NFAT1 and 

GATA3 co-transfection (10 µg molar equivalents to GATA3).  

2.3.2 Dual Luciferase Assay  

The luciferase reporter construct will produce Firefly luciferase under the control 

of the promoter region cloned 5’ of the luciferase gene (ie, proximal CRTh2 

promoter region, CRTh2-450/Luc). Luciferase production was measured with the 

Dual Luciferase Assay system, used according to manufacturer’s instructions 

(Promega, WI, USA) and light output was quantified using a luminometer 

(20/20n, Turner Biosystems, WI, USA). The amount of light that is emitted from 

the Firefly luciferase reports the activity of the CRTh2 promoter region. A control 

plasmid (pRL-TK) is co-transfected with the Firefly luciferase reporter plasmid.  
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Figure 7. The CRTh2 gene structure and luciferase reporter constructs 

The CRTh2 gene contains a large 5’ region, up to -7000 base pairs upstream of the coding 

region (ATG), an untranslated exon (exon 1), one intron, a translated exon (exon 2) and a  
3’ untranslated region (3’ UTR) (a). Luciferase constructs in pGL3-basic (Promega) were 

generated by cloning a 450 base pair region 5’ of the TSS. pGL3-basic vector contains no 

eukaryotic promoter and the firefly luciferase cDNA (b) pRL-TK vector (Promega) 
contains the constitutively active herpes simplex thymidine kinase promoter and is used 

as a control in dual luciferase transfections (c). 
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The pRL-TK plasmid contains a Sea Pansy luciferase (Renilla luciferase) under 

the control of the constitutive Herpes Simplex thymidine kinase promoter (Figure 

7c). The Renilla luciferase plasmid acts as a transfection efficiency control.  The 

expression of the Renilla luciferase indicates that the transfection or nucleofection 

was successful and we can assume that the experimental plasmid containing the 

Firefly luciferase was also successfully transfected or nucleofected. The Firefly 

and Renilla luciferase enzymes react with different substrates to emit light. The 

Firefly luciferase reacts with luciferin and the Renilla luciferase with 

colenterazine. To measure the two light outputs independently, luciferin is added 

first to the transfected cell lysates and the light is quantified. Immediately 

following, the luciferin/Firefly luciferase reaction is quenched and the 

colenterazine is added and the light output from the Renilla luciferase reaction is 

quantified.  

2.3.3 Transient Transfection  

Jurkat T cells were transiently transfected with CRTh2-450/Luc (10 µg) and pRL-

TK (5 ng) using electroporation. Jurkat T cells (5 x 10
6
) were transfected in log 

phase growth. The control plasmid (pRL-TK) was added to all cells as a master 

mix, after which they were incubated on ice (10 min). CRTh2-450/Luc ± 

expression plasmids or control DNA was added and rested on ice (10 min). Cells 

were electroporated with 1 pulse (240 mV) using a square wave electroporator 

(ECM 830, Harvard Apparatus, MA, USA). Cells were rested on ice (15 min) 

before incubating in media alone (16h) or with stimulus (16h, PMA; 20 ng/mL 

and ionomycin; 1 µM).  
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2.3.4 Transient Nucleofection 

In vitro differentiated CRTh2
+
 Th2 cells (1.25 x 10

6
 cells) were transiently 

nucleofected with CRTh2-450/Luc after the activation phase. Nucleofection was 

performed using a nucleofection kit (Human T Cell Nucleofector
®
 Kit; Lonza, 

MD, USA). Cells, reporter plasmid (1µg) and control pRL-TK (10ng) were 

combined in Amaxa nucleofection solution and immediately electroporated. To 

control for background levels of Firefly luciferase, control nucleofections were 

performed without a Firefly construct, only the pRL-TK construct. Cells were 

electroporated using a Nucleofector
TM

 Device (Amaxa, MD, USA, program T-

23). Cells were left to recover in X-vivo15 media at 37°C (15 min) and incubated 

with or without PMA (20 ng/mL) and ionomycin (1 µM) stimulation (16h). When 

indicated Cyclosporin A (Sigma Aldrich, ON, Canada) was added to 16h 

stimulations.  

Nucleofection efficiencies >25% (~ 30%) were achieved, as determined by flow 

cytometry analysis following nucleofection with pMAXGFP plasmid (1 µg/1.25 x 

10
6
 cells) (Lonza, MD, USA). Following stimulation (16h, PMA and Ionomycin, 

P/I), GFP transfected cells were stained with propidium iodide (Invitrogen, CA, 

USA) to exclude dead cells and GFP transfection was assessed by flow cytometry 

(FACSCalibur, Becton Dickson, ON, Canada). 

2.3.5 Quantifying the Dual Luciferase Assay 

For nucleofections and transfections, cells were harvested and lysed in 100 µl and 

250 µl respectively, of passive lysis buffer (1X PLB, Promega, WI, USA) and 

frozen and thawed to increase lysis. For Jurkat transfections, 10 µl of lysate was 
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added to 50 µl of Firefly luciferase substrate (luciferin) followed by addition of 50 

µl of Renilla luciferase substrate (colenterazine). For primary CRTh2
+
 Th2 cell 

nucleofections, 50 µl of lysate was added to 100 µl of firefly luciferase substrate 

followed by addition of 100 µl of Renilla luciferase substrate. Total protein in 

each lysate was quantified using a BCA assay (Thermo scientific, IL, USA) and 

20 µl of lysate. Transfection and nucleofection results were normalized for 

transfection efficiency (as determined by Renilla luciferase activity) and protein 

concentrations and expressed as relative luciferase activity (RLA). (Firefly 

luciferase count * (mean baseline Renilla / Renilla count) * (mean protein / 

protein count)).  

2.4 Nuclear extracts and electromobility shift assays  

2.4.1 Nuclear extracts 

Nuclear extracts were made from Jurkat T cells in log phase growth (12 x 10
6
 

cells), in vitro differentiated CRTh2
+
 Th2 cells following the proliferation phase 

(12 x 10
6
 cells), or activation phase (12 x 10

6
 cells). Most cells were stimulated 

with PMA (20ng/mL) and ionomycin (1 µM) (3h), others were left unstimulated 

in media alone (3h). When indicated, Cyclosporin A (1.2 μg/mL) was added to 3h 

stimulations (P/I). All subsequent steps were performed on ice. Cells were 

harvested and resuspended in lysis solution (Buffer A: 10 mM HEPES, 3 mM 

MgCl2, 40 mM KCl, 1 mM DTT, 5% glycerol, 0.20% NP-40, 1 mM PMSF, 5 

mM β-glycerophosphate, 1 mM benzamidine, 1 mM orthosodium vanadate, 1 mM 

sodium fluoride, 10 μg/mL antipain, 10 μg/mL aprotinin, 10 μg/mL leupeptin, 10 

μg/mL pepstatin: 120 μL).  Lysis was assessed with trypan blue and once swollen; 
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cell nuclei were pelleted (4°C) in a microcentrifuge at 13,200 RPM. Nuclear 

pellets were resuspended in an appropriate volume of Buffer C (420 mM NaCl, 10 

mM HEPES, 25% glycerol, 1.5 mM MgCl2, 0.2 mM EDTA, 1.0 mM DTT, 1 mM 

PMSF, 5 mM β-glycerophosphate, 1 mM benzamidine, 1 mM orthosodium 

vanadate, 1 mM sodium fluoride, 10 μg/mL antipain, 10 μg/mL aprotinin, 10 

μg/mL leupeptin, 10 μg/mL pepstatin). PMSF and DTT were added to Buffer A 

and C immediately before use. Nuclear extracts were flash frozen with liquid 

nitrogen and stored at -80°C until use. 

2.4.2 Recombinant proteins 

Recombinant human GATA3 and NFAT1 proteins were synthesized using 

expression vectors described above and in vitro transcription and translation 

(TnT), with the TnT coupled rabbit reticulocyte lysate system and T7 polymerase 

(according to manufacturers’ instructions, Promega, WI, USA). Plasmid (1µg) 

was incubated with 25 µl rabbit reticulocyte lysate, 2 µl reaction buffer, 1 µl T7 

polymerase, 0.5µl each of leucine and methionine in a final reaction volume of 

50µl in water. Reactions were incubated in a 30°C water bath (90 min) and lysates 

were stored at -80°C.  

2.4.3 Electromobility shift assay (EMSA) 

Gel shift assays were performed with an oligonucleotide probe (5’ – 

cggcattgatggaaattgatgatatttgaac) representing position -125/-94 of the CRTh2 

promoter region (relative to the transcription start site). Annealed oligonucleotides 

(100 ng) were 5’ end labeled with [γ-
32

P] – ATP using T4 polynucleotide kinase 

(New England Biolabs, ON, Canada) and excess radioactivity was removed using 
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a Mini Quick Spin DNA column (Roche, Sweden). Labeling efficiency was 

measured using a scintillation counter (counts per minute per µl). Probes were 

stored at -20°C and used within one week. The EMSA binding reaction included 

nuclear extract (5 μg) or recombinant protein (1 µL of TnT reaction), 50 mM 

NaCl, 10 % glycerol, poly dI:dC (50 ng/μL, Sigma Aldrich, ON, Canada), BSA 

(0.2 μg/μL) and 1X protease inhibitor (Roche, IN, USA). Nuclear extracts or 

recombinant proteins were incubated on ice (30 min) in the described binding 

conditions; either alone, with super-shifting antibodies (4 μg) or with molar 

excess (100X) of unlabeled CRTh2 proximal promoter oligonucleotide, consensus 

probes for transcription factors or mutants of the CRTh2 proximal promoter 

oligonucleotide (Table 1). To mutate transcription factor binding sites, 

transversion mutations (purine to pyrimidine or vice versa) were done to core 

binding nucleotides. Most super-shifting antibodies were purchased from Santa 

Cruz Biotechnology (CA, USA); GATA3 (HG3-31 and HG3-35), NFAT1 (4G6-

G5), isotype matched control antibody (ATF2; Clone F2BR-1). The super-shifting 

antibody for NFAT2 (MA3-024) was purchased from Affinity Bioreagents (CO, 

USA).  Probes were then incubated on ice (30 min) with the nuclear extract 

binding reactions as described above. Binding reactions were loaded onto a 5% 

non-denaturing polyacrylamide gel and run at 19 mA for 5-6 hours with 0.5X 

Tris-buffered EDTA at 4°C. Gels were dried at 80°C (1h) (Hoefer Slab Gel Dryer, 

GD2000) and exposed to film for up to 48 hours at -80 °C. 
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Table 1: EMSA oligonucleotide sequences 

  
OLIGONUCLEOTIDE 

MUTATION   SEQUENCE   LENGTH 

CRTh2 proximal   5' CGGCATTGATGGAAATTGATGATATTTGAAC 3' 31 bp 

NFAT concensus   5' CGGAGGAAAAACTGTTTCATACAGAAGGCGTG 3' 32 bp 

GATA3 concensus   5' CCTCTATCTGATTGTTAGCC 3' 25 bp 

CRTh2 proximal NFAT1-m2 5' CGGCATTGATGGt1tATTGATGATATTTGAAC 3' 31 bp 

CRTh2 proximal NFAT1-m4 5' CGGCATTGATccttATTGATGATATTTGAAC 3' 31 bp 

CRTh2 proximal GATA3-m1 5' CGGCATTcATGGAAATTGATGATATTTGAAC 3' 31 bp 

CRTh2 proximal GATA3-m2 5' CGGCATTGATGGAAATTcATGATATTTGAAC 3' 31 bp 

CRTh2 proximal GATA3-m3 5' CGGCATTGATGGAAATTGATGAaATTTGAAC 3' 31 bp 

CRTh2 proximal GATA3-m1 + m3 5' CGGCATTcATGGAAATTGATGAaATTTGAAC 3' 31 bp 

      1. Lower case letters indicate transversion mutations
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2.5 Polymerase Chain Reaction  

2.5.1 Quantitative reverse transcription (qRT)-PCR 

RNA was extracted from frozen cell pellets (2 - 10x10
6
 cells) using the RNeasy 

extraction kit (Qiagen, ON, Canada). RNA was eluted with 30 µl RNase/DNase 

free water (Qiagen, ON, Canada) and 2 - 10µl were diluted in Tris-EDTA buffer 

to determine the concentration by spectrophotometry (BioRad SmartSpec 3000). 

Complimentary DNA (cDNA) was synthesized with 1 µg RNA using dNTPs, 

oligoDT and SuperScriptII. RNA was incubated with oligodT, dNTPs and water 

at 65°C (5 min). 1X First Stand Buffer, DTT and RNase out were added at 42°C 

(2 min). Finally Superscript II was added for 50 minutes at 42°C followed by 15 

minutes at 70°C. cDNA was stored at  -20°C until needed. All reagents for cDNA 

synthesis were purchased from Invitrogen (CA, USA). Quantitative reverse 

transcription PCR (qRT-PCR) TaqMan gene expression assays for CRTh2 

(Hs00173717_m1) and IL-4 (Hs00174122_m1) were purchased from Applied 

Biosystems (Applied Biosystems, CA, USA) and used as per manufacturer’s 

instructions. All TaqMan probe based real time qRT-PCRs were standardized to 

GAPDH using primers: Forward 5’ CTGAGAACGGGAAGCTTGTCA 3’ and 

Reverse 5’ GCAAATGAGCCCCAGGGTT 3’. A specific probe, recognizing the 

GAPDH PCR product, was designed and custom ordered from ABI, 5’ 

6FAMAAA TCCCATCACCATCTTCCAGGAGCGA TAMRA 3’. qRT-PCRs 

were performed using TaqMan gene expression master mix (Applied Biosystems, 

CA, USA), 1 µl cDNA (final reaction volume: 20µl) and an Eppendorf RealPlex 4 

machine with the following program; 2 min 50°C, 10 min 95°C and 40 cycles of 
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15 sec 95°C and 1 min 60°C. CRTh2 qRT-PCRs were run with a CRTh2 and 

GAPDH standard curve to obtain copy number.  

To make standards, quantitative real time PCR products were cloned into 

pCR2.1TOPO vector (Invitrogen, CA, USA) and CRTh2 and GAPDH products 

were linearized using BamHI and KpnI, respectively. The DNA concentration 

following purification of the linearized vector was determined by 

spectrophotometry (BioRad SmartSpec 3000) and dilutions of 10
1 

to 10
9
 copies/µl 

were made and stored at -80°C.  CRTh2 qRT-PCRs were run with 10
1
, 10

3 
and 

10
5
 standards and GAPDH qRT-PCRs were run with 10

5
, 10

6
 and 10

7
 standards. 

2.6 Statistical Analysis 

Statistical significance for transfection and nucleofection experiments was 

determined using Mann-Whitney (Rank Sum) test for non-parametric data using 

SigmaStat software. This method was chosen due to non-parametric data. For 

over-expression transfection assays and flow cytometry, statistical significance 

was determined by ANOVA with post hoc analysis using Holm-Sidak method for 

parametric data. Data is considered significant if p<0.05 (*). 
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CHAPTER III: Results - Molecular regulation of CRTh2 

3.1 Background and rational 

Molecular regulation of CRTh2 is poorly understood, with most research focusing 

on receptor function. To date, it is known that surface expression of CRTh2 is 

increased by IL-4 and over-expression of GATA3 (117, 136). Our lab has shown 

that over-expression of GATA3 in Jurkat T cells can directly increase CRTh2 

promoter activity using a luciferase reporter system (135). To further study the 

molecular regulation of CRTh2, we developed a CRTh2
+
 Th2 cell line and 

examined promoter activation and endogenous gene expression. 

3.2 In vitro differentiated CRTh2
+
 Th2 cells 

Endogenous expression of CRTh2 is low on both the immortalized Jurkat T cell 

line (2.8% ± 1.1, n=4, Figure 8a) as well as human circulating CD4
+
 T cells 

(3.0% ± 1.1, n=3, Figure 8b). Therefore to study the molecular regulation of 

CRTh2 we developed a CRTh2
+
 Th2 cell line. To do this, CD4

+
 T cells were 

isolated from peripheral blood mononuclear cells (PBMCs), using a magnetic 

column and negative selection and cultured in Th2 differentiating conditions. 

CD4
+
 T cell purity was 95% ± 0.63 (93% – 98%, n=9, Figure 9a). On day 7 of 

differentiation, 22% ± 3.1 (11-42%, n=9, Figure 9b) of CD4
+
 cells were CRTh2

+
. 

Blood was obtained primarily from allergic donors but on one occasion 

differentiation was performed on cells from a non-allergic donor. No differences 

were observed in the propensity of CRTh2
+
 differentiation between the non-

allergic (25%, n=1) and allergic (21%, n=8) donors. Isolated CRTh2
+
 cells were  
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Figure 8. CRTh2 expression on Jurkat T cells and freshly isolated CD4
+
 cells 

Jurkat T cells (a) and freshly isolated CD4
+
 cells (b) express low levels of CRTh2 by 

surface staining. Empty histogram indicates CRTh2 staining and filled histogram 

indicates corresponding isotype control. Figure is representative of n= 2-4 experiments.  
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Figure 9. Staining following CD4 isolation and CRTh2 differentiation 

Following CD4
+
 isolation from PBMCs, 96.6% of cells are CD4

+
 (a). After 7 days in Th2 

differentiation conditions, 25.6% of cells are CRTh2
+
 (b). Empty histogram indicates 

CD4 (a) or CRTh2 (b) staining and filled histogram indicates corresponding isotype 

control. Figure is representative of n=9.  
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maintained on cycles of an activation phase (3 days αCD3/CD28 + rhIL-2) and a 

proliferation phase (4 days rhIL-2 alone) (Figure 5).  

Maintenance of CRTh2 expression and the Th2 cell phenotype was assessed by 

surface expression of CRTh2 and intracellular staining for IL-4, IL-13 and 

interferon γ (IFNγ) following the proliferation phase. Over the course of all 

experiments CRTh2 surface staining following CRTh2 enrichment on day 7 was 

80% ± 2.5 (50-96%, n=24) (Figure 10a). CRTh2 expression was highest on cells 

immediately following CRTh2
+
 isolation and decreased as cells were kept in 

culture (Figure 10c). In vitro differentiation resulted in CRTh2
+
 Th2 cells 

expressing IL-4 (17% ± 3.7, n=23), IL-13 (59% ± 4, n=23), IFNγ (19.7% ± 4, 

n=23) and double positive for IL-13 and IFNγ (15.3% ± 3.9, n=22) over the 

course of 9 independent cell lines (Figure 10b). To better understand the 

magnitude of the IFNγ positive cells, we also analyzed supernatants from three 

independent cell lines by Multiplex bead array following the activation phase 

(Table 2). Even though the percent of cells expressing IFNγ was higher than 

expected, there was consistently more IL-4 (8777 - >11 000 pg/mL) and IL-13 (> 

10 000 pg/mL) produced than IFNγ (20 – 4568 pg/mL). Further, the amount of 

IFNγ from our CRTh2
+
 Th2 differentiated cell lines was considerably lower than 

reported from Th1 differentiated cells lines (>80 000pg/mL) (117). 

CRTh2
+
 Th2 cell lines were also assessed for markers of the central memory 

phenotype. CRTh2
+
 Th2 cells expressed CD45RO (69% ± 11.8, 40 - 93%, n=4)  
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Figure 10. CRTh2 and cytokine expression from in vitro differentiated CRTh2
+
 Th2 

cells 

In vitro differentiated CRTh2
+
 Th2 cells express CRTh2 (83.94%) following proliferation 

phase (a), and IL-4 (34.19%), IL-13 (52.3%), IFNγ (4.74%) and are double positive for 

IL-13 and IFNγ (8.2%) by intracellular staining (b) following mitogenic stimulation. 

Empty histogram indicates CRTh2 (a) or IL-4 (b) staining and filled histogram indicates 
corresponding isotype control.  Figure is representative of n= 13-24 over 9 independent 

cell lines. CRTh2 surface expression on isolated CRTh2
+
 T cells decreases with days in 

culture (c). Graph shows 5 representative cells lines at various time points following 

CRTh2 isolation.   
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Table 2: Cytokine expression by differentiated CRTh2
+
 Th2 cells 
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(Figure 11a) and CD62L (66% ± 5.9, 29% - 96%, n=15) following the 

proliferation phase (Figure 11b) and the activation phase (Figure 11c). It is 

interesting to note that as cells were kept in culture CD62L expression decreased. 

These data indicate that our in vitro differentiation protocol generates CRTh2
+
 

Th2 cells exhibiting a central memory phenotype as has been shown in vivo (37). 

3.3 Conservation of the CRTh2 promoter region 

To begin assessing the molecular regulation of CRTh2, we looked at the region 

immediately upstream of the transcription start site (TSS), which is also the start 

of the untranslated exon 1 (Figure 6a). This region has been shown to contain 

putative initiator sites and Sp1 sites although there is no TATA box within the 5 

kb upstream of exon 1 (135). We also examined the sequence conservation of this 

region since conserved non-coding sequences are likely important for gene 

regulation. Interestingly, the 450 base pair region immediately upstream of the 

TSS is highly conserved in Chimpanzee and Rhesus monkey and moderately 

conserved in Marmoset and Horse (Figure 12a). In silico analysis also shows this 

region contains putative binding sites for transcription factors known to be 

involved in regulating other Th2 genes, such as GATA3, NFAT and STAT6 (135) 

(Figure 12b).  

3.4 The proximal CRTh2 promoter is not differentially methylated in freshly 

isolated CD4
+
 T cells and CRTh2

+
 Th2 cells 

Since the transcriptional regulation of CRTh2 may be regulated by chromatin 

structure and accessibility of the promoter, we first examined the profile of DNA 

methylation at the CRTh2 promoter. The region from +66 to -646 (relative to the 
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Figure 11. CD45RO and CD62L expression by in vitro differentiated CRTh2
+
 Th2 

cells 

In vitro differentiated CRTh2
+
 Th2 cells highly express CD45RO (a) and CD62L (b) 

following the proliferation phase. CD62L is also expressed following the activation phase 

(c), n= 6 following the proliferation phase and n=8 following the activation phase, from 3 
independent cell lines. 
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Figure 12: Conservation and putative transcription factor binding sites at the proximal region of the CRTh2 promoter 

Sequence conservation of the CRTh2 proximal promoter region using VistaPlot (a) Marmoset sequence missing up to -315. Teal coloring indicates 
exon 1 and pink coloring indicates 5’ conserved region (>70% conserved). Predicted transcription factor binding sites, filtering for transcription 

factors (GATA3, NFAT and STAT) shown to be found in lymphocytes, using MatInspector, Genomatix software (b). 
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TSS) in the proximal region of the CRTh2 promoter was examined due to the high 

density of CpG sites (14 CpG sites) (Figure 13a). DNA methylation at 

dinucleotide CpG sites has been associated with gene silencing (94). Therefore we 

hypothesized that the CRTh2 proximal promoter was hypomethylated in cell 

populations highly positive for CRTh2 and hypermethylated in populations with 

low positivity for CRTh2.  

DNA methylation profiles were examined using freshly isolated CD4
+ 

T cells 

(CRTh2
low

) and in vitro differentiated CRTh2
+
 Th2 cells (CRTh2

high
). Both 

CRTh2
+
 Th2 cells (CRTh2

high
, 88% CRTh2

+
) and freshly isolated CD4

+
 T cells 

(CRTh2
low

, <5% CRTh2
+
) displayed similar methylation patterns (Figure 13b, 

n=2). This indicated that differential methylation was not a method of regulation 

at this region of the proximal promoter. However, hypomethylation was only 

observed at the first 7 CpG sites (+28 to – 232) and interestingly, in CRTh2
low

 and 

CRTh2
high

 cells, the region from -284 to -646 appears to be consistently 

hypermethylated regardless of CRTh2 surface expression. This indicated that this 

region is most likely in a closed chromatin conformation.  

3.5 CRTh2
+
 Th2 cells support transcription of CRTh2 

Our results from the methylation analysis indicated that the region immediately 

upstream of the TSS is not differentially methylated in CRTh2
high

 compared to 

CRTh2
low

 cells (Figure 13b). Therefore, molecular regulation of CRTh2 does not 

appear to be at the level of chromatin accessibility, at least at this proximal region 

of the CRTh2 promoter. As such, we next tested whether transcriptional regulation 

of this proximal region of the CRTh2 promoter was dependent on nuclear  
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Figure 13. CpG sites and methylation at the proximal region of the CRTh2 promoter 

There are 14 CpG sites in the proximal region of the CRTh2 promoter (+66 to -646) (a). 
DNA methylation profiles from in vitro  differentiated CRTh2

+
 Th2 cells (CRTh2

+
 76% 

±12.5) and freshly isolated CD4
+
 T cells show that the CRTh2 proximal promoter is 

hypomethylated from the transcription start site to -232 (b). The x-axes show CpG sites 
with numbering relative to the transcription start site. Results are represented as percent 

methylated, the percent of clones amplified as a cytosine. n=2, 20 clones from two 

independent cell lines.  
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environment. To do this, we transfected or nucleofected a luciferase reporter 

construct containing the 450 base pairs immediately upstream of the TSS (CRTh2-

450/Luc) into Jurkat or CRTh2
+
 Th2 cells. This region of the CRTh2 promoter 

was assessed because it is mostly hypomethylated in primary CD4
+
 cells (Figure 

13b) and is relatively conserved in higher species (Figure 12a).  

CRTh2-450/Luc was transiently transfected into Jurkat cells and demonstrated a 

modest 1.3-fold (1.3 ± 0.194; n=15) induction of relative luciferase activity 

(RLA) in response to PMA and ionomycin (P/I) stimulation (16h). Whereas 

nucleofection of CRTh2-450/Luc into CRTh2
+
 Th2 cells showed an 8-fold (8.2 ± 

1.8, n=19) induction of relative luciferase activity with stimulation (16h, P/I). The 

fold induction was significantly higher in CRTh2
+
 Th2 cells compared to Jurkat 

cells (Figure 14a, p<0.05). These data suggest higher transcriptional activity of 

the proximal region of the CRTh2 promoter in stimulated Th2 cells could be 

mediated by variation in their respective nuclear environments.  

It is also important to note that in CRTh2
+
 Th2 cell nucleofections, CRTh2-

450/Luc was not active without stimulation, since relative luciferase activity was 

similar to background (i.e., no Firefly luciferase construct) (Figure 14b). This 

indicates that, in isolation, this promoter region requires T cell activation for 

activity. 

3.6 Characterizing transcription factor binding to the CRTh2 proximal 

promoter 

To examine transcription factor binding to the proximal CRTh2 promoter, 

electromobility shift assays (EMSAs) were performed using nuclear extracts from  
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Figure 14. Transcriptional activity of the proximal CRTh2 promoter in Jurkat and 

CRTh2
+
 Th2 cells in response to stimulation 

In vitro differentiated CRTh2
+
 Th2 cells show 6.2 fold higher induction of the proximal 

CRTh2 promoter (CRTh2-450/Luc) than non-polarized Jurkat cells (a). No change in 

relative luciferase activity of CRTh2-450/Luc was observed without stimulation (16h, P/I) 

using in vitro differentiated CRTh2
+
 Th2 cells (b). (Jurkat n=15 and Th2 n=19, No 

CRTh2-450/Luc control n=4) p<0.05 Mann-Whitney Rank sum test.  
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stimulated Jurkat T cells and CRTh2
+
 Th2 cells (3h, P/I), after the proliferation 

phase (4 days rhIL-2) along with a probe representing a proximal region of the 

CRTh2 promoter (-94/-125) (Figure 15a). This region was chosen for the 

presence of putative NFAT and GATA3 binding sites and was unmethylated 

indicating that it is accessible to transcription factors in vivo. Figure 15b shows 

that the binding profile from stimulated Jurkat cells (3h, P/I) is very different from 

that of CRTh2
+
 Th2 cells, indicating the presence or relative abundance of 

transcription factors differs between these two cell types (Compare lane 1 with 

lane 4). Indeed neither of the complexes from CRTh2
+
 Th2 cells were present in 

the binding profile from Jurkat T cells. However, the transcription factors from 

Jurkat T cells did bind to the probe specifically since we competed by molar 

excess of unlabelled (cold) CRTh2 promoter oligonucleotide (self 100X) (lane 2). 

Importantly, there is no GATA3 binding with Jurkat T cells (lane 3) as we see no 

supershift with a GATA3 antibody (αGATA3).  

Analysis of the bands from CRTh2
+
 Th2 cells show they are specific because all 

binding was competed with cold self competitor (100X) (Figure 15b, lane 5, 13). 

Furthermore, we identified the lower complex as GATA3, since it was competed 

with molar excess of a cold GATA3 consensus oligonucleotide (lane 6) and 

super-shifted (or missing) with two independent α-GATA3 antibodies (lane 9, 10) 

but not an isotype matched control antibody (lane 8). The upper complex was 

shown to be NFAT1, since it was competed with molar excess of cold NFAT 

consensus oligonucleotide (lane 7, 14) and super-shifted by an NFAT1 antibody  
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Figure 15. The CRTh2 EMSA probe and transcription factor binding from Jurkat 

and CRTh2
+
 Th2 cells 

A proximal region of the CRTh2 promoter used as an EMSA probe has putative binding 
sites for GATA and NFAT, as indicated (a). GATA3 does not bind to the CRTh2 

promoter from stimulated Jurkat cells (Jurkat NE) (b, lanes 1-3). NFAT1 and GATA3 

bind to the CRTh2 promoter from stimulated in vitro differentiated CRTh2
+
 Th2 cells 

(Th2 NE) (b, lanes 4-11). NFAT1, not NFAT2 from in vitro differentiated CRTh2
+
 Th2 

cells binds the CRTh2 promoter (b, lanes 12-16). The competitors and super-shifting 

antibodies used are noted above the corresponding lanes. Antibodies denoted as α, 

bracketed numbers distinguish different antibody clones. Gels are representative of n=8 
with 6 independent cells lines. 
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(lane 11, 15). Since NFAT family members bind similar sites, we also 

investigated NFAT2 and confirmed the upper complex is not NFAT2 (lane 16). 

3.6.1 Identifying GATA3 binding sites 

Since there are three potential GATA3 binding sites in the CRTh2 promoter probe 

(Figure 15a), we next determined which sites bind GATA3. CRTh2 promoter 

oligonucleotides containing mutations of the predicted GATA3 sites were created 

(Table 1) and used as cold competitors (100X) to determine the ability of these 

sites to bind GATA3 (Figure 16). To do this, recombinant GATA3 was generated 

by in vitro transcription and translation (TnT) with expression vectors and rabbit 

reticulocyte lysates and incubated with the CRTh2 promoter probe (lane 1). 

Binding was shown to be specific by cold self competitor (100X) (lane 2). 

GATA3 binding was verified by a super-shift with a GATA3 antibody (lane 7). 

To test putative GATA3 binding sites, rhGATA3 was incubated with cold 

competitors (100X) of the mutated CRTh2 proximal oligonucleotides (Table 1); 

GATA3- m1 (lane 3), m2 (lane 4), m3 (lane 5), or a double GATA mutant 

GATA3-m1 + m3 (lane 6). To ensure no protein from that reaction interacted 

with the CRTh2 promoter probe, a TnT reaction using empty pcDNA3.1
+
 was 

used as a control (lane 8). If an excess of mutated CRTh2 promoter 

oligonucleotide was unable to compete the binding of rhGATA3 to the labeled 

probe, this would indicate the original GATA3 site was necessary for binding. 

Since GATA3-m1, GATA3-m3, and the two mutations combined (GATA3-m1 + 

m3) were unable to compete the rhGATA3, these sites appear necessary for 

GATA3 binding. Further, since mutation of one site cannot be compensated by  
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Figure 16. Recombinant GATA3 and NFAT1 binding at the CRTh2 proximal EMSA 

probe 

GATA3 (Lane 1-7) and NFAT1 (Lanes 8-14) recombinant protein bind to the CRTh2 

proximal promoter probe. Specific point mutations in the CRTh2 EMSA oligonucleotides 

inhibit the ability to compete either GATA3 or NFAT1 recombinant protein binding. 
Vertical labelling indicates recombinant protein, competitors and/or antibodies used. 

GATA3 antibody used was clone HG3-31. Figure is representative of n=2. 
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the other non-mutated site (lanes 3, 5 and 6), both sites appear necessary for 

rhGATA3 binding. 

3.6.2 Confirming the NFAT binding site 

Although, there was only one predicted NFAT site, we also mutated this site. 

Since we saw NFAT1 but not NFAT2 binding the CRTh2 promoter with nuclear 

extracts from CRTh2
+
 Th2 cells (Figure 15), recombinant human NFAT1 was 

used. NFAT1 was incubated with labeled CRTh2 promoter probe (Figure 16, lane 

9). Again binding specificity was verified using cold self competitor (100X) (lane 

10) and by incubating the control TnT reaction with the labeled probe (lane 8). To 

ensure the band was NFAT1 we used a NFAT1 antibody and saw a super-shift 

(lane 13) but not with α-NFAT2 (lane 14). 

To verify we could inhibit NFAT1 binding by mutating the binding site, 

recombinant human NFAT1 was incubated with cold competitors (100X) of 

CRTh2 promoter mutation oligonucleotides. The mutated oligonucleotide 

contained either two or four nucleotide changes to the predicted NFAT site 

(Table 1); NFAT1-m1 (lane 11) or NFAT1-m2 (lane 12). Neither oligonucleotide 

was able to compete NFAT1 binding, indicating both mutations disrupted the 

NFAT1 binding.  

3.7 Endogenous CRTh2 expression decreases with stimulation 

Since both GATA3 and NFAT1 nuclear translocation have been shown to 

increase following TCR activation (114, 119, 121) and both can bind to the 

proximal region of the CRTh2 promoter following stimulation (3h, P/I), we next 

examined endogenous CRTh2 expression following activation or acute 
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stimulation. After the activation phase (3 days αCD3/CD28 + rhIL-2) or the 

proliferation phase (4 days rhIL-2) + acute stimulation (16h P/I), surface 

expression of CRTh2 is significantly decreased (Figure 17). These data were 

surprising, in light of our CRTh2-450/Luc nucleofections showing increased 

transcription following acute stimulation (16h, P/I) (Figure 14a). 

To assess whether this decrease in CRTh2 surface expression was due to receptor 

internalization or decreased transcription of CRTh2, we next examined CRTh2 

mRNA levels. CRTh2 mRNA was decreased 5.1-fold following the activation 

phase compared to the proliferation phase. Furthermore, CRTh2 mRNA was log 

units lower at both time points (proliferation or activation phase) after acute 

stimulation (16h P/I) (Figure 18, n=1-2). The decrease in mRNA following the 

activation phase and acute stimulation (16h P/I) is surprising since these are the 

conditions of the nucleofection experiments that showed an increase in 

transcriptional activity from the CRTh2 promoter region (Figure 14a).  

We next considered whether the discrepancy in mRNA expression versus 

promoter activity following acute stimulation (16h P/I) could be due to mRNA 

stability. CRTh2 mRNA stability may be regulated by the 3’ untranslated region 

(3’ UTR) and although mRNA is decreased at 16h post-stimulation, there may 

have been an initial increase. Since the luciferase reporter vector does not have a 

3’ UTR, the luciferase transcript (which reports CRTh2 promoter activity) is not 

subject to degradation. Therefore we also assessed CRTh2 mRNA at earlier time  
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Figure 17. CRTh2 surface expression following proliferation and activation phase 

CRTh2 surface expression on in vitro differentiated CRTh2
+
 Th2 cells decreases 

following T cell stimulation. CRTh2 surface expression was determined by flow 

cytometry following the proliferation phase + mitogenic stimulation (16h, PMA and 
Ionomycin) or activation phase. n= 6-15, from 3 independent cell lines, * indicates p> 

0.05. 

 

 

 

 

* 
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Figure 18. CRTh2 mRNA following proliferation and activation phase 

CRTh2 mRNA decreases in in vitro differentiated CRTh2
+
 Th2 cells following T cell 

stimulation. Cells were stimulated with PMA and ionomycin (16h) following either the 

proliferation (n=1) or activation phase (n=2) and mRNA was assessed by qRT-PCR. 
Representative of n=1-2.  
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Figure 19. CRTh2 mRNA decreases rapidly following stimulation 

CRTh2 mRNA from in vitro differentiated CRTh2
+
 Th2 cells is low following the 

activation phase but falls even further following stimulation (PMA + Ionomycin) (a). The 
trend is similar in a different cell line but the copy number of CRTh2 varies (b). Data are 

representative of triplicates in one experiment and data is presented as copy number of 

CRTh2 over copy number of GAPDH, n=1.  
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points following stimulation. Figure 19a and 19b show kinetic experiments in two 

independent CRTh2
+
 Th2 cell lines. Figure 19 shows there may be an early 

increase in CRTh2 mRNA after 1 hour of stimulation (P/I), but that the CRTh2 

transcript is clearly reduced after 2 and 4 hour stimulations (P/I). It is interesting 

to note that although the later trend (2h and 4h) is similar in two independent cell 

lines, the initial (1h) increase in CRTh2 mRNA and the baseline CRTh2 mRNA 

after the activation phase varies greatly between lines (Figure 19). Together, 

these data show that following mitogenic stimulation (2-16h P/I) or long term 

physiological (3 days αCD3/CD28) activation, CRTh2 expression is decreased, 

both at the mRNA and protein levels. 

3.8 NFAT1 binding coincides with decreased CRTh2 expression 

To examine the profile of transcription factor binding in relation to endogenous 

CRTh2 expression, EMSA was performed with nuclear extracts from 

unstimulated (3h, media alone) CRTh2
+
 Th2 cells following the proliferation 

phase (4 days rhIL-2, Figure 20).  Binding reactions with unstimulated CRTh2
+
 

Th2 cells after the proliferation phase (when CRTh2 expression is highest) are 

shown in lane 1. All bands were specific (lane 2, 100X). There was very little 

NFAT1 binding, as seen with the small super-shift using αNFAT1 (lane 3) and 

not αNFAT2 (lane 4). GATA3 also binds, as seen by the missing lower band 

when αGATA3 is added (lane 5).   

On the other hand, with nuclear extracts from proliferating CRTh2
+
 Th2 cells 

following stimulation (3h P/I; when CRTh2 is the lowest) we saw a strong 

NFAT1 binding to the CRTh2 promoter probe (Figure 20, lane 6). This binding  
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Figure 20. NFAT1 binds to the CRTh2 proximal probe following the proliferation 

and activation phase 

NFAT1 only binds to the CRTh2 proximal promoter probe following stimulation of in 
vitro differentiated CRTh2

+
 Th2 cells; proliferation phase + mitogenic stimulation (3h 

P/I) or activation phase ± mitogenic stimulation (3h P/I).  GATA3 also binds following 

proliferation phase and stimulation. CRTh2
+
 Th2 cell nuclear extracts used: After 

proliferation phase + 3h unstimulated (Lanes 1-3), after proliferation phase + 3h P/I 
(Lanes 4-8), after activation phase + 3h unstimulated (Lanes 9-11), after activation phase 

+ 3h P/I (Lanes 12-15). Vertical labels about figure indicate nuclear extracts used, excess 

cold competitors used or supershifting antibodies used, including clone number. 
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was confirmed by cold competition (lane 7) and super-shifting with αNFAT1 

(lane 8).  

Since we had only looked at transcription factor binding after the proliferation 

phase, we also examined cells following the activation phase (3 days αCD3/CD28 

+ rhIL-2, when CRTh2 is decreased). Nuclear extracts from CRTh2
+
 Th2 cells 

after the activation phase show that NFAT1 binding is seen with both the 

unstimulated (medium alone, 3h) and stimulated (P/I, 3h) conditions (Figure 20, 

lanes 9 and 12). The binding was specific using excess cold self oligonucleotide 

(lane 10 and 13) and excess cold NFAT consensus (lane 11 and 14). The lower 

complex also shows GATA3 binding following stimulation by the lack of a lower 

band with the GATA3 antibody (lane 16). Collectively, these data indicate that 

while GATA3 binding is relatively constant, NFAT1 binding is most prominent 

following either the activation phase or acute stimulation (when CRTh2 is lowest, 

Figure 17).   

3.9 Over-expression of NFAT1 reduces transcriptional activity of the CRTh2 

proximal promoter 

Based on our EMSA and mRNA/protein data showing that NFAT1 binding 

corresponds to the conditions of lowest expression of CRTh2, we hypothesized 

that NFAT1 could inhibit CRTh2 promoter activity. To test this, NFAT1 was 

over-expressed in Jurkat cells by co-transfection of an NFAT1 expression vector 

with the CRTh2 promoter construct (CRTh2-450/Luc). If NFAT1 is a negative 

regulator of CRTh2 transcription, we would expect decreased transcriptional  
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Figure 21. Over-expression of GATA3 and NFAT1 with the CRTh2 proximal 

promoter construct in Jurkat T cells 

GATA3, but not NFAT1, over-expression in Jurkat T cells increases (6.5 fold) 

transcriptional activity of CRTh2-450/Luc. GATA3 + NFAT1 co-expression inhibits 
GATA3-mediated activity (a). Titrating the NFAT1-to-GATA3 ratio down (1/16) still 

results inhibits CRTh2 promoter activity (b). Transcriptional activity of the CRTh2 

proximal promoter (CRTh2-450/Luc) is measured by fold increase of relative luciferase 
activity (RLA) in stimulated (16h PI) over unstimulated samples. n=3-9, * = p< 0.05, 

determined by ANOVA with post hoc analysis using Holm-Sidak method.  
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activity. However, Figure 21a shows there was no significant decrease in 

promoter activity when NFAT1 was over-expressed. Since our group has 

previously shown that GATA3 over-expression in Jurkat cells increases CRTh2-

450/Luc activity (135), we examined whether NFAT1 could influence this. Figure 

21a shows that GATA3 increases promoter activity 6.5–fold over the control, 

pcDNA3.1
+ 

(n=9, p<0.05) and when NFAT1 was co-transfected with GATA3 at 

molar equivalents, promoter activity was reduced down to similar fold induction 

as the control CRTh2-450/Luc + pcDNA3.1
+
. Even as NFAT1 was titrated down, 

as low as 1/16 of GATA3, there was only a slight increase in transcriptional 

activity from the CRTh2 proximal promoter (CRTh2-450/Luc), which never 

achieved the level of GATA3 alone (p>0.05, Figure 21b). Therefore, these 

experiments indicate that NFAT1 inhibits the GATA3-induced transcription of 

CRTh2, at least from this region of the promoter. 

3.10 GATA3 and NFAT1 bind to the CRTh2 proximal probe independently 

To further investigate how NFAT1 decreases GATA3 induced CRTh2 promoter 

activity, we considered whether GATA3 and NFAT1 binding was cooperative or 

independent. To address this, we determined if disrupting a GATA3 site would 

affect NFAT1 binding and vice versa; if disrupting the NFAT1 site would affect 

GATA3 binding. Figure 22a shows that rhNFAT1 binds to the CRTh2 promoter 

probe (lane 2). This binding is specific because it is competed by cold self 

oligonucleotide (100X) (lane 3) and there is no binding when we incubated the 

control TnT reaction (pcDNA3.1
+
) with the labeled probe (lane 1). NFAT1 

binding was verified by α-NFAT1 super-shift (lane 8) and no super-shift with α-  
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Figure 22. Mutating the CRTh2 promoter oligonucleotide to determine GATA3 and 

NFAT1 binding dependency 

Specific point mutations in the CRTh2 EMSA oligonucleotide do not affect the binding of 

recombinant human NFAT1 or GATA3 (a). Point mutations in the GATA3 sites do not 
affect NFAT1 binding and vice versa (b). Vertical labelling indicates recombinant 

protein, 12 hours after an initial stimulation but within 2 hours following re-stimulation. 
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NFAT2 (lane 9). Mutating the individual GATA3 sites does not affect the 

oligonucleotides’ ability to compete rhNFAT1 binding (lanes 4-7). Similarly, 

rhGATA3 binds to the CRTh2 promoter probe (lane 10) specifically (100X, lane 

11) and was confirmed by an α-GATA3 super-shift (lane 14). GATA3 binding is 

not impaired by either mutation of the NFAT1 site (lane 12, 13) because both 

mutated oligonucleotides could still compete rhGATA3 binding when added in 

excess. 

To further support independent binding, GATA3 and NFAT1 do not appear to 

bind the CRTh2 proximal probe at the same time (Figure 22b). Figure 22b shows 

that GATA3 alone (lane 1) binds and is verified by a super-shift with α-GATA3 

(lane 2). Similarly, NFAT1 alone binds higher on the gel (lane 3), confirmed by 

α-NFAT1 super-shift (lane 4). If GATA3 and NFAT1 bound the probe 

simultaneously, we would expect three bands on the gel when both recombinant 

GATA3 and NFAT1 are added, one band for GATA3 alone, one for NFAT1 

alone and finally a higher band representing GATA3 + NFAT1 binding. Figure 

23b shows this is not the case (lane 5). 

To confirm independent binding, the mutated oligonucleotides were labeled and 

used as probes (Figure 22b). NFAT1-m2 can bind rhGATA3 (lane 6) but not 

rhNFAT1 (lane 7). Even when both rhNFAT1 and GATA3 are added together, 

only rhGATA3 binds (lane 8), further supporting that GATA3 and NFAT1 are 

not forming a complex. Similarly, GATA3-m1+m3 can bind rhNFAT1 (lane 10) 

but not rhGATA3 (lane 9). Finally the individual mutant probes GATA3-m1 and 
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GATA3-m3 do not bind rhGATA3 (lanes 12 and 13). This confirms that GATA3 

binding requires both intact GATA3 binding sites. Even when both rhNFAT1 and 

GATA3 were incubated with the GATA3 mutant probe, only rhNFAT1 could 

bind (lanes 11 and 14). Together, these data indicate that GATA3 and NFAT1 

can independently bind this region of the CRTh2 promoter.  

3.11 Cyclosporin A inhibits transcriptional activity of the CRTh2 proximal 

promoter in CRTh2
+
 Th2 cells 

We observed NFAT1 binding to the CRTh2 promoter probe following the 

activation phase or mitogenic stimulation, when CRTh2 surface and mRNA 

expression was decreased. Therefore, we next examined the effect of inhibiting 

NFAT activity, using Cyclosporin A (CsA), on CRTh2 promoter activity. CsA 

inactivates the ability of calcinuerin to dephosphorylate NFAT proteins and 

therefore inhibits their nuclear translocation (Figure 4). When we examined 

CRTh2
+ 

Th2 cells stimulated in the presence of CsA, NFAT1 binding to the 

CRTh2 proximal promoter was inhibited (Figure 23a, lane 2). Since we found 

that over-expression of NFAT1 decreased promoter activity, we next 

hypothesized that inhibiting NFAT1 with CsA would result in an increase in 

transcriptional activity of the proximal region of the CRTh2 promoter. However, 

when CRTh2-450/Luc was nucleofected into differentiated CRTh2
+
 Th2 cells in 

the presence of CsA, transcriptional activity did not increase, in fact it was 

significantly decreased, even with doses as low as 312.5 ng/mL of CsA (Figure 

23b). These data were unexpected and indicate further experiments examining the 

effect of CsA on endogenous CRTh2 expression may be more informative. 
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Figure 23. Binding profile and promoter activity of CRTh2-450/Luc following 

Cyclosporin A addition 

Cyclosporin A inhibits NFAT1 binding from in vitro differentiated CRTh2
+
 Th2 cell 

nuclear extracts to the CRTh2 promoter probe (a). In vitro differentiated CRTh2
+
 Th2 

cells show higher transcriptional activity of the proximal (CRTh2-450/Luc) promoter 

than the CRTh2
+
 Th2 cells treated with CsA (b). Transcriptional activity of CRTh2 

(CRTh2-450/Luc) measured through relative luciferase activity from cells with or without 

CsA treatment p<0.01 Mann-Whitney Rank sum test. 
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Chapter IV: Results - Stimulation induced down-regulation of CRTh2 may 

be due lack of OX40/OX40L co-stimulation 

4.1 Background and rational – OX40 co-stimulation may be necessary to 

maintain CRTh2 following activation 

TSLP activated dendritic cells (DCs) have been shown to maintain CRTh2 

expression and the Th2 phenotype through the OX40/OX40L pathway (37). 

Sorted peripheral CRTh2
+
CD4

+
 cells cultured with TSLP-activated DCs 

maintained higher CRTh2 expression than those cultured with activating CD3 and 

CD28 (37). Further, the TSLP- DCs were able to maintain the Th2 phenotype (IL-

4, IL-5 and IL-13) whereas CRTh2
+
CD4

+
 cells expanded with activating CD3 and 

CD28 up-regulated IFNγ (37). This may indicate that for CRTh2
+
CD4

+
 cells to 

maintain CRTh2 expression and their Th2 phenotype, they require additional 

signaling from antigen presenting cells such as the OX40/OX40L pathway.  

Since we observed CRTh2 down-regulation following both mitogenic stimulation 

(16h, P/I) and the activation phase in our CRTh2
+
 Th2 cell cultures, we 

hypothesized this may be due to the absence of OX40/OX40L co-stimulation 

from dendritic cells.  

4.2 In vitro differentiated CRTh2
+
 Th2 cells express OX40 

To address this, we first assessed the expression of OX40 by in vitro 

differentiated CRTh2
+
 Th2 cells. OX40 is expressed at low levels following the 

proliferation phase (4 days rhIL-2, 8.6% ± 3) (Figure 24, n=10), however is 

highly expressed following the activation phase (3 days αCD3/CD28 + rhIL-2, 

57.8% ±8.72) (Figure 24, n=9). OX40 is also up-regulated with mitogenic 

stimulation (16h P/I; 80.8% ± 5.33) (Figure 24, n=8)  
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Figure 24. OX40 expression on in vitro differentiated CRTh2
+
 Th2 cells 

OX40 is expressed on in vitro differentiated CRTh2
+
 Th2 cells following T cell 

stimulation. OX40 surface expression was determined by flow cytometry following the 

proliferation phase ± mitogenic stimulation (16h, P/I) or the activation phase. Empty 

histograms indicate OX40 staining and filled histogram indicates corresponding isotype 

control. Histograms are representative and graph is the means of n= 8-10, from 3 
independent cell lines, * indicates p> 0.05. 

 

* 
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and this is consistent with other studies that have also shown OX40 up-regulation 

(137). 

4.2.1 Addition of exogenous OX40L does not overcome stimulation induced 

down-regulation of CRTh2 mRNA  

To determine if the decrease in endogenous CRTh2 was due to lack of co-

stimulation through OX40, recombinant OX40L was added to mitogenic 

stimulation (4h P/I) following the activation phase (3 days αCD3/CD28 + rhIL-2). 

Since OX40 expression was high (58% ± 8.7) following the activation phase, we 

hypothesized that adding OX40L to cultures further stimulated (4h and 16h, P/I) 

would inhibit the decrease we observed in CRTh2 mRNA (Figure 19). OX40L is 

localized in the cell membrane as a trimer, to mimic this in vitro, α-polyhistidine 

was added with the recombinant OX40L to allow aggregation. Contrary to our 

hypothesis, adding OX40L + α-polyhistidine did not inhibit CRTh2 down-

regulation following 4 or 16 hours of stimulation (P/I or CD3/CD28) (Figure 25 

a, b).  

Since surface expression of OX40 was low following the proliferation phase (4 

days IL-2, 8% ± 3) but has been shown to be up-regulated within 2 hours 

following re-stimulation of cells (137) we also tested whether the cells taken after 

the proliferation phase could respond to OX40L. Adding OX40L + α-

polyhistidine to stimulated CD4
+
 CRTh2

+
 Th2 cells (4 or 16h, P/I or CD3/CD28) 

showed similar results and was not able to inhibit the stimulation induced 

decrease in CRTh2 mRNA (Figure 26 a, b). It is interesting to note that 



78 

 

stimulation with CD3/CD28 does not decrease CRTh2 mRNA as much as 

stimulation with P/I (Figure 25 and 26).  

Previous studies showed that CD4
+
 CRTh2

+
 T cells produced more Th2 cytokines 

in response to TSLP activated DCs with up-regulated OX40L compared to 

CD3/CD28 stimulation (37). To be sure the lack of an OX40L effect on CRTh2 

mRNA was not merely due to assay optimization we also tested whether the 

OX40L had a biological effect on IL-4 expression. However, this was not the 

case, since Figure 27 shows that OX40L was able to up-regulate IL-4 mRNA 

when added to CRTh2
+
 Th2 cell stimulation (4 or 16h P/I).  
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Figure 25. CRTh2 mRNA expression following addition of exogenous OX40L to 

stimulated CRTh2
+
 Th2 cells following the activation phase 

Exogenous OX40L cannot inhibit CRTh2 down-regulation in in vitro differentiated 

CRTh2
+
 Th2 cells following 4h (a) or 16h (b) mitogenic stimulation (P/I) after the 

activation phase (3d αCD3/CD28). Data is from one experiment performed in triplicate, 

data is presented as copy number of CRTh2 over copy number of GAPDH x 1000.  
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Figure 26. CRTh2 mRNA expression following addition of exogenous OX40L to 

stimulated CRTh2
+
 Th2 cells following the proliferation phase 

Exogenous OX40L cannot inhibit CRTh2 down-regulation in in vitro differentiated 

CRTh2
+
 Th2 cells following 4h (a) or 16h (b) mitogenic stimulation after the 

proliferation phase (4d IL-2). Data is from one experiment performed in triplicate, data is 
presented as copy number of CRTh2 over copy number of GAPDH x 1000.  
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Figure 27. IL-4 mRNA expression following addition of exogenous OX40L to 

stimulated CRTh2
+
 Th2 cells 

Recombinant OX40L increases IL-4 mRNA from in vitro differentiated CRTh2
+
 Th2 

cells (a,b) with mitogenic stimulation (4h (a), 16h (b) P/I) after the proliferation phase 

(4d IL-2) but not the activation phase (3d αCD3/CD28) (a, b). Lines show increased IL-4 

expression with OX40L. Data is from one experiment performed in triplicate, data is 
presented as fold increase of ΔΔCt (to GAPDH) and normalized to respective 

unstimulated (US) condition. ND, not determined. 
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Chapter V: Discussion 

Summary  

Using in vitro differentiated CRTh2
+
 Th2 cells, developed in our lab, we studied 

the molecular regulation of CRTh2 expression. Since we found no difference in 

methylation of the CRTh2 proximal promoter in CRTh2
high

 and CRTh2
low

 cells, 

we examined transcription factor binding and nuclear environments associated 

with CRTh2 expression. Using transient nucleofection of a luciferase reporter 

construct containing the proximal region of the CRTh2 promoter (CRTh2-

450/Luc), we found that transcriptional activity was increased following acute 

(16h) mitogenic stimulation. This may be due to the presence and ability of 

GATA3 from CRTh2
+
 Th2 cells to bind the promoter. To confirm the results from 

the promoter construct, we studied CRTh2 surface and mRNA expression in 

CRTh2
+
 Th2 cells. Surprisingly, we found both to be down-regulated following 

stimulation. This may be through repression by NFAT1, since its over-expression 

inhibited the GATA3-induced increase in transcriptional activity. Furthermore, 

NFAT1 binds the promoter following the activation phase and acute stimulation, 

conditions shown to decrease CRTh2 surface and mRNA expression (Table 3). In 

conclusion, our data indicate that endogenous CRTh2 is down-regulated in 

response to stimulation, but that transcriptional activity from a reporter construct 

containing the proximal region of the CRTh2 promoter (-450 bp) was increased. 

We believe this indicates further regulatory regions are required to adequately 

recapitulate the transcriptional regulation of endogenous CRTh2 expression. 
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Table 3: CRTh2 expression decreases with stimulation and this corresponds to NFAT1 binding 

  

Expression3 Binding4 

Cell Cycle Stimulation mRNA surface NFAT1 GATA3 

Activation 

 

+1 + + + 

Activation P/I -2 - + + 

      Proliferation 

 

+++ +++ - + 

Proliferation P/I - - + + 

1. + refer to more degrees of binding or CRTh2 surface or mRNA expression 

2. – refers to low to no binding observed in EMSA or low to no expression by surface or mRNA expression 

3. When indicated, CRTh2 expression was determined following 16h P/I stimulation 

4. When indicated, NFAT1 and GATA3 binding was determined from CRTh2+ Th2 cells following 3h P/I stimulation  
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There are still many questions that remain to be answered, however these data 

will help us direct those future experiments and to understand the limitations of 

our experimental system.  

In vitro differentiated CRTh2
+
 Th2 cells 

We cultured freshly isolated CD4
+
 T cells in Th2 differentiating conditions and 

isolated a relatively stable population of CRTh2
+
 Th2 cells. Although cells 

produced IL-4 and high IL-13, there was still a considerable percentage of cells 

that were capable of producing the Th1 cytokine IFNγ, as determined by 

intracellular flow cytometry. This was unexpected, since T cell differentiation 

literature in humans and mice shows that in vivo differentiated Th2 cells do not 

produce IFNγ due to a closed chromatin conformation at the IFNγ locus which 

occurs during differentiation (136, 138). However, others have shown that in vitro 

differentiated Th2 cells produce some IFNγ (100-500 pg/mL) following 

stimulation (117), but at much lower levels than from stimulated in vitro 

differentiated Th1 cell (>80 000pg/mL) (117).  

Quantification of CRTh2
+
 Th2 supernatants, by Multiplex Bead Array, showed 

that the concentration of IFNγ in our cultures was highly variable (20 -4568 

pg/mL) following the activation phase. Importantly, the IL-4 (>11 000 pg/mL) 

and IL-13 (>10 000 pg/mL) levels were always much higher than IFNγ. For all 

three cell lines examined, CRTh2 was expressed on 67-79% of cells. Therefore, it 

is also possible that all the IFNγ
+
 cells are CRTh2

-
. We were unable to look at this 

because the stimulation needed to see IFNγ corresponds with reduction of CRTh2, 
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as we have shown herein. However, a recent study shows a protocol for 

CRTh2/IFNγ co-staining so this could be performed in future experiments (57). 

This production of IFNγ may be due to the use of only recombinant cytokines and 

antibodies during in vitro differentiation, as opposed to the many signals that a T 

cell receives in vivo from an activated dendritic cell (37). Furthermore, PMA and 

ionomycin mimic TCR stimulation but they do so in a strong non-physiological 

manner by directly activating down-stream effectors of TCR and CD28 

stimulation. Therefore, stimulation with PMA and ionomycin prior to intracellular 

staining may over-represent the number of cells producing IFNγ during the 

normal culture where activation is accomplished by activating antibodies against 

CD3 and CD28.  

Interestingly, one cell line was created for which naïve T cells (CD4
+
 CD45RA

+
) 

were used as the starter population. This was accomplished by depleting the 

CD45RO
+
 cells from the initial CD4

+
 T cell population. These cells were 

differentiated in vitro and CRTh2
+
 cells were isolated and carried in the same 

conditions as the other cell lines. This difference in the starting population may be 

important because this line expressed the lowest IFNγ (20 pg/mL) based on the 

supernatant analysis. This could be due to removal of all the in vivo differentiated 

effector cells (CD45RO
+
), including Th1 effector cells which can up-regulate IL-4 

and IL-13 in Th2 differentiating conditions but also maintain their expression of 

IFNγ (136).  
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Interestingly, there was no increased differentiation of CD4
+
 T cells isolated from 

allergic or non-allergic donors. Although the allergic donors may have started 

with a higher percentage of CRTh2 expressing cells (unpublished data from our 

lab), the in vitro differentiation was robust enough to differentiate the CD4
+
 T 

cells from the non-allergic donor (n=1) to the same degree as the cells from 

allergic donors (n=8) (21% in allergic compared to 25% in the non-allergic). This 

would indicate that our in vitro protocol is capable of differentiating cells, not 

simply expanding the population of in vivo differentiated CRTh2
+
 Th2 cells. 

In an effort to evaluate this further, we took the CRTh2
-
 fraction following the 

CRTh2 isolation (Day 7) and further cultured them in differentiating conditions 

(rhIL-2, rhIL-4, αIL-12, and αIFNγ). These cells up-regulated CRTh2 following 

the extra 7 days (14 days total) in differentiating conditions (n=2). These data 

indicate that the cells are capable of differentiating in vitro since any in vivo 

differentiated CRTh2
+
 cells would have been removed on day 7 during the CRTh2 

isolation.  

Our in vitro differentiated CRTh2
+
 Th2 cells began as CD62L

high
 central memory 

T cells, but there was a large range of CD62L expression resulting from down-

regulation as cells were kept in culture (data not shown). This may be due to loss 

of the TCM phenotype or changes to effector memory cells as our cultured cells 

were submitted to several cycles of activation (36). Wang et al reported that the 

CD4
+
 CRTh2

+
 population was a subset of TCM cells and this was maintained 
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through culture with TSLP-DCs. Therefore, the loss of CD62L expression may be 

due to lack of signals from activated DCs (37). 

Molecular regulation of CRTh2 from the proximal promoter region 

In this study we showed that the transcriptional activity from the proximal region 

of the CRTh2 promoter (CRTh2-450/Luc) was significantly increased in response 

to stimulation but only in cells that endogenously expressed CRTh2. This was 

accomplished with a CRTh2 promoter luciferase reporter construct, a standard 

approach to studying promoter activity. We studied the 450 base pair region 

immediately up-stream of the CRTh2 transcription start site because it is highly 

conserved in the primate order. The CRTh2 proximal region of the promoter is 

most conserved in Chimpanzees (a Hominoid family) followed by Rhesus 

monkeys (an Old World Monkey family) and finally Marmosets (a New World 

Monkey family); with Hominoids being evolutionarily closest and New World 

Monkeys the furthest to humans. Since the degree of conservation of the proximal 

promoter region of CRTh2 between human and Marmoset is less conserved than 

Chimpanzee and Rhesus Monkey, this would indicate that the regulation of 

CRTh2 has been evolving.  

We only studied the transcriptional activity of CRTh2 from the proximal region of 

the CRTh2 promoter (CRTh2-450/Luc) although there is another ~4kb of 

conserved sequence 5’ region that may act as promoter, enhancer or repressor 

elements to modify CRTh2 expression. In addition to the 5’ region, there is also 

an intron separating the untranslated exon 1 from the coding region (exon 2). 

These regions could separately or collectively affect the expression of CRTh2 not 
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only in response to stimulation but also in resting cells. Since the decrease in 

endogenous expression of CRTh2 in response to stimulation differed from the 

increase seen with the CRTh2-450/Luc, our construct may be missing regulatory 

regions. For this reason, our lab has generated luciferase constructs containing a 

longer 5’ region (4kb), 5’ truncations and/or intron regions. These are currently 

being tested in transient transfection experiments with Jurkat T cells and in vitro 

differentiated CRTh2
+
 Th2 cells to assess if they can replicate the regulation of 

endogenous gene expression. 

Luciferase reporter assays only report transcriptional regulation by transcription 

factor binding not any chromatin modifications or translational regulation such as 

mRNA stability. These factors could be affecting endogenous CRTh2 expression 

following stimulation. We hypothesized that stimulation increases transcription 

from both endogenous CRTh2 and our luciferase construct initially, but that 

endogenous CRTh2 mRNA degrades quickly, unlike the luciferase mRNA. We 

attempted to exmaine this by looking for early up-regulation of CRTh2 mRNA 

following stimulation. It is possible that there was an initial increase in CRTh2 

mRNA but it was hard to determine due to variation among cell lines. Although 

we did not see any significant early increase in CRTh2 mRNA to suggest that 

mRNA stability is regulating CRTh2 expression, further experiments with 

actinomycin D to examine the mRNA half life are still needed. It is also important 

to note that the rapid decrease in CRTh2 mRNA (2h) would suggest that CRTh2 

mRNA stability is regulated. 
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Since GATA3 and NFAT1 bind to the CRTh2 promoter following stimulation, we 

over-expressed both these factors with the CRTh2-450/Luc construct in Jurkat T 

cells to see if they had an enhancing or repressing effect. We determined not only 

that over-expression of GATA3 increases proximal CRTh2 promoter activity in 

Jurkat T cells but also that this could be inhibited by over-expression of NFAT1. 

Since we observed binding of both NFAT1 and GATA3 with nuclear extracts of 

Th2 cells, this competitive interaction is likely occurring in vivo 

Further, we observed that GATA3 could bind two of the three putative binding 

sites in the proximal CRTh2 promoter probe and that binding of both was 

inhibited by mutating either site. In a similar study of the IL-13 promoter, which 

contains three GATA3 sites within 35 base pairs, not only does GATA3 bind to 

all three but optimal binding and expression of IL-13 depends on all three sites 

being intact (139). Further, GATA3/DNA crystal structures from mice show that 

GATA3 can either dimerize to bind to adjacent sites (5 bp apart) or a single 

GATA3 molecule can bind both sites (3 bp apart) with the N and C terminal zinc 

finger of the same GATA3 molecule (140). Further work is needed to determine if 

one or two GATA3 molecules bind the GATA3 sites (10 bp apart) in the CRTh2 

proximal promoter probe and alter expression. 

We also confirmed that NFAT1 binding could be inhibited by mutating two or 

four base pairs of the NFAT1 binding site. Although both mutations disrupted the 

NFAT site, we had made the two base pair mutation to decrease the chance of 

disrupting the predicted adjacent GATA3 site, which in the end did not bind 
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GATA3. Since the transcription factor binding sites are in close proximity, we 

verified that GATA3 and NFAT1 can bind independently. Indeed, when the 

NFAT1 binding site was mutated it did not affect GATA3 binding. Since NFAT1 

and GATA3 do not bind the CRTh2 proximal probe simultaneously and the 

binding of each factor does not require the other binding site, the inhibitory effect 

of NFAT1 may be due to competitive inhibition of GATA3 binding or active 

repression. This may be similar to the ICOS promoter (141) where both NFAT1 

and GATA3 were shown to bind but that activation was GATA3 dependent. 

NFAT1 binding to the proximal promoter was observed following stimulation 

(when CRTh2 expression is lowest) and NFAT1 over-expression could inhibit 

GATA3 induced transcriptional activity of the CRTh2 promoter construct 

(CRTh2-450/Luc) in Jurkat cells. Therefore, we hypothesized NFAT1 inhibits 

CRTh2 expression. However, when NFAT1 binding was inhibited using CsA 

transcriptional activity of the CRTh2 promoter construct in CRTh2
+
 Th2 cells was 

significantly reduced. These data could indicate the NFAT1 induced inhibition 

was inaccurate, possibly due to having given such excess of NFAT1, compared to 

normal expression. However, this seems unlikely because we did not see a 

significant change when NFAT1 was titrated down substantially (1/16 of 

GATA3). Since CsA inhibits all calcineurin mediated calcium signaling it may 

have disrupted more than just NFAT1 nuclear translocation which may be 

affecting transcriptional activity of CRTh2. To verify this, a specific NFAT 

inhibitory peptide (VIVIT), which competes for the calcineurin binding site (142), 

could be used to assess the effect of NFAT1 inhibition.  Ultimately, this line of 
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investigation needs to be followed up by examining the influence of CsA on 

endogenous CRTh2 mRNA and surface expression. 

By electromobility shift assay, we confirmed GATA3 binding from differentiated 

CRTh2
+
 Th2 cells, but more importantly, identified NFAT1 binding following T 

cell activation. EMSA is an excellent tool to determine the potential of a certain 

sequence to bind a transcription factor, which can be determined by hypothesizing 

which factors bind and verifying with recombinant proteins. Therefore it is an 

effective method to understand the potential of transcription factors to bind in 

certain nuclear environments. Limiting factors of EMSA are that firstly the probe 

is devoid of 3-dimensional chromatin structure and secondly is given in such 

excess (compared to genomic DNA) that it is difficult to discern what binding 

would occur in vivo. In the experiments performed herein, the CRTh2 proximal 

promoter probe showed only two bands on the gel indicating two different 

binding scenarios this likely does not occur simultaneously in vivo; otherwise 

there would be an extra band showing both GATA3 and NFAT1 binding the 

probe together. 

To verify binding of GATA3 and NFAT1 in vivo, chromatin immunoprecipitation 

(ChIP) can be used. This technique involves fixing the cells so all DNA binding 

proteins are cross-linked to the DNA. This is followed by immunoprecipitation of 

GATA3 and NFAT1 bound fragments of DNA (600 – 1000 bp), using anti-

GATA3 or anti-NFAT1 antibodies. Following immunoprecipitation, cross-links 

are reversed and DNA is amplified by polymerase chain reaction (PCR) with 
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primers for the CRTh2 region in question. This will not only help us understand 

what conditions support GATA3 and NFAT1 binding to the CRTh2 promoter in 

CRTh2
+
 Th2 cells but also primers for other regions could show if the 

transcription factors bind elsewhere at the promoter. Our lab is currently pursuing 

this work. 

Another important question is whether the transcription factors necessary to 

initially up-regulate CRTh2 (i.e., during differentiation) are the same as those 

needed to maintain CRTh2 (i.e., during proliferation with IL-2 alone). To assess 

this, nuclear extracts can be made from isolated CD4
+
 T cells during in vitro 

differentiation and again during the proliferation phase following CRTh2
 
positive 

selection. Following EMSA analysis, ChIP can be performed in both 

differentiating and differentiated CRTh2
+
 Th2 cells to confirm EMSA results. 

Since we observed that transcriptional activity of CRTh2 is up-regulated by over-

expression of GATA3 and this is inhibited by over-expression of NFAT1, the next 

experiment to understand the implications of this binding with the whole CRTh2 

gene would be siRNA. We can 1) use GATA3 siRNA and see if CRTh2 

expression is decreased or 2) NFAT1 siRNA to see if CRTh2 expression is 

increased, stable or decreased in response to stimulation. Although siRNA knock-

down is difficult in primary T cells, there are several studies that have shown 

significant inhibition of GATA3 function (143-144). If siRNA is too difficult or 

we wish to look further, we could also over-express NFAT1 in differentiated 

CRTh2
+
 Th2 cells and observe the effect on endogenous CRTh2 expression.  
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In an effort to understand the potential role the rest of the 5’ region may play in 

regulation of CRTh2, we examined conservation of the 5’ region and intron. We 

mapped 19 conserved regions (CR) 1-19 relative to horse and the putative Th2 

transcription factor binding site(s) within (Figure 27). Along with additional  

GATA3 sites there are also putative binding sites for STAT, RBPJκ and ETS, all 

factors associated with Th2 differentiation (138, 145-146). These are the next 

factors to examine by over-expression with longer promoter constructs, EMSA or 

ChIP.  

Endogenous CRTh2 is decreased with stimulation  

There have been reports in the literature that CRTh2 is decreased following 

stimulation (43, 80). When we observed increased transcriptional activity from 

the proximal region of the CRTh2 promoter in response to stimulation we looked 

at endogenous CRTh2 expression from in vitro differentiated
 
CRTh2

+ 
Th2 cells 

following activation. We saw a decrease in both CRTh2 surface and mRNA 

expression following stimulation. We did notice that cells stimulated with 

activating CD3/CD28 down-regulated CRTh2 to a lesser extent than the 

mitogenic stimulation with PMA and Ionomycin (Figure 18 and data not shown) 

indicating that the CD3/CD28 stimulation may be less potent. 

Interestingly, there is also a hypothesis that lower TCR activation of T cells 

results in Th2 cell differentiation as opposed to Th1 differentiation (147). The 

lower potency of TCR activation can come from either low affinity peptides or 

low doses of antigen. One proposed mechanism is that low affinity peptide 

stimulation results in increased IL-4 from a higher NFAT2:NFAT1 ratio in the  
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Figure 28. Summary of putative transcription factor binding sites 5’ of the CRTh2 

coding region 

Putative transcription factor binding sites in conserved regions of the 5’ and intron 

regions of CRTh2. TF: transcription factor. 

 

 

 

 

 

 

 

 

TF Family 1-3 4-9 10-14 16 17 18 19 Total

GATA 1 1 3 2 1 1 9

ETSF 9 2 6 1 2 1 21

STAT 3 1 4

NFAT 3 1 1 1 6

RBPF 1 1 1 3

IKRS 0

RBP-Jkappa

Ikaros zinc finger family

Description

Conserved Regions (CR)

5' region Within the intron

GATA binding factors

Human and murine ETS1 factor

Signal transducer and activator of transcription

Nuclear factor of activated T-cells
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nucleus which is permissive for IL-4 transcription (148). Since CRTh2 is up-

regulated in differentiated Th2 cells, CRTh2 may also be positively regulated by 

the lower TCR activation. We only tested the transcriptional activity of the CRTh2 

promoter (CRTh2-450/Luc) using PMA and ionomycin. Although these mimic 

TCR stimulation, they do so in a strong non-physiological manner by activating 

down-stream effectors of TCR and CD28 stimulation. Since CRTh2 is expressed 

in Th2, not Th1 cells, its expression may also be regulated based on TCR 

stimulation so it may be insightful to either titrate down PMA and ionomycin 

and/or stimulating CD3 and CD28. Lowering TCR stimulation may result in 

higher IL-4, activation of GATA3, and lower NFAT1 in the nucleus (148) which 

we have shown here may be inhibitory to CRTh2 transcriptional activity. 

In vitro differentiated CRTh2
+
 Th2 cells may differ from in vivo differentiated 

cells because they were cultured without antigen presenting cells. We 

hypothesized that lack of interaction with antigen presenting cells during 

activation resulted in decreased CRTh2 expression. In a study by Wang et al, 

TSLP activated dendritic cells appear to be responsible for Th2 polarization and 

maintenance of CRTh2 expression. Although Th2 cells could be stimulated in 

vitro by CD3 and CD28, they did not maintain their polarization, as they began to 

produce IFNγ (37). OX40 signaling has also been shown to maintain protein 

kinase B (PKB) activation which maintains expression of anti-apoptotic 

molecules (survivin) resulting in cell survival (149-150). Since the OX40/OX40L 

interactions were required for cell expansion, we hypothesized that the OX40 

pathway may maintain the CRTh2 expression as well (37). We found that 
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although our differentiated CRTh2
+
 Th2 cells expressed OX40, adding exogenous 

OX40L to cultures could not rescue the decrease in CRTh2 expression following 

stimulation.  

OX40 signaling may increase IL-4 due to increased NFAT2 nuclear translocation 

in both naïve and effector T cells (151). Further, OX40 signaling with IL-4 results 

in increased GATA3 which can also maintain the Th2 phenotype (23, 151). We 

demonstrated that OX40L had an effect on IL-4 expression (Figure 27), but it did 

not change CRTh2 expression in vitro. Although we demonstrated that exogenous 

OX40L was effective at the concentrations used, further optimization may be 

necessary using proliferation assays. The lack of effect on CRTh2 expression may 

be because the effect seen by Wang et al with longer cultures (7 days) or was not 

caused directly by OX40L. We could investigate this by putting OX40L in our 

cultures directly or evolving the protocol to use TSLP-DCs. 

Although, OX40L did not directly affect CRTh2 expression, there are other 

transcription factors that are activated by interaction with dendritic cells. One 

such factor is Notch/RBPJκ, which also has a predicted binding site in the CRTh2 

5’ region and intron (Figure 28). Notch is expressed by T cells and its ligands, 

Jagged or Delta, are expressed on dendritic cells. Upon ligand binding, the 

intracellular domain (ICD) of Notch is released by proteolytic cleavage (reviewed 

in (152)). The Notch ICD targets a transcription factor, RBPJκ, and converts it 

from a repressor to an activator (reviewed in (153)). There are four members of 

the Notch family (Notch 1-4) that can bind to five different ligands, Jagged 1-2 
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and Delta 1, 3 and 4 (153). Studies have shown that activation of Notch through 

both ligands initiates the same signaling but they may serve different functions. 

Dendritic cells up-regulated Jagged-1 or Delta-4 in response to Th2 and Th1 

polarizing conditions, respectively, and dendritic cells expressing Jagged-1 drive 

Th2 polarization (154). Amsen et al also showed that Notch ligation by Jagged 1 

or 2 resulted in Th2 differentiation, (146). This appears to be through increased 

GATA3 and IL-4 and to be dependent on intact RBPJκ binding sites (146). 

Therefore, CRTh2
+
 Th2 cell interactions with Jagged on DCs may be necessary 

during T cell activation for RBPJκ to become an activator at the CRTh2 gene. To 

address this hypothesis, over-expression of the Notch intracellular domain could 

be assessed in primary in vitro differentiated CRTh2
+ 

Th2 cells during 

stimulation.  

In conclusion, although the CRTh2 proximal promoter shows up-regulation of 

CRTh2 transcriptional activity following stimulation and GATA3 over-

expression, endogenous CRTh2 expression is decreased following stimulation. 

We found that this reduction correlated with NFAT1 binding to the CRTh2 

proximal promoter region, likely interfering with GATA3 induced activation 

(Figure 29). Further investigation is needed to understand if the discrepancy in 

CRTh2 promoter activation and endogenous CRTh2 expression is due to lack of 

regulatory regions within the reporter construct studied. Finally, the down-

regulation of CRTh2 in response to stimulation still needs to be examined to 

determine if it occurs in vivo or is an artifact of in vitro T cell culture in the 

absence of dendritic cells. 
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Figure 29. Hypothesized binding of GATA3 and NFAT1 to the CRTh2 proximal 

promoter region following proliferation and activation phase 

NFAT1, GATA3 binding and CRTh2 expression patterns are based on data shown 

herein. + refers to binding intensity observed by EMSA. Hypothesized binding in vivo 
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demonstrates what may happen in vivo, although GATA3 can bind the CRTh2 promoter 

probe, NFAT1 binds with greater intensity by EMSA. Dashed line represents that one or 
two GATA3 molecules may bind. 
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