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ABSTRACT 

IFN-y and IL-4 are cytokines that are thought to be products of distinct 

differentiation pathways for lymphocytes and that inhibit and enhance the development 

of IgE antibodies, respectively. We hypothesized that the level of IFN-y production upon 

stimulation of immune cells in the blood is a stable, heritable phenotype that is inversely 

related to phenotypic markers of allergy and to the Th2 cytokine IL-4. The studies were 

performed with samples of human blood obtained from children enrolled at birth in a 

large, longitudinal study of allergy known as the Tucson CRS. Mitogen-stimulated IFN-y 

production by PBMCs of children at age 11 was compared to IFN-y production in the 

first year of life and found to show a significant positive correlation. The expected 

inverse relation to markers of allergy (total serum IgE, skin test reactivity and 

eosinophils) was not observed. A strong positive relation was observed between IFN-y 

production in the parents and children, lending support to the concept of genetic 

regulation. In contrast to the inverse relation hypothesized to IL-4, a positive relation 

was observed to IL-4 as well as to another cytokine, IL-2. A linkage analysis performed 

by a colleague showed linkage between low production of IFN-y and a region of 

chromosome 5q in which the gene for a T-cell specific kinase (Itk) is located. These 

results led us to hypothesize a common "regulator" of cytokines that was fiinctioning and 

might be Itk. Decreased expression and/or decreased function of Itk could account for 

the low cytokine data. In order to test this hypothesis, ten adult volunteers with low and 

ten with high cytokine production matched for age and sex were tested for Itk function 

and expression. The two groups were examined for Itk expression (normalized to CD3 
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expression) by western blotting. The group of low cytokine producing individuals 

showed significantly less Itk expression than the high cytokine-producing group. 

Attempts to optimize an in vitro kinase assay to determine Itk function were 

unsuccessful. In the absence of functional studies to support the results from the 

expression studies, it is not possible to say with certainty that Itk function is related to 

cytokine production. Therefore, we conclude that IFN-y expression in humans is a stable 

phenotype with evidence of a genetic basis for regulation and that Itk is a candidate gene 

contributing to that genetic basis. 
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SECTION 1 - CYTOKINE AND GENETIC REGULATION OF ALLERGIC 

MARKERS 

Chapter I - Introduction 

Cytokines - IFN-y and IL-4 

Cytokines are small, soluble, protein mediators made by a variety of cells, both 

immune and non-immune with a multitude of different biological effects. They have 

gained importance in the last decade or so due to the large numbers of such proteins that 

have been discovered as well as the recognition that they are critical in the immune 

response to pathogens and allergens. Upon primary exposure to an allergen (often 

common aero-allergens encountered at mucosal surfaces), certain individuals develop 

more antibodies of the Immunoglobulin E (IgE) class. A number of cytokines have been 

shown to have effects on the immunoglobulin of isotype E, which has been shown to be 

responsible for the allergic (immediate hypersensitivity) reaction. Interleukin 4 (IL-4) 

and IFN-y are the major cytokines shown to have positive and negative effects on IgE 

regulation respectively (see below). 

Interleukin-4 was the first cytokine shown to directly regulate IgE expression. IL-

4 was discovered by Leanderson et al (1) and is produced by T helper type 2 cells (2), 

NK/T ceils (3) as well as primary eosinophils (4). The targets of IL-4 include T cells 

(growth and survival), B cells (activation, isotype switching to IgGl and IgE, induction 

of MHC Class II expression), eosinophils, mast cells and basophils (growth factor and 

activation) (5). Eosinophils are granulocytic leukocytes that have been shown to be 

elevated in allergic diseases (6). IL-4 has positive effects on eosinophils, including the 
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control of eosinophil chemotaxis in allergic individuals and atopic dermatitis patients (7, 

8). 

Interferon-y (IFN-y, also known as Immune Interferon) is a cytokine shown to 

have inhibitory effects on IgE regulation. Although initially named for its anti-viral 

activities. IFN-y has since been shown to have myriad effects on numerous cell types, 

acting on macrophages and other somatic cells to upregulate expression of Major 

Histocompatibility Complex molecules (MHC Class I and II) (9, 10) and activating anti

viral effects (11). IFN-y is produced primarily by cytotoxic T lymphocytes (12), T helper 

type I cells (2) (see section on cytokines in allergic disease) and NK cells (13). 

Isoty-pe Switching to IgE and its regulation by cytokines 

Isotype switching is the phenomenon by which the same variable (or V) region of 

an antibody molecule can associate with different constant (or C) regions resulting in an 

immunoglobulin molecule of a different isotype (14). All immunoglobulin molecules 

consist of 2 heavy (H) and 2 light (L) chains, each of which has a variable region (V 

region), which recognizes and binds antigen and a constant or C region. Isotypes of 

antibodies are defined on the basis of the C region present in an immunoglobulin 

molecule. In order for antibodies of the IgE class to be produced the e CH locus must 

undergo recombination with the already re-arranged VDJ genes, and the entire region 

transcribed and translated into one antibody molecule (15). Two important mechanisms 

have been recognized in this process — germline transcription and switch recombination. 

Germ line transcription is the process by which the CH locus to which switching is 

directed (in this case, the e CH locus) is first transcribed into mRNA, including an exon 
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5' of it called the I exon. The resulting mRNA has all the exons of the specific CH locus 

spliced to each other as well as to the I exon. This is followed by switch recombination 

by which the rearranged V region genes are actually recombined with the Ce heavy chain 

gene. 

The major cytokine found to positively affect isotype switching to the IgE class is 

IL-4. lL-4 is known to be essential for IgE production (16) and IL-4-deficient mice show 

no detectable IgE synthesis (17). In addition, IL-4 seems to positively regulate switching 

to the IgE isotype. The mechanism by which IL-4 causes isotype switching has been 

almost completely worked out. IL-4 induces germline transcription of the epsilon heavy 

chain gene (18). Germline transcription was found to precede switch recombination in 

the case of other isotypes and is thought to be required for switch recombination to occur 

(19). Therefore, IL-4 can act on B cells causing them to class switch to the IgE class of 

antibodies. 

IFN-y has been shown to have inhibitory effects on IgE regulation (20). Recent 

studies have shown that the effect of IFN-y in blocking IgE transcription occurs through 

its inhibitory effect on germline transcription induced by IL-4 (21). One mechanism by 

which this is accomplished is by the induction of an inhibitory protein called Socs-1, 

which binds Stat-6, a transcription factor that is required for IL-4-induced germline 

transcription. Socs-1 prevents the phosphorylation and nuclear translocation of Stat-6, 

which is crucial for germline e transcription (21). Although this is the only mechanism 

so far identified as being responsible for the inhibitory effect of IFN-y on IL-4-induced 
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IgE production, other regulatory mechanisms may very well exist which act to produce 

the same effect but use distinct pathways. 

In addition to their mutually antagonistic effects on IgE regulation, IFN-y and IL-

4 are also mutually antagonistic to each other (see section on cytokines in allergic 

disease). 

IgE is an antibody that is able to bind by its Fc portion to the surface of cells that 

display a high-affinity receptor for it and is able to cause activation and/or degranulation 

in these cells. Cells that express the high-affinity IgE receptor (FceRI) include basophils 

(22, 23) and mast cells. When cells armed with IgE bound to their surface encounter the 

allergen (for which the IgE is specific) during a secondary exposure, cross-linking of the 

bound IgE molecules on the cell surface occurs. This results in activation and 

degranulation in the case of the mast cells and basophils and the release of pre-formed 

mediators (including histamine and IL-4) as well as the synthesis and secretion of other 

cytokine and chemokine mediators (24). In addition, eosinophils (25), monocytes (26) 

and Langerhans cells (27) have also been shown to express high-affinity IgE receptors, 

either on their surface or intracellularly. However, whether or not they function in the 

same way as the FCERI on mast cells and basophils is uncertain and in fact, it has been 

suggested that their function may be to capture antigen for processing and presentation. 

Cytokines in allergic disease 

Helper T lymphocytes have been divided into two major categories, ThI and Th2, 

depending upon their pattern of cytokine expression and their ability to provide help for 

various effector functions such as cell-mediated or humoral responses (2). The Th2 cells 
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have been found to elaborate the cytokines IL-3, IL-4, IL-5 and IL-13 and provide help to 

B cells in antibody production. On the other hand, the Thl cells make the cytokines IFN-

y, IL-2 and TNF-p and provide help for cell-mediated reactions. Cross-regulation has 

been observed between these two subsets with one subset acting to inhibit proliferation 

and/or cytokine secretion by the other subset (28-30). 

T cells differentiate into Th2 cells when naive T cells encounter antigen in the 

presence of lL-4. The source of this lL-4 is controversial, but it is thought that it comes 

from specialized T cells characterized by the presence of the NKl. 1 marker on their 

surface (31, 32). These cells (also known as NK T cells) have a highly restricted TCR 

repertoire, are usually CD4'^ or CD4"CD8* and are positively selected by the CD 1 

molecule (33, 34). In humans, they express an invariant TCR a chain composed of Va24 

and JaQ segments (35). Loss of these cells has been associated with defective IgE 

production (which is an IL-4 or IL-13 dependent event) (31) and over-expression with 

protection against diabetes (36), which is thought to be a Thl-mediated disease. 

Examination of cytokine levels in concentrated BAL fluids revealed that the 

cytokines IL-4 and IL-5 were elevated in subjects with allergic asthma (37). Following 

segmental allergen provocation, the levels of the cytokines lL-5, IL-6 and GM-CSF was 

found to be higher in concentrated BAL fluids, but surprisingly, levels of IL-4 and IFN-y 

did not seem to be affected (38). Subjects with asthma showed more cells positive for 

mRNA for the cytokines IL-3, IL-4, IL-5 and GM-CSF (i.e. Th2-type cytokines) than 

control subjects and the majority of these cells were CD3* T cells (39,40). The 

percentage of cells expressing Th2-type cytokine mRNA was also found to correlate with 
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symptoms (41) and were increased following allergen challenge (42). The number of 

cells expressing IL-4 mRNA was significantly higher in sputum from asthmatic subjects 

than from control subjects and most of the cells expressing IL-4 were found to be T cells. 

Cytokine estimations of supematants from stimulated BAL cells showed an increase in 

IL-4 and IL-5 production in allergic asthmatics (43). Attempts have also been made to 

identify T cell cytokine profiles at the singlecell level in lymphocytes obtained from 

BAL. Some groups have shown a greater percentage of Th2 cytokine expressing cells in 

BAL fluid from allergic subjects (44), while others have shown a preponderance of Thl 

cytokine producing cells (45). 

Such a predominance of these cytokines has been shown in another allergic 

disease, namely, atopic dermatitis (AD). Skin biopsies of lesions from patients with 

atopic dermatitis showed a greater number of positive cells with mRNA for IL-4, IL-5 

but not IFN-y (46). In addition, when AD patients were allergen-challenged by patch 

testing, an increased expression of IL-4 mRNA was detected with no change in the 

mRNA for IFN-y (47). Although, atopic dermatitis has been used here as an example of 

an allergic disease, it is possible that the mechanisms controlling disease may be different 

in different conditions i.e. they may be different in allergic asthma and in atopic 

dermatitis. 

Several groups have attempted to identify a Th2 skewing in the peripheral blood, 

using serum, T cell clones, isolated peripheral blood T cells or PBMC preparations. 

Matsumoto et al found elevated serum levels of IL-4 in children with bronchial asthma 

compared to non-allergic controls and the IL-4 levels were, in turn correlated to the levels 
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of total serum IgE (48). T cell clones specific to certain aeroallergens, when isolated 

from peripheral blood show a Th2 skewing. T cell clones specific to the mite 

Dermatophagoides farinae (D. farinae) obtained fi-om an atopic, house dust mite-specific 

donor (but not clones obtained fi-om a non-allergic donor) can support IgE production by 

autologous B cells via the production of IL-4 (49). Similarly, all T cell clones (specific to 

another mite D. pteronyssinus) from atopic donors produced IL-4 but not IFN-y (and 

were capable of supporting in vitro IgE production), while similar clones from non-atopic 

donors produced IFN-y, but little or no IL-4 (50, 51). Similar results have been obtained 

by other groups, showing that allergen-specific (either dust mite or rye grass) T cell 

clones from allergic donors were able to produce significantly higher IL-4 and 

significantly lower IFN-y than tetanus-toxoid or bacterial-specific clones from the same 

individuals (52-55). These studies all support the idea that a cytokine imbalance can be 

detected in atopy and in the case of asthmatic individuals, it can be detected in the target 

organ i.e. the lung. However, other studies indicate that such a Thl/Th2 skew is not a 

universal phenomenon. For e.g., there was no evidence for a Thl/Th2 skew by T cell 

clones from BAL fluid of patients with allergic asthma (56). In addition, allergen-

specific T cell clones isolated from the peripheral blood of atopic donors showed no 

consistent cytokine profile (57). 

Antigen-specific stimulation of cells from peripheral blood showed a Th2 

skewing. For e.g. McHugh et al (58) have shown that the stimulation of PBMCs from 

allergic patients by allergens (D. pteronyssinus, bee or wasp venom), resulted in the 

production of Th-2 like cytokines such as IL-4, IL-5, IL-6 and IL-10 and little or no IFN-
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y. Koning et al have shown that IL-4 (59) and IL-5 (60) niRNA and protein production 

by T cells derived from allergic asthmatic children is increased compared to healthy 

controls. A study by Till et al (61) has shown that IL-13 and IL-5 production are 

increased in allergen-stimulated PBMC cultures from patients with allergic disease and in 

addition, allergen-stimulated IL-5 is CD4^ T cell derived and correlated with 

symptomatic atopic disease rather than atopy alone (62). Lantero et al have also shown 

that allergen-stimulation (Z). pteronyssinus or birch extract) of PBMCs from atopic 

asthmatic children resulted in eosinophil chemotactic activity in the supematants, shown 

to be IL-5, IL-3 and GM-CSF (63). 

Others have attempted to identify such a Th2 pre-disposition in primary cultures 

of either purified T cells or even mixed cell cultures. Supematants from stimulated 

purified blood T cells obtained from allergic asthmatics showed increased levels of IL-4 

and IL-5 compared to non-allergic asthmatics (43). In addition, T cells from the 

peripheral blood of atopic individuals when stimulated with non-specific stimuli show a 

Th2 profile when examined at the single cell level (64). 

Other studies have attempted to identify T helper cell skewing by examining the 

spontaneous expression of cytokines in cells from peripheral blood and found the 

expression of IL-4, IL-10, and IL-13 to be elevated in PBMCs from atopic individuals 

compared to non-atopics (65). However, the frequency of cytokine-producing cells in 

peripheral blood is very low. Hence, others have attempted to identify the cytokine-

production profiles of mitogen-stimulated PBMCs. Several studies have shown an 

increased production of IL-4 and IL-5 and decreased production of IFN-y from mitogen-
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stimulated PBMCs obtained from individuals with inhalant allergies (66, 67). Some 

studies have found that IFN-y production by PHA-stimulated PBMCs correlated 

negatively with total serum IgE (68) and asthma diagnoses (69), while IL-4 production 

did not show any relation to these phenotypes. Other groups have shown elevated 

mitogen-stimulated IL-4 and no effect on IFN-y from PBMCs of atopic individuals 

compared to non-atopics (70, 71). 

Cytokines are pivotal in the development of an allergic response and increases in 

Th2 cytokines or decreases in Th 1 cytokines have been found in asthma. However, in 

order to detect such increases, techniques such as bronchoalveolar lavage and lung 

biopsies have to be performed. In addition to being labor-intensive, these techniques do 

carry a significant degree of risk associated with them. Therefore, it is unlikely that 

patient compliance will be available or that these techniques can serve as the gold 

standard for detection of allergic responses. However, if it were possible to detect a T 

helper skewing in the peripheral blood of individuals, it might serve the dual purpose of 

being less invasive and being able to predict allergic disease. 

Genetic influences in IgE, allergy and asthma 

Several reports have indicated that there is a hereditary predisposition toward the 

development of asthma, atopy and IgE. Specifically, asthma, eczema and hay fever have 

been shown to have a hereditary basis, with a greater prevalence of these diseases among 

the first degree relatives of "extrinsic" (or atopic) asthmatics (72). Investigations at the 

Respiratory Sciences Center at the University of Arizona (73) have shown that 

prevalence rates of asthma and allergic rhinitis show a strong family concordance. Duffy 
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et al, have shown that asthma and hay fever both show a family concordance which is 

greater in monozygotic twins than in dizygotic twins (74). As a result of many attempts 

to find a gene or genes responsible for the asthmatic phenotype, it is now accepted that 

asthma is a polygenic disease with additional environmental influences that determine the 

manifestation of the asthmatic phenotype. 

Studies have found a strong association between atopy, or the pre-disposition to 

make an IgE response to aeroallergens and asthma (72). Many studies have sought to 

determine if atopy, in turn, has a genetic basis. A study of twins has shown that 

monozygotic twins show a much greater concordance for total serum IgE and skin test 

reactivity (both of which are atopic markers) than do dizygotic twins with the intra-pair 

correlation coefficient being as high as 0.82 for both cases {Hopp, 1984 #101}. 

Studies have also shown that total serum IgE, which is a marker of allergy, is 

heritable. Genetic analysis of allergic disease in twins showed that total serum IgE was 

heritable (75). Segregation analysis has indicated the existence of at least one major gene 

and possibly a minor gene controlling total serum IgE levels, with varying estimated 

heritability of this phenotype, ranging between 36% and 50% (76-80). 

Although there are not many data in the literature regarding the heritability of 

eosinophils, sib-pair analysis has been used in at least one study to assess the linkage of 

circulating eosinophils and found a locus or loci on chromosome 5q controlling 

circulating eosinophils as a proportion of total WBCs (81). Studies at the Respiratory 

Sciences Center have also found a genetic basis to eosinophil levels (82). 
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T cells are the major producers of cytokines that affect (both positively and 

negatively) many of the markers of atopy such as total serum IgE (and therefore, 

indirectly, skin test reactivity) as well as eosinophil numbers. Recent reports have shown 

that the ratio of CD4/CD8 cells in both mice (83) and humans (84) shows a hereditary 

pattern. 

Linkage studies have implicated loci on human chromosomes 5, 6, II, 12 and 14 

in controlling several asthmatic or intermediate phenotypes (such as total serum IgE, 

bronchial hyperresponsiveness etc.). Linkage studies involving chromosome 5 will be 

discussed here; extensive discussion of markers on other chromosomes may be found in a 

recent review by Los et al (85). 

Linkage and association studies have implicated the "cytokine gene cluster" 

located on Chromosome 5q as one of the major genetic influences of the asthmatic 

phenotype. This region contains the genes for the cytokines IL-3, IL-4, IL-5, IL-9, IL-13 

and GM-CSF as well as the P2 adrenergic receptor. Most studies have so far identified 

mutations in the P2 adrenergic receptor as increasing the severity of the asthmatic 

phenotype as opposed to conferring susceptibility to asthma (86-89). Several studies 

have shown a linkage between various markers on chromosome 5 and total serum IgE 

and bronchial hyperresponsiveness (90-92). Much work remains to sort out the 

identification of certain gene alleles that are responsible for these initial rough indicators 

of linkage. 

There is no definitive evidence as yet as to whether cytokine levels themselves are 

genetically determined. Given the large volimie of data supporting the heritability of 
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some of the other markers of allergic disease (see above), it is reasonable to speculate that 

cytokine levels in individuals may be genetically determined. 

Summary and Statement of Problem 

In summary, the cytokines IL-4 and IFN-g are important in regulating atopic 

markers such as total serum IgE and eosinophils and less directly, skin test reactivity. In 

addition all of these markers have been shown to be (at least in part) heritable. Although 

several pre\nous studies (reviewed above) have examined cytokine production in relation 

to allergic markers, they have all been limited by small sample sizes, the selection of 

subjects with severe allergic disease or the use of specific allergens as stimuli rather than 

polyclonal stimulators. It is not known whether T helper cell skewing is observable fi-om 

a mixture of cells obtained from peripheral blood and whether it will correlate with 

markers of allergy in unselected individuals. In addition, there are no reports in the 

literature regarding the inheritability of cytokines, in spite of the large volume of data 

about the genetics of IgE and atopy. This study will attempt to answer questions 

regarding whether cytokine levels from stimulated cells show any relation to allergic 

markers and if there is a genetic basis to cytokine levels. 
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SECTION 1 

Chapter 2 — Materials and Methods 

Separation of Peripheral Blood Monuclear Cells (PBMCs) 

Whole blood was obtained from human volunteers in heparinized Vacutainer™ tubes 

(Becton Dickinson, Franklin Lakes, NJ). 7 ml of whole blood was layered onto 4 ml of 

Lymphocyte Separation Medium (ICN Biomedicals, Aurora, OH) and centrifuged at 

2000 rpm for 20 minutes (without brake) to obtain the mononuclear cells. The band of 

mononuclear cells was removed and washed in HBSS with phenol red (Life 

Technologies, Gibco-BRL, Rockville, MD) and the pellet re-suspended in RPMI 1640 

medium supplemented with L-glutamine, Pen/Strep, HEPES and 5% PCS (all from Life 

Technologies). The cells were counted using a 1:20 dilution in Turks' solution and re-

suspended to a concentration of 2 x 10^ cells/ml in RPML Cells at this concentration 

were stimulated in 2 ml cultures with 10 |ig/ml of Concanavalin A (Sigma, St. Louis, 

MO) and 10 ng/ml of phorbol myristate acetate (Sigma) for 18-24 hours at 37°C with 5% 

COi. At the end of the stimulation period, the cells were pelleted and the supematants 

collected and stored at -70°C pending cytokine analysis. 

Estimation of Cytokine Levels 

IFN-y levels were determined using a commercially available sandwich ELISA kit 

(Intertest-y™) obtained from Genzyme Corp. (Latham, MA). The lower threshold of 

detectability was 25 pg/ml and the high threshold was 1000 pg/ml. All samples below 

the threshold were assigned a value of 15 pg/ml in order to enable statistical analyses to 
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be performed. IL-4 levels were determined using a commercially available ELISA kit 

(Intertest-4™) obtained from Genzyme Corp. The lower threshold of detectability was 

23 pg/ml and the high threshold was 750 pg/ml. All samples below the threshold of 

detectability were assigned a value of 13 pg/ml to enable them to be included in statistical 

analyses. Some cytokine estimations were performed using commercially available kits 

obtained from R&D Systems (Minneapolis, MN). The lower threshold of detectability 

for IFN-y was 15.6 pg/ml, for IL-4 was 0.25 pg/ml and for lL-2 was 31.2 pg/ml. 

Statistical Methods 

Statistical analyses were performed using the Statistical Package for the Social 

Sciences (SPSS) Version 6.1.3 (SPSS Inc., Chicago, IL). All statistical methods used 

were parametric tests except where indicated. A p value of <0.05 was considered 

significant. Index children (originally enrolled children) were included in all analyses 

and siblings were also included in the family aggregation studies. FCOR from the 

Statistical Analysis for Genetic Epidemiology (SAGE) software package was used to 

calculate the familial correlations applying equal weight to pedigrees to avoid bias due to 

families with different numbers of siblings. 

Children's Respiratory Study (CRS) 

All IFN-y ELISAs as well as all analyses shown here were performed by me using 

the CRS database. All IL-4 ELISAs on the CRS project were performed by Aimee K. 

Pennington, B.S. Enrollment and other information was gathered by Anne Wright, Ph.D. 

on the CRS project. 
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SECTION 1 

Chapter 3 - Results 

Distribution of values for mitogen-stimulated IFN-y 

The distribution of IFN-y production from mitogen-stimulated PBMCs was 

determined for 577 unselected subjects at age 11. Approximately 23.2 % of the samples 

fell below the threshold. These samples were assigned a value of 15 pg/ml to enable 

them to be included in all statistical analyses. The range was 25 pg/ml to 1496 pg/ml. 

Detectable IFN-y was seen to be log-normally distributed (Figure 3.1). Adults showed a 

similar log-normal distribution of IFN-y (Figure 3.2). 

UND 1.35 1.55 1.75 1.95 2.15 2.35 2.55 2.75 2.95 3.15 

Log 10 IFN-y at age 11 (pg/ml) 

Figure 3.1 Distribution of IFN-y production by mitogen-stimulated PBMCs 
obtained from children at age 11. IFN-y levels from stimulated PBMCs are log-
normally distributed. Mean (se) for samples above threshold was 1.82 (0.02), n = 577. 
UND = Undetectable. 
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UND 1.48 1.66 1.81 1.99 2.16 2.33 2.50 

Logic IFN-Y(pg/ML) 

Figure 3.2 Distribution of IFN-y production by mitogen-stimulated PBMCs 
obtained from adults. IFN-y production by stimulated PBMCs from adults is log-
normally distributed. Mean (sem) for samples above threshold was 1.93 (0.03), n = 311. 
UND = Undetectable. 

Longitudinal Tracking of IFN-y production 

IFN-y had also been previously determined for a small group of the children in the 

study in the first year of life using a bio-assay (93). The relation between IFN-y from 

stimulated PBMCs measured in the first year of life and that at age 11 was examined in 

order to determine if there was a longitudinal tracking of IFN-y. A positive relation was 

observed between IFN-y titers in the first year of life and IFN-y production at age 11 

(Figure 3.3). This supported our hypothesis that cytokine patterns are established early in 

life and their regulation remains a stable characteristic. 
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Figure 3.3 Longitudinal tracking of IFN-y production. IFN-y production by 
stimulated PBMCs at age 11 was positively related to IFN-y production at 9 months, 
Pearson's r=0.25. p=0.02, n=82. 

Age. Gender and Ethnic Differences in IFN-y production 

Figure 3.4 shows a regression plot of IFN-y production with age in the enrolled 

children. The mean age of the children was 10.9 years and the range was 8.4 years to 

15.2 years. As shown, there was a slight negative correlation with age in the enrolled 

children over this narrow age range. In order to determine if there were other age 

differences in IFN-y production, we examined IFN-y production by the children enrolled 

in the study and compared them to that of the adults (the parents) enrolled in the study. 

The comparison revealed a very significant difference with adults having higher levels 

than children at age 11 (Table 3.1). 
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Figure 3.4 Relationship of IFN-y with age IFN-y production is inversely related 
to age in the group of enrolled children. Pearson's r = -0.13, p = 0.003, n = 574. 

An examination of gender differences showed that adult males had significantly 

higher levels of stimulated IFN-ythan adult females. However, a gender difference was 

not statistically significant in children at age 11 (Table 3.1). 

Whole group Males Females 

1.82 + 0.02 1.85+0.03 1.79 + 0.03 n.s. 
Children 

(292) (577) (285) (292) 

Adults 1.93 ± 0.03 2.05 + 0.04 1.83+0.04 0.0003 

(311) (135) (176) 

0.002 <0.0001 n.s. 

Table 3.1 DifTerences between IFN-y levels with age and gender IFN-y 
production by PBMCs from adults was significantly higher than that by PBMCs from 
children as assessed by a Student's T-test. Data are presented as log mean + sem (pg/ml). 
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p+ indicates significance of differences between males and females and indicates 
significance of differences between children and adults. 

We also examined whether ethnicity affected IFN-y production in the enrolled 

children. As shown in Figure 3.5, there was no significant difference in mitogen-

stimulated IFN-y production between the two major ethnic groups in children at age 11. 

Figure 3.5 IFN-y production and ethnicity No significant difference in IFN-y 
production was evident by ethnicity as assessed by a Students's T-test for the two major 
ethnic groups. Data are presented as mean ± sem. Numbers in parentheses indicate 
group sizes. Ethnicity was defined based on the parents' stated ethnicities. Only subjects 
with both parents of the same ethnicity are included in the above analysis. 

Relation of IFN-y to markers of allergy 

The relation between IL-4 and IFN-y production at age 11 and an indicator of 

atopy, namely, skin test reactivity was determined. The IL-4 and IFN-y levels were 

divided into quartiles and the percent of skin test reactive children in each group was 

determined. Skin test positivity was defined as at least one positive skin test with a wheal 

2 1 

.5 
Anglos 
(344) 

Hispanics 
(83) 

size measuring greater than 3mm in diameter. We predicted that PBMC IL-4 production 
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would show a direct relation to skin test reactivity and IFN-y production would show an 

inverse relation to skin test reactivity. In support of our prediction, IL-4 production at 

age 11 showed a strong, direct relation to skin test reactivity both at age 6 and at age 11 

(Figure 3.6 A and B). In contrast, IFN-y production at age 11 did not show any relation 

to skin test reactivity at age 6 (Figure 3.7A) or at age 11 (Figure 3.7B). We also 

examined the relation between IFN-g production and skin test reactivity to any one 

allergen in the adults. As shown for the children, no relation was found between skin test 

reactivity in the adults and IFN-g production (Figure 3.8). 
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Figure 3.6 Relation between skin test reactivity at age 6 and 11 and IL-4 
production at age 11 Skin test reactivity was measured as the percent of children 
in each group who showed at least one positive skin test. Detectable IL-4 levels were 
divided into tertiles. Skin test reactivity at age 6 (p = 0.0009, A) and at age 11 (p = 0.02, 
B) was directly related to IL-4 at age 11 as assessed by a trend x2 analysis. 
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Figure 3.7 Relation between skin test reactivity at age 6 and 11 and IFN-y at age 
11 Skin test reactivity was measured as the percent of children in each group who 
showed at least one positive skin test. Skin test reactivity at either age 6 (A) or at age 11 
(B) was unrelated to IFN-y at age 11. p = not significant by trend analysis. 

The relation between skin test positivity to the panel of aeroallergens tested and 

IFN-y was also examined. Bermuda was the only aeroallergen that showed an inverse 
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relation to IFN-y, while none of the other aeroallergens showed any relation to IFN-y 

production (Figure 3.9). As predicted, there was a higher percent of subjects showing a 

positive skin test to Bermuda in the group with lower (i.e. undetectable) IFN-y. 

3 100 -| 

<1.6 >1.6 <2.2 >2.2 
(91) (92) (91) 

Log IFN-y production (pg/ml) 

Figure 3.8 Relation between skin test reactivity and IFN-y production in adults. 
Data are represented as the percent of subjects with at least one positive skin test in each 
group. Subjects have been divided into approximately three equal groups based upon the 
production of IFN-y. Numbers in parentheses indicate group sizes, p = not significant as 
examined by a trend x~ analysis. 
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Figure 3.9 Relation between skin test positivity to aeroallergens and IFN-y 
production. Children were divided into those with detectable and those with 
undetectable levels of IFN—y. For each group, the percent positive is shown for each 
allergen. Bermuda (A), Alternaria (B), house dust (C), Careless weed (D), Olive (E), Cat 
(F), Mulberry (G), Mesquite (H), Dermatophagoides farinae (I). Numbers in parentheses 
indicate group sizes. * p = 0.04, p > 0.05 for all others as assessed by a analysis. 

The relation of IFN-y to total serum IgE was also determined. IgE is a marker of 

atopy and class switch to total serum IgE is strongly driven by the Th2-type cytokine IL-

4 and inhibited by the Th 1 cytokine IFN-y (see Chapter 1). Therefore, we hypothesized 

that total serum IgE would show a direct relation to IL-4 and an inverse relation to IFN-y. 

As predicted, total serum IgE at age 11 showed a strong, direct relation to IL-4 

production at the same age (Figure 3.10, C). However, no relation was observed between 

total serum IgE at nine months, age 6 or age 11 and IFN-y production at age 11 (Figure 
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3.11), although a trend was observed at age 6 and at age 11, it did not reach significance. 

When examined in adults, total serum IgE levels did not show any relation to IFN-y 

production (Figure 3.12). 

UND <23.5 >23.5<28.8 >28.8 
(313) (52) (51) (49) 

IL-4 at age 11 (pg/ml) 

UND <23.5 >23.5^8.8 >28.8 
(258) (43) (48) (48) 

lL-4 at age 11 (p^ml) 

UND <23.5 >23.5<28.8 >28.8 
(293) (39) (51) (52) 

IL-4 at age 11 (pg'ml) 

Figure 3.10 Relation between total serum IgE and IL-4 in children IL-4 
production at age 11 is not related to total serum IgE at 9 months (p =0.9, A) or at age 6 
(p = 0.1, B), but is directly related to total serum IgE at age 11 (p = 0.0007, C) as 
assessed by a trend analysis. Data are represented as mean log total serum IgE + sem 
for each group. UND = Undetectable. Numbers in parentheses indicate numbers in each 
group. 
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Figure 3.11 Relation between total serum IgE and IFN-y in children IFN-y is not 
related to total serum IgE at 9 months (A), age 6 (B) or at age 11 (C). p is not significant 
as assessed by a trend x~ analysis. UND = Undetectable. Data are represented as mean 
log total serum IgE + sem in each group. Number in parentheses indicate numbers in 
each group. 
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Figure 3.12 Relation between total serum IgE and IFN-y production in adults 
Subjects were divided into tertiles on the basis of their IFN-y production and the log 
mean total serum IgE (+ sem) calculated for each group. There was no relation between 
total serum IgE and IFN-y production (p = not significant by x" analysis). Numbers in 
parentheses indicate group sizes. 

Increases in the percent of peripheral blood eosinophils are a marker of atopy. 

Esoinophils are also activated by the Th2 cytokines, IL-4 and IL-5 (see Chapter I). In 

addition, IFN-y has also been shown to have inhibitory effects on eosinophil activation 

(see Chapter 1) and therefore, we made the prediction that IL-4 would show a direct 

relation and IFN-y, an inverse relation to eosinophils in peripheral blood. As shown in 

Figure 3.13, IL-4 production at age 11 showed a strong, direct relation to eosinophils at 

the same age, but not to eosinophils at birth, nine months or age 4. However, there was 

no relation evident between percent peripheral blood eosinophils at birth, nine months, 

age 4 or age 11 and IFN-y production at age 11 (Figure 3.14). 
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Figure 3.13 Relation between peripheral blood eosinophils and IL-4 production at 
age 11 Eosinophil numbers at birth (p = 0.9, A), 9 months (p = 0.42, B) and age 4 
(p = 0.21, C) are not related to IL-4 production at age 11, but eosinophil numbers at age 
11 (p = 0.0005, D) are directly related to IL-4 production at the same age as assessed by a 
trend x2 analysis. UND= Undetectable. Data are presented as mean percent eosinophils 
+ sem for each group. Numbers in parentheses indicate sample sizes. 



42 

c 
IH 
s 

o o 

UND 
(101 )  

<67.2 >67.2<145 >145 
(102) (103) (101) 

IFN-y at age 11 (pg/ml) 

•c 
u 
-T 

<67.2 >67.2<I45 
(99) (104) 

IFN-y at age 11 (pg/ml) 

S 

10 
9 
8 -

7 -
6 -

5 -
4 -

3 -
2 
I 
0 

B 

UND <67.2 >67.2<145 >145 
(104) (101) (111) (108) 

IFN-y at age 11 (pg/ml) 

8 

O 5 

A 3 

UND <67.2 >67.2<145 >145 
(122) (141) (142) (145) 

IFN-y at age 11 (pg/ml) 

Figure 3.14 Relation between peripheral blood eosinophils and IFN-y production 
at age 11 Eosinophil numbers at birth (A), 9 months (B), age 4 (C) and age 11 (D) 
are not related to IFN-g production at age 11 as assessed by a trend x2 analysis. UND = 
Undetectable. Data are presented as the mean percent eosinophils + sem for each group. 
Numbers in parentheses indicate sample sizes. 
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Heredity and IFN-y production 

Several reports have indicated that there is a hereditary predisposition toward the 

development of asthma, atopy and IgE. Therefore, we sought to determine if cytokine 

levels, specifically the production of IFN-y, would show a hereditary pattern. As shown 

in Figure 3.15, IFN-y production in the child does show a strong relation to both paternal 

and maternal IFN-y. 

2.5 

1.5 • 

15<I02 >I02<294 >294 
(52) (49) (46) 

Paternal IFN-y (pg/ml) 

2.5 

OND I5<87 >87<I95 >195 
(61) (55) (47) (49) 

Maternal IFN-y (pg/ml) 

Figure 3.15 Relation between parental and child IFN-y production IFN-y 
production in children at age 11 is positively related to IFN-y production in the father (A) 
and in the modier (B). p = 0.0004 in A and p < 0.0001 in B as assessed by a trend x~ 
analysis. UND = Undetectable. Ranges indicated above do not overlap. Numbers in 
parentheses indicate group sizes. 

Family aggregation studies indicated that there was a genetic basis to IFN-y levels 

(Table 3.2). In the absence of any significant spouse-spouse correlation, there was a 

strong and significant relation between parents and children and both parents showed a 
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similar relation to children's IFN-y levels (Figure 3.15). All parent-child combinations of 

different sexes showed the same positive relation, with the exception of the father-

daughter combination, which did not reach significance. However, a significant relation 

was not observed between siblings. 

Family relationship IFN-y 
Pearson's r (n) 

Spouse-Spouse 0.12(92) 
Mother-Child 0.41* (212) 
Father-Child 0.25* (172) 
Mother-Son 0.39* (111) 
Mother-Daughter 0.45* (101) 
Father-Son 0.35* (90) 
Father-Daughter 0.09 (82) 
Sibling-Sibling 0.13(169) 
Sister-Sister 0.25 (43) 
Sister-Brother 0.09(81) 
Brother-Brother 0.13 (45) 

*p<0.001 

Table 3.2 Family aggregation studies of IFN-y production Parental IFN-y 
production is directly related to IFN-y production in both male and female children at age 
11. Data are presented as the Pearson's correlation coefficients for each pair. Numbers in 
parentheses indicate group sizes. 

Relation between IFN-y and IL-4 

The Thl-Th2 paradigm of T cell development predicts an inverse relation 

between the cytokines IFN-y and IL-4 (see Chapter 1). Hence, we sought to determine 

the relation between the cytokines IFN-y and IL-4 (measured as secretion fi'om mitogen-

stimulated PBMCs) and hypothesized an inverse relation between these two cytokines. 

However, in contrast to our prediction, we observed a very strong direct relation between 
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IFN-y and IL-4 production at age 11 (Figure 3.16). This relation was found to an equal 

extent in both boys and girls (Figure 3.17) as well as in the adults (Figure 3.18). 

2.5 

UND <67.2 >67.2<14 >145 
(373) (60) 5 (61) 

IL-4 at age 11 (pg/ml) 

Figure 3.16 Relation between IFN-y and IL-4 production at age 11 IFN-y and IL-
4 production at age 11 are directly related. UND = undetectable, p<0.0001 as measured 
by a test for linearity, numbers in parentheses indicate number of samples in each group. 
Detectable IL-4 was divided into tertiles. 
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Figure 3.17 Relation between IFN-y production and IL-4 production in i>oys and 
girls at age 11 IFN-y production is directly related to IL-4 production at age 11 in 
both boys (A) and girls (B). Subjects with detectable IL-4 have been divided into 
approximately three equal groups. UND = Undetectable, p <0.0001 for A and B as 
assessed by a test for linearity. 
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Figure 3.18 Relation between IFN-y and IL-4 production in adults A strong 
positive relation is observed between IFN-y production and lL-4 production by stimulated 
PBMCs from adults. UND = undetectable, p<0.0001 by test for linearity. Numbers in 
parentheses indicate group sizes. 
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Cytokines and Allergic Disease 

The relation between the cytokines IL-4 and IFN-yand allergic disease was 

examined for the allergic diseases asthma and rhinitis. We examined the prevalence of 

asthma in children with low or high IL-4 production at age 11. Asthma was physician-

diagnosed as per the questionnaire answered by parents at the time of the year 11 blood-

draw. As shown in Figure 3.19, there was no relation between lL-4 production at age 11 

and asthma prevalence at the same age. IFN-y production at age 11 also did not show a 

relation with asthma at age 11 (Figure 3.20). 

We also examined the relation between rhinitis at age 11 and cytokine production 

at the same age. As shown in Figure 3.21 and 3.22 respectively, there was no significant 

relation between IL-4 production or IFN-y production at age 11 and rhinitis at the same 

age. 
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Figure 3.19 Relation between IL-4 production at age 11 and asthma prevalence at 
age 11 Asthma prevalence at age 11 was not related to mitogen-stimulated IL-4 
production at the same age (p not significant by trend analysis). Data are presented as 
percent of subjects with a physician-diagnosis of asthma in each group. UND = 
Undetectable, numbers in parentheses represent total group sizes. 
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UND Detectable 
(271) (263) 

Log IFN-y(pg/ml) 

Figure 3.20 Relation between IFN-y production at age 11 and asthma prevalence 
at age 11 Asthma prevalence at age 11 was not related to mitogen-stimulated IFN-g 
production at the same age (p not significant by trend analysis). Data are presented as 
percent of subjects with a physician-diagnosis of asthma in each group. UND = 
Undetectable, numbers in parentheses represent total group sizes. 
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(346) (164) 
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Figure 3.21 Relation between IL-4 production and rhinitis No significant relation 
was found between mitogen-stimulated IL-4 production at age 11 and rhinitis at the same 
age. p not significant as assessed by a trend analysis. UND = Undetectable, numbers 
in parentheses indicate total group sizes. 
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(265) (261) 

Log IFN-y (pg/ml) 

Figure 3.22 Relation between IFN-y production and riiinitis No significant relation 
was found beuveen mitogen-stimulated IFN-y production at age 11 and rhinitis at the 
same age. p not significant as assessed by a trend x" analysis. UND = Undetectable, 
numbers in parentheses indicate total group sizes. 
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SECTION 1 

Chapter 4 - Discussion 

The in vivo regulation of cytokine production in humans is not yet well 

understood. It would be useful to have information about cytokine production in various 

disease states as well as whether or not they precede these states in order to fiilly 

understand the nature of the role they play in disease — i.e. whether causally or casually 

related. 

We sought evidence for longitudinal stability, demographic relationships, allergic 

marker and symptom associations and family aggregation (as a potential indicator of 

heredity) of cytokine production from mitogen-stimulated PBMCs in vitro. This study 

examined the production of the cytokine IFN-y from stimulated PBMCs in a group of 

unselected children enrolled in the Tucson Children's Respiratory Study, as well as their 

parents and siblings (Figure 3.1 and 3.2). As one of the first studies to show the 

concentrations of this cytokine in PBMC supematants in such a large population, its 

importance cannot be overstated. It was found that mitogen-stimulated IFN-y production 

showed a log-normal distribution both in children at age 11 (Figure 3.1) and in adults 

(Figure 3.2 and 7.4). 

Total serum IgE is known to show a gender difference (94). It is, in turn, 

controlled by cytokines (positively by IL-4 and negatively by IFN-y). In order to 

examine if any gender differences were apparent in IFN-y, we examined IFN-y 

production in male and female children as well as adults. We were able to demonstrate a 
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difference between the sexes for IFN-y in adults, with males showing significantly higher 

levels than females (Table 3.1). The gender difference did not reach statistical 

significance in the children. The increased IFN—y production in males is in contrast to 

the data obtained from mouse studies that suggest that female mice tend to produce 

higher levels of IFN—y than males (95, 96). In fact, the higher incidence of autoimmunity 

in human females has been attributed to the possibility that females produce higher levels 

of IFN-y (97). There are limited data in the literature describing gender differences in 

human cytokines. However, the data that do exist do not support a scenario with higher 

cytokine production in females. For e.g., the better prognosis for women in sepsis has 

been attributed to the higher levels of IL-IO achieved and the consequent lower levels of 

pro-inflammatory mediators (98). Specifically, PHA-stimulated IFN-y and IL-2 

production by peripheral blood lymphocytes was higher in males than in females, both 

during the luteal and the follicular phases of the menstrual cycle (99). In addition, 

decreased levels of TNF-a and IL-6 have been demonstrated in female humans over 

males, particularly during the luteal phase of the menstrual cycle (100). Although the 

gender differences may be different for different cytokines, at least for the cytokine IFN-

y, we observe significantly higher levels in adult males than adult females in the current 

study. 

In addition, age appears to be an important predictor of the levels of stimulated 

IFN-y, with adult levels significantly higher than those of children (Table 3.1). Although 

IFN-y production in the group of enrolled children did show a significant negative 

correlation with age (Figure 3.4) we do not interpret this as conflicting with the results in 
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Table 3.1. It is certainly possible that a slight reduction of IFN-y may occur during 

childhood before the increase toward adulthood. It has been shown previously that cord 

blood lymphocytes are deficient in their capacity to produce IFN-y when compared to 

adult peripheral blood lymphocytes (101-103). Also, data from mice studies indicate that 

chronologically older mice produce greater levels of IFN-y from ConA-stimulated spleen 

cell cultures (104). One possible mechanism for this has been shown to be the lower 

degree of methylation of the IFN-y gene in neonatal human T cells and adult naive T cells 

compared to adult memory/effector T cells (105). This lower production of IFN-y in 

children than in adults is in contrast to the values obtained for IgE which were found to 

peak between 6 and 14 years of age (94, 106). When male adults were compared to male 

children, the children showed significantly lower levels of IFN-y (Table 3.1). However, 

the difference between female adults and children was not statistically significant (i.e. the 

age difference in the whole group was primarily due to the males) (Table 3.1). Hence, 

these data suggest that at least for this cytokine (IFN-y), female children attain adult 

levels even at the age of 11. No differences were found in IFN-y production in the 

children in the two major ethnic groups (Figure 3.5). 

In order to draw conclusions about the causal effects of cytokines, it is necessary 

to demonstrate that cytokine production shows longitudinal stability. IFN-y production 

from stimulated PBMCs had been examined in a small group of the enrolled children at 

nine months. IFN-y production from stimulated PBMCs at age 11 correlated positively 

with IFN-y at nine months of age (Figure 3.3), indicating longitudinal stability for this 
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cytokine. This relation was especially impressive because of the wide disparity in the 

kinds of assays used at the two ages (a bioassay at nine months and an ELISA at age 11). 

This result could also be interpreted to mean that cytokine measurements made early in 

life might still be relevant in predicting the long-term cytokine-producing capacity of the 

individual concerned and therefore, long-term studies are important in being able to 

provide this information. 

IL-4 has been shown to have positive effects on IgE while IFN-y has been shown 

to have inhibitory effects on the same isotype (16, 18). Immediate skin prick tests are 

IgE-mediated (107, 108) and therefore, we made the prediction that lL-4 would show a 

direct and IFN-y, an inverse relation to skin test reactivity. Elevated mitogen-stimulated 

IL-4 has been demonstrated from the PBMCs of atopic individuals compared to non-

atopics (70, 71). In addition, previous studies from the Respiratory Sciences Center had 

demonstrated an inverse relation between IFN-y production from stimulated PBMCs at 

nine months and skin test reactivity measured at age 6 (109). Others have also reported 

decreased IFN-y production from the cells of children who subsequently become atopic 

(110-112). As predicted, IL-4 production at age 11 showed a strong direct relation to 

skin test reactivity at ages 6 and 11 (Figure 3.6). However, although we observed a trend 

in the predicted direction, there was no significant relation between skin test reactivity at 

age 6 or at age 11 with IFN-y production at age 11 (Figure 3.7). The loss of the inverse 

relationship between 9 months and year 11 implies that factors (possibly the maturation 

of cells producing IFN-y) are brought into play that either neutralize or mask this 

association. As IL-4 data are unavailable before age 11, we were unable to determine if 
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IL-4 levels earlier in life relate to skin test reactivity at earlier time points. Adults 

showed no relation between skin test reactivity and IFN-y production (Figure 3.8). 

We also examined the relation between skin test reactivity to individual 

aeroallergens at age 11 and IFN-y production at the same age. Bermuda was the only 

aeroallergen to which IFN-y showed the predicted inverse relation (Figure 3.9). We have 

demonstrated that Bermuda is the most common aeroallergen to which sensitization 

occurs in Tucson (unpublished data) and which showed the predicted inverse relation to 

IFN-y (Figure 3.9A) 

IL-4 induces the germ line transcription of the e heavy chain gene and induces 

class switch to IgE (16, 18), while IFN-y represses germ line transcription of the heavy 

chain epsilon gene and down regulates class switch recombination to epsilon (113). 

Therefore, we made the prediction that total serum IgE would show a direct relation to 

IL-4 and an inverse relation to IFN-y. As predicted, IL-4 at age 11 showed a strong, 

direct relation to total serum IgE at the same age (Figure 3.10). However, we did not 

observe any relation between IgE at 9 months, age 6 or age 11 to IFN-y production at age 

11 (Figure 3.11). This was a surprising result in that IFN-y has been shown to suppress 

IgE synthesis from B cells (114, 115) and IFN-y production from PBMC supematants 

was found to relate inversely to serum IgE (112, 116, 117). (What is the effective ratio of 

IFN—y/IL-4 if both go up, may not see effects since IL-4 may override IFN). Therefore, 

it is thought that IFN-y may act to inhibit the initial skewing to Th2 cells, but cannot 

affect Th2 cell cytokine secretion once such skewing has been established. The actual 
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mechanism by which IFN-y exerts its inhibitory activities is thought to be by the 

induction of Socs-1 proteins, which bind the Stat transcription factors and prevent them 

from being phosphorylated. For e.g., it has been shown that IFN-y induces the expression 

of Socs-1 proteins that prevent the phosphorylation of Stat-6 (Stat6 phosphorylation and 

nuclear translocation is crucial for IL-4-induced germline e transcription to occur). It has 

also been shown that the addition of IFN-y inhibited IL-4-induced germline e 

transcription, although the inhibition was only seen at later times. This inhibition 

paralleled the inhibition of Stat6 activation and the delay in the inhibition was thought to 

be due to the time required for the induction of the Socs-1 protein (21, 118). However, 

available data from the CRS database indicate that no relation is present between serum 

IgE at nine months and IFN-y titers at the same age (data not shown). Therefore, it is not 

possible to demonstrate an inverse relation between serum IgE and IFN-y production 

from our data. A clinical study indicates that administration of IFN-y to patients with 

allergic rhinitis did not affect their serum IgE levels, indicating that IFN-y cannot affect 

IgE synthesis once the initial class switch to IgE has taken place (119). 

IL-4 activates eosinophils and induces their tissue vasation by upregulating levels 

of the adhesion molecule VLA-4 on their surface, which can bind to its ligand VCAM-1 

on endothelial cells, causing eosinophil influx into tissues (7, 8). Blocking IL-4 has been 

shown to decrease eosinophil infiltration into the airways following antigen challenge at 

least in a murine model of asthma (120). Although there is no eNidence to suggest that 

IFN-y may inhibit the recruitment of eosinophils from the bone marrow (121), IFN-y has 

been shown to inhibit eosinophil recruitment into the airways after an antigen challenge 



56 

(122). Hence, we made the prediction that IL-4 production would show a direct relation 

and IFN-y production an inverse relation to eosinophil levels. IL-4 did, indeed show a 

striking, direct relation to eosinophils at age 11 (Figure 3.13). However, no relation was 

evident between IFN—y production at age 11 and eosinophil numbers at any age (Figure 

3.14). It is noteworthy that in spite of the lack of any relation of the markers of allergy 

considered here to IFN-y, these same markers showed a very strong direct relation to the 

cytokine IL-4. 

Several studies have demonstrated the heritability of total serum IgE levels. A 

study of total serum IgE in 28 families indicated that high total serum IgE was inherited 

in a recessive fashion (123). IgE has also been shown to be heritable in a study of both 

black and white families (124). Gerrard et al have shown that serum IgE levels are 

heritable with a possible major regulatory locus controlling high levels in a recessive 

manner (76). A study of IgE levels in three large pedigrees suggested a genetic mode of 

transmission with a heritability of about 50% (77). A variety of studies provide evidence 

that IgE levels in humans are inherited (79, 80, 125) and thus suggest that stable 

mechanisms are present to regulate these levels. The levels are likely to be the result of 

complex processes controlling IgE production and IgE metabolism/destruction. 

Cytokines control IgE synthesis and secretion both in a positive and negative manner 

(Introduction; Section I and above). Hence, we sought to determine if we could detect 

heritability in cytokine levels. Family aggregation studies were used to address this 

question. Table 3.2 shows that there is a strong parental influence on IFN-y production 

in the child (p<0.001 for both parents), in the absence of a significant spousal correlation. 
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indicating that the parental influence seen is more likely genetic rather than 

environmental in origin. However, the support for a genetic control of IFN-y production 

is made less strong by the absence of a significant sib-sib correlation. In addition, there 

seem to be some gender differences in the parental influence with maternal levels having 

an equal influence on children of both sexes while the paternal levels seem to influence 

the male children but not the female children. None of the sibling pairs showed a 

significant correlation to each other (Table 3.2). It has been reported in the literature that 

maternal atopy seems to have a greater influence on cord serum IgE (126, 127), infantile 

atopic dermatitis (128), allergen sensitization in the first two years (129) and childhood 

asthma and hay fever (sarafino. 200. connections) than paternal atopy, and it is possible 

that a similar maternal influence is at play here in influencing cytokine levels. The 

absence of a sib-sib correlation is important in that it weakens support for a genetic 

influence, but it has been reported that sib-sib correlations are found to increase with age 

(130) and hence, we speculate that these relations will become stronger with age. 

In addition to the antagonistic effects that it has on some of the actions of IL-4, 

IFN-y has been shown to have direct inhibitory effects on Th2 cell proliferation (28). In 

addition, a large volume of evidence suggests that an inverse relation exists between IFN-

y and IL-4 and is demonstrable in atopic diseases such as asthma (37, 44), atopic 

dermatitis (46, 47), cytokine profiles of T cell clones from allergic donors (52, 53) and 

the cytokine profiles of mitogen-stimulated PBMCs (66, 67). Hence, we predicted that 

we would observe two groups of cytokine profiles fi-om the stimulated cells of the 

individuals in our study, those polarized toward Thl and those polarized toward Th2. 
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Instead, we observed a very strong, direct relation between IFN-y and IL-4 at age 11 

(Figure 3.16). This relation was also observed in both male and female children and in 

adults (Figures 3.17 and 3.18). In spite of the large volume of evidence suggesting that 

these two cytokines, being antagonistic in their actions, be also inversely related as far as 

their expression goes, we were unable to demonstrate an inverse relation between these 

two cytokines from mitogen-stimulated PBMCs. One reason for our inability to find an 

inverse relation could be that the non-specific stimulus (mitogen) used in this study does 

not (as assumed) reflect the cytokine polarization that would otherwise be revealed by 

antigenic stimulation (131). However, if that were tJie case we would not observe the 

direct relations between IL-4 and the markers of allergy that £U"e present to a high degree 

of significance (Figure 3.6, 3.10 and 3.13) and (132)). In addition, the fact that a strong 

direct relation was found within individuals between the two cytokines over a wide range 

of values suggests that mechanisms exist that regulate cytokine synthesis in general 

within individuals. 

A second possibility is that the T cells that are present in the PBMC fraction (as 

used in this study) are primarily ThO cells (133), capable of making cytokines of both 

kinds i.e. Thl and Th2 type cytokines. However, the relation observed between IL-4 

production and allergic markers would imply that individuals with a tendency to be 

atopic make greater amounts of IL-4 rather than just making greater numbers of Th2 

cells. This, in turn, implies that the large amounts of IFN-y produced are insufficient to 

overcome the effects of IL-4 in affecting IgE levels, eosinophil numbers or skin test 

reactivity. However, Venkataraman et al (21) have demonstrated that 10 ng/ml of riilFN-
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y is sufficient to antagonize the effect of 10 ng/ml of IL-4 in inducing e germ line 

transcription in the BJAB human B lymphoma cell line. This paradox may be resolved 

by considering that the IFN-y produced by peripheral blood T (ThO) cells will have little 

effect on the Th2 cells present in the lymph nodes and tissues which are most likely to 

affect class switch in germinal center B cells due to their much greater proximity. 

We next examined the prevalence of allergic disease, namely asthma and allergic 

rhinitis in relation to cytokine production. As shown in Figure 4.19 and 4.20, there was 

no significant relation between asthma prevalence at age 11 and cytokine production at 

the same age. This was in contrast to studies that have found a lower production of IFN-y 

and higher production of IL-4 in atopic asthmatics (37, 44). Furthermore, rhinitis also 

did not show a relation to cytokine production (Figure 4.21 and 4.22). 

In summary, IFN-y production shows age and gender (in adults), but no ethnic 

differences. Longitudinal stability was demonstrable for this cytokine. The cytokine 

IL_4 showed a strong, direct relation to markers of allergy (total serum IgE, skin test 

reactivity and eosinophils), but IFN-y did not. Contrary to our prediction, a strong, direct 

relationship was observed between IFN—y production and that of the Th2 cytokine lL-4. 

Strong parental influences were seen in IFN-y production in the absence of a significant 

spousal correlation, suggesting a genetic rather than environmental basis for this 

association. However, the lack of a significant sib-sib correlation weakens the genetic 

basis. No relation was seen between IFN-y production and allergic disease. Hence, we 

conclude that IFN—y is a cytokine with a strong genetic basis for regulation and that it 

does not (as determined in this study) show a relation to markers of allergy. 
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In summary, this is the first report of cytokine production from PBMCs in such a 

large population sample. We have been able to demonstrate gender differences in IFN-y 

production as well as longitudinal stability for this cytokine. In addition, the cytokine IL-

4 shows a very strong direct relation to markers of allergy such as skin test reactivity, 

total serum IgE and peripheral blood eosinophils, while no relation was evident between 

these markers and IFN-y. In addition, we have demonstrated a genetic influence on IFN-

y levels with no significant spousal relation. The two cytokines IFN-y and IL-4 showed a 

direct relation to each other in contrast to the predicted inverse relation. These results 

indicate that mitogen-stimulated cytokine production can be a useful tool in 

understanding cytokine regulation and control of allergic processes in vivo. 
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SECTION 2 - ITK AND CYTOiaNE REGULATION 

Chapter 5 - Introduction 

The most important function of the immune system is to enable the organism to 

respond to foreign antigens. Immune cells such as T and B lymphocytes perform this 

function by way of unique cell surface receptors that are specific to one antigen. Naive T 

cells (i.e. T cells that have not previously encountered antigen) undergo a process of 

antigen-driven activation and differentiation to become effector T cells. Several effector 

genes are activated during this process (with variation from cell to cell), including co-

stimulatory and adhesion molecules, granzymes and perforins as well as genes encoding 

soluble mediators, such as cytokines. The cytokine production profile and other effector 

phenotypes of these cells are thought to be inherited as stable characteristics of all 

progeny of a given cell at a given state of differentiation but whether differentiation of 

different cells moving down different pathways is regulated in an overall manner is less 

clear. 

Regulation of cytokine gene expression 

The studies discussed here focus on cytokine gene regulation. Cytokine gene 

expression is regulated at several levels, including chromatin remodeling, transcriptional 

activation, post-transcriptional control and post-translational control. Although a fairly 

recent mechanism to emerge, cytokine gene regulation by chromatin remodeling has been 

shown to be one mechanism that operates and that may participate in coordinate 

regulation of groups of genes (134). Some molecular mechanisms involved in chromatin 

remodeling include methylation of CpG islands in DNA and histone acetylation and 
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deacetylation. Methylation of CpG islands and acetylation/deacetylation of histones 

serve to control the accessibility of the DNA to transcriptional machinery (135, 136) and 

therefore play a direct role in gene regulation. However, it appears that remodeling of 

chromatin involves events occxirring early in T cell differentiation (137). Most 

circulating peripheral blood T cells in adults, have presumably ab-eady undergone this 

process early in T cell differentiation and effector cell generation and therefore this 

mechanism would not be operating in these cells. Post-translational control of cytokine 

expression has been shown for several cytokines, including IL-4, IL-5, IL-6 and TNF-a 

in certain inflammatory cells. Pre-formed IL-4 has been shown to be present (but not 

constitutively secreted) in eosinophilic granules (138), IL-4, IL-5, IL-6 and TNF-a have 

been localized to mast cells (139) and lL-4 has been demonstrated in peripheral blood 

basophils (140). However, the data available thus far from lymphocyte studies suggest 

that neither cytokine mRNA (141) nor proteins (as measured intracellularly) seem to be 

stored within lymphocytes either prior to or after their stimulation. Hence, the most 

important level at which cytokines are regulated in adult peripheral blood cells is at the 

level of transcriptional activation or mRNA stabilization. Both mechanisms are thought 

to function in T cells. The initial enhancement of expression of the cytokines IL-2, IFN-

Y, GM-CSF and TNF-a has been shown to occur through transcriptional activation 

(rather than post-transcriptional mechanisms) following antigen stimulation of a T cell 

clone (141). However, it has been suggested that post-transcriptional mechanisms such 

as increasing mRNA stability may begin to occur later in the activation cascade (142) and 

in addition, may be stimulus-specific. Optimal cytokine production requires signals from 
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the T cell receptor as well as additional, co-stimulatory molecules, including CD28 and 

CD40. Stimulation through the co-stimulatory molecule CD28 has been shown to 

augment the antigen-induced expression of multiple cytokines by increasing the stability 

of their mRNAs as a primary mechanism (although transcriptional activation does also 

occur) (143). The direct relation between mRNA levels of cytokines and their protein 

levels, coupled with the lack of evidence in favor of post-translational mechanisms, 

suggest that these are comparable. 

T cell signaling and cytokine regulation/dysregulation 

During an immune response, T cells Jire activated to effector functions such as 

proliferation and cytokine production. In order to accomplish this, signals are transduced 

from the membrane (upon antigen encounter) to the nucleus to cause activation of gene 

transcription. The e.xact sequence of events leading from TCR triggering at the 

membrane to activation of gene transcription is not known, although some of the steps 

have been worked out. 

T cells recognize antigen after it has been processed by antigen processing cells 

(APCs) and "presented" as a complex on the surface of APCs with the MHC molecule. 

Recognition of the antigen occurs via the T cell antigen receptor or T cell receptor (TCR) 

which is composed of two chains - a and p, that recognize peptide in the context of 

MHC. The TCR is associated with several other proteins, collectively called the CD3 

complex, including CD3 chains y, 5, £, T| and In order for complete T cell activation to 

occur, the T cells must encounter a co-stimulatory signal in addition to the antigenic 

signal from the peptide and MHC. The co-stimulation is usually delivered by the 
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interaction of CD28 on the T cell with its ligands CD80 (B7-1) (144) and CD86 (B7-2) 

(145, 146) on the antigen-presenting cell (APC). One of the earliest events in T cell 

activation is the increase in protein tyrosine kinase activity (147). However, the TCR, its 

associated molecules and co-stimulatory molecules (all of which are integral membrane 

proteins) do not possess intrinsic tyrosine kinase activity. Therefore, cell-membrane 

associated or cytoplasmic non-receptor tyrosine kinases (in conjunction with other 

signaling proteins) are utilized by the T cell to transduce the signal from the membrane to 

the nucleus. The net result of T cell activation is the formation and expansion of effector 

cells by clonal proliferation of the cell as well as the transcriptional activation of 

cytokines and their translation and secretion. A number of proteins that participate in the 

T cell signaling cascade have been identified and mutations generated in them in an 

attempt to identify their exact roles. Many of the mutations generated phenotypes that 

afTected cytokine production. The discussion below will center on those T cell proteins 

that have been shown to directly interact with the tyrosine kinase Itk. An exhaustive list 

of molecules involved in T cell signaling may be found in several recent reviews (148, 

149). 

The best-characterized kinases in the T cell signaling cascade are the Src family 

kinases, p561ck and p59fyn. These kinases are membrane associated due to the 

myristylation sites at their amino terminals, and are associated with the accessory 

molecules CD4 and CD8 (150) and the CD3 chains of the T cell receptor respectively 

(151). Upon stimulation through the T cell receptor (TCR), these kinases become 

activated and phosphorylate the CD3 chains associated with the TCR at their 
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Immunoreceptor Tyrosine-based Activation Motifs (ITAMs) (152, 153). Mutations in 

the Lck kinase lead to severe defects in T cell development and, in addition, abrogate 

antigen-induced IL-2 production (154). Over-expression of the tyrosine kinase Fyn has 

been shown to augment IL-2 gene expression in murine T cell hybridomas and 

expression of a mutant form of Fyn caused decreased induction of IL-2 (155). 

The Syk family tyrosine kinase ZAP-70 is recruited to the membrane and 

associates with the CD3 chains via its SH2 domains (156). ZAP-70 is activated by 

tyrosine phosphorylation by Lck (157). ZAP-70 activation sets into motion the 

activation of 3 major pathways ofT cell activation, the calcium flux, the PKC pathway 

and the Ras pathway. 

These are some of the kinases that are thought to directly affect cytokine 

expression. Even so much as a two-fold decrease in the expression of the kinases Lck 

and Fyn in T cells resulted in a reduction in physiological responses from these cells, 

including cytokine production (158). Cells that lack the expression of ZAP-70 show 

defective TCR signaling as well as fail to produce IL-2 in response to TCR stimulation 

(159). A gain of function mutation in the ZAP-70 protein was able to induce 

transcription from an IL-2 promoter above the wild type protein (160). 

Ilk. a member of the Tec family of tyrosine kinases 

Another family of kinases recently reported to be involved in T cell signaling is 

the Tec family, which includes Itk, Btk, Tec, RIk and Bmx. These kinases are 

characterized by their restricted expression in cells of the hematopoietic lineage. Itk is 

expressed in T cells, NK cells and mast cells (161-165), Btk in B cells and myeloid cells 
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(166-168), Tec in T cells, B cells and myeloid cells (169-171) Rlk in T cells and mast 

ceils (172, 173) and Bmx in the granulo-monocytic lineage (174). The kinases belonging 

to this family share significant sequence similarity as well as protein structure. They all 

contain from (C-terminus to N-terminus), a pleckstrin homology (PH) domain (with the 

exception of Txk), a Tec homology domain (TH domain) followed by a Src homology 3 

(SH3) domain, a Src homology 2 (SH2) domain and a catalytic (kinase) domain. They 

all lack a glycine at the C-terminus that serves as a myristylation signal, and therefore, 

are not localized to the membrane. They also lack an N-terminal tyrosine residue 

common to all Src family tyrosine kinases, which functions as a negative regulatory 

residue. TTie lack of a negative regulatory residue suggests that this family of kinases 

must use distinct regulatory mechanisms to downregulate their activity. One possible 

mechanism by which this downregulation might occur has been suggested for Itk, which 

has been shown to form intramolecular associations between its SH3 domain and a 

proline-rich region in the TH domain adjacent to it (175). It has been suggested that this 

interaction does not allow Itk in the resting state to interact with PRRs in other proteins, 

thereby flinctioning in a negative regulatory capacity. Deletion or point mutations in the 

SH3 domains of Src family kinases have also been shown to increase their intrinsic 

tyrosine kinase activity in vitro, indicating that this may be a common negative regulatory 

mechanism for kinases in general (176, 177). 

The chromosomal localization of Itk has been identified as the long arm of 

chromosome 5 in humans (and the homologous position chromosome 11 in mice). There 

seems to be some controversy as to the exact band location on 5q with one group 
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reporting it as 5q31-32 (163), another reporting it as 5q32-33 (178) and a third reporting 

it as 5q34 (179). 

Several lines of evidence indicate that Itk may be involved in T cell activation. 

Itk mRNA was found to increase upon T cell stimulation both in mice (161) as well as 

humans (165). The prevailing hypothesis of Itk activation is as follows (180). Itk is 

thought to remain in a negative or "inactive" conformation due to interactions between its 

SH domain and the diproline motif in the adjacent TH domain. The SH3 domain of Itk 

can associate with a diproline motif in the CD28 cytoplasmic tail, which allows its SH3 

domain to dissociate itself from the diproline motif in the TH domain and thus Itk attains 

a "partially active" configuration. This is then converted into a "fully active" 

configuration by the phosphorylation of Itk in its activation loop by Lck as well as the 

anchoring of Itk to the plasma membrane via the interaction of the PH domain with 

phosphorylated inositides produced by PI3K. 

Some of the proteins found to interact with Itk include the co-stimulatory 

molecule CD28, the Src family kinase Lck, the Syk kinase ZAP-70, the adaptor proteins 

LAT, SLP-76 and RIBP, the lipid hydrolase Phospholipase C-Y(PLC-y) and Phosphatidyl 

Inositol 3 Kinase (P13K). Itk has been shown to associate with CD28 in co-precipitation 

experiments and CD28 cross-linking led to the tyrosine phosphorylation and activation of 

kinase activity of Itk (181, 182). Itk is capable of phosphorylating all four tyrosines in 

the cytoplasmic tail of CD28 and Itk activation is dependent, in part upon tyrosine 173 of 

the CD28 tail (183). Itk is also activated by CD3 cross-linking, with increases in tyrosine 

phosphorylation (182, 184) and kinase activity (182). Itk has also been showTi to 
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associate with the cell surface receptor and co-stimulatory molecule CD2 and a proline-

rich stretch on the CD2 cytoplasmic tail is thought to be important for Itk association. 

Deletion of this proline-rich region (PRR) from CD2 abrogated the induction of IL-2 

from the mutant Jurkat cells (185). 

Lck is required for the activation of Itk/Emt/Tsk, as evidenced by the lack of Itk 

activation when Lck is not co-expressed in an insect system (186). Lck-deficient somatic 

mutant cells (JCam 1.6 cells) are unable to mediate co-stimulation through CD28 (181, 

182). In addition, Itk/Lck double-deficient mice show the same phenotype as Lck-

deficient mice indicating that Itk lies downstream of Lck (187). The mechanism for the 

activation of Itk has been shown to be the phosphorylation of the activation loop tyrosine 

in Itk by Lck (188). 

RIBP (Rlk/Itk Binding Protein) is an adapter protein, whose mutation results in 

cells that are unable to make the cytokines IL-2 and IFN-y upon stimulation through CD3 

and CD28 (189), although IL-4 production did not seem to be affected. 

The SH3 domain of Itk has been shown to bind several proteins, including the 

PRRs of Sam 68 and WASP, both of which are scaffolding proteins thought to be 

involved in the assembly of TCR complexes (190). 

PI3K (phosphatidyl inositol-3-kinase) is another protein known to associate with 

Itk. Pharmacological inhibition of PI3K decreased Itk activation by CD28 cross-linking, 

but not CD3 cross-linking, indicating that Itk may play different roles down stream of 

TCR activation and co-stimulation (191). A direct interaction was also shown in that 

study between the SH2 domain of Itk and PI3K in a phosphorylation-dependent manner. 
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Yet another protein shown to be affected by Itk is PLCyl. Tnis is the most 

important phosphoiipase C expressed in lymphocytes. Itk''' cells were shown to have 

decreased phosphorylation of PLCyl upon stimulation (192). Itk has been shown to 

associate with PLCyl both constitutively and upon TCR/CD3 engagement and the most 

important domains involved in the interaction were the SH2 domain of Itk with the 

phosphorylated tyrosine of PLCyl as well as the SH3 domain of PLCyl (193). 

M-deficient mice have been very important in defining some of the important 

roles of Itk in the immune response. One of the first phenotypes to emerge was the effect 

of Itk on CD4^ T cell numbers. There was a 2 to 3 fold decrease of CD4^ but no 

significant decreases in CDS"^ thymocytes in Itk"' mice (194, 195), suggesting that the 

development of CD4 cells was more sensitive to the absence of Itk than the development 

of CDS cells. T cells from the mutant mice showed decreased proliferation when tested 

in mixed lymphocyte reactions or when stimulated through the TCR (i.e. with ConA or 

anti-CD3). In addition, the use of transgenic TCR mice in an 

Itk" background has shown that while Itk is important for positive selection of 

thymocytes during development, it does not seem to play an important role in negative 

selection (194). However, subsequent studies have shown that there may be actually an 

increased proliferation to co-stimulation by CD28 when Itk''' cells were stimulated with 

sub-optimal concentrations of anti-CD3 (187). 

Itk and cytokine production 

The importance of Itk in cytokine production has been illustrated by several 

studies. M-deficient mice showed decreased proliferative responses to mitogenic stimuli. 
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but normal responses to exogenous IL-2, indicating that there may be a defect in IL-2 

production rather than in the response to IL-2 (194). A subsequent study has also shown 

that T cells from /rAr-deficient mice are unable to respond to stimulation through the T cell 

receptor (with or without co-stimulation) with significant IL-2 production (195). 

Furthermore, Tanaka et al (196) have shown that a dominant negative mutant of Itk was 

able to significantly reduce activation from an IL-2 promoter in Jurkat cells. However, a 

conflicting report by Yang et al (197) suggests that over-expression of Itk in Jurkat cells 

is unable to increase expression of IL-2 in Jurkat cells. Anti-viral immune responses are 

also affected in Itk-deficient mice, with cytotoxic T lymphocyte responses being 

decreased, while B cell responses seem unaffected (198). However, the addition of 

supematants fi-om ConA-stimulated cells restored the ability of Itk' ' cells to mount an 

antiviral immune response (198), indicating that the original defect is a soluble factor, 

most likely, a cytokine. More direct proof has now become recently available, which 

shows that Itk " mice make little or no IFN-y and IL-2 after stimulation with anti-CD3 

(192), thereby providing an explanation for the lack of anti-viral activity observed in the 

mutant mice. 

Summary and Statement of Problem 

In summary, Itk is a tyrosine kinase known to be involved in intracellular 

signaling during T cell activation. Furthermore, mutations in Itk lead to defects in the 

production of several cytokines and T cell proliferation. However, it is not known 

whether Itk plays a similar role in humans as it does in mice. Other tyrosine kinases 

involved in T cell signaling, when mutated, also show phenotypes that affect cytokine 
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production. There are no known natural deletion mutations of the gene for Itk in humans. 

There are no reports in the literature that have attempted to relate the cytokine producing 

capability of cells with the amounts or activities of kinases involved in T cell signaling. 

This study will attempt to address the question of whether cytokine production from 

stimulated cells shows a relation to the levels and/or activities of tyrosine kinases in the T 

cells, specifically, the tyrosine kinase Itk. 
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SECTION 2 

Chapter 6 — Materials and Methods 

Jurkat cells 

The human T cell leukemia cell line Jurkat clone E6-1 (passage unknown) was 

obtained from the American Type Culture Collection (ATCC, Manassas, VA). Cells 

were maintained in 75 cm" tissue culture flasks (Costar) at a concentration of ~0.I x 10^ 

cells/ml at 37°C with 5% COi. Cells were maintained in RPMI 1640 medium 

supplemented with 2mM L-glutamine, 1.5 g/L NaHCOs, 4.5 g/L glucose, 10 mM 

HEPES, 1 mM sodiimi pyruvate, 10,000 U/ml Penicllin, 10,000 ug/ml Streptomycin, 25 

ug/ml Amphotericin B and 10% heat-inactivated fetal calf serum (PCS) (all from Life 

Technologies, Rockville, Maryland). Cells were harvested by pelleting and either used 

immediately or lysed and the lysate stored at -l(fC until used. 

Separation of Peripheral Blood Monuclear Cells (PBMCs) 

Whole blood was obtained from human volunteers in heparinized Vacutainer™ 

tubes (Becton Dickinson, Franklin Lakes, NJ). 7 ml of whole blood was layered onto 4 

ml of Lymphocyte Separation Medium (ICN Biomedicals, Aurora, OH) and centrifuged 

at 2000 rpm for 20 minutes (without brake) to obtain the mononuclear cells. The band of 

mononuclear cells was removed and washed in HBSS with phenol red 0 and the pellet 

re-suspended in RPMI 1640 medium supplemented with L-glutamine, Pen/Strep, HEPES 

and 5% FCS. The cells were counted using a 1:20 dilution in Turks' solution and re-

suspended to a concentration of 2 x 10^ cells/ml in RPML Cells at this concentration 

were stimulated in 2 ml cultures with 10 Ug/ml of Concanavalin A Q and 10 ng/ml of 
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phorbol myristate acetate Q for 18-24 hours at 37°C with 5% CO2. At the end of the 

stimulation period, the cells were pelleted and the supematants collected and stored at -

70°C pending cytokine analysis. 

Separation ofT cells 

T cells were separated from blood samples obtained from volunteers by a process 

of negative selection using a Pan T cell isolation kit from Miltenyi Biotec (Auburn, CA). 

Heparinized whole blood was spun at 1210 rpm for 12 minutes to deplete platelets. The 

top 2/3 of plasma ("platelet-rich plasma") was aspirated and the original volume made up 

with pre-warmed HBSS with phenol red. The blood was layered onto LSM and 

separated by density gradient centrifugation (2000 rpm for 20 minutes with no brake) to 

separate the mononuclear cells. The cells were washed with HBSS with phenol red and 

the pellet re-suspended in PBS with 500 mM EDTA and 0.01% BSA (PBS/EB). A cell 

count was performed and the cells pelleted once again. The pellet was re-suspended in 

80 |xl of PBS/EB per I x 10^ cells and 20 ^il of Hapten-antibody cocktail per 1x10^ cells 

was added and incubated at 6°-12°C for 10 minutes. The cocktail consists of hapten-

conjugated CDl lb (monocytes), CD 16 (macrophages, NK cells and granulocytes), CD 19 

(B cells), CD36 (platelets) and CD56 (NK cells) antibodies. An excess of PBS/EB was 

added and the cells pelleted. The pellet was re-suspended in PBS/EB as before and 20 ^1 

of anti-hapten monoclonal antibodies coupled to MACS™ microbeads was added and 

incubated at 6°-12°C for 15 minutes. An excess of PBS/EB was added and the cells 

pelleted and re-suspended in 500 ni of cold PBS/EB per I x 10® cells. The cells were 

then separated on a column in a magnetic field (VarioMACS™ magnet) and the flow-
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through was collected as the cells of interest. The column was washed with 2 to 3 

column volumes of cold buffer, back-flushed with one column volume of buffer and the 

resulting flow-through was pelleted. The supernatant was aspirated and the cells re-

suspended in ~500 fil of PBS/EB. Residual red blood cells were lysed with 4 ml of 

isotonic ammonium chloride buffer (155 mM NH4CI, 10 mM KHCO3 and O.I mM 

EDTA) for 4 minutes at room temperature. Following lysis, an excess volume (12 ml) of 

PBS/EB was added to stop the lysis and the cells pelleted. The pellet was re-suspended 

in PBS/EB and an aliquot was taken out to perform cell counts and cytospin slides and 

1.5 X 10^ cells were also taken out to perform flow cytometry to analyze the purity of the 

cell preparation. The remainder of the cells were pelleted and the pellet was lysed with 

protein lysis buffer to obtain the protein lysate (see section on Western Blotting). 

Where indicated, CD4^ or CD8^ T cells were separated by negative selection as 

described above, using kits from Miltenyi Biotec (Aubum, CA). However, the cocktail 

of antibodies used was different. It included anti-CD 1 lb, anti-CD 16, anti-CD 19, anti-

CD36, anti-CD56 and either anti-CD8 (to isolate CD4 T cells) or anti-CD4 (to isolate 

CDS T cells). 

Flow Cytometry 

Flow cytometry was used to analyze cell purity. Approximately 1x10^ cells were 

washed twice in 2 ml of cold PBS. The cells were re-suspended in 250 jil of cold PBS 

and the appropriate fluorochrome-labeled antibodies against cell surface markers 

(including CD3, CD4, CDS and CD56, Becton Dickinson Immunocytometry Systems, 

San Jose, CA) were added to the cells in the dark and incubated for 10-12 minutes at 4°C. 
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Excess (2 ml) cold PBS was added to the cells and they were pelleted and washed in cold 

PBS and then re-suspended in 250 ^1 of 1% paraformaldehyde in cacodylate buffer and 

stored at 4°C pending acquisition. Cells were acquired on a Becton Dickinson 

FACScan™ equipped with a 388 nm Argon laser. A total of 10, 000 events were 

acquired. All analyses were performed using the PC-Lysys software (Becton Dickinson 

Immunocytometry Systems, San Jose, CA). 

Isolation of cellular proteins 

Cell pellets were lysed immediately after preparation in modified RIPA buffer (50 

mM Tris-HCl pH 7.4, 1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl, I mM 

EOT A) supplemented with the protease inhibitors Aprotinin (lug^ml), Leupeptin (1 

ug/ml), Pepstatin (1 ug/ml) and phenylmethylsulfonylfluoride (PMSF, ImM) and the 

phosphatase inhibitors sodium orthovanadate (Na3V04, ImM) and sodium fluoride (NaF, 

ImM). Pellets were resuspended on ice in -50 nl of lysis buffer per 5x10^ cells and 

centrifliged at 14,000 rpm for 20 minutes at 4°C. The superaatants containing solubilized 

whole-cell proteins were collected and stored at -70°C pending Western Blot analysis. 

Protein concentrations were determined using a Bicinchoninic acid protein assay 

(Pierce,Rockford, IL) as per manufacturer's instructions. 

Western Blot Analysis 

Approximately equal amounts of proteins were denatured and separated by 

electrophoresis on a 10% SDS-polyacrylamide gel in IX Laemmli nmning buffer (25 

mM Tris-base, 200 mM glycine, 0.1% SDS) at 20 mA. Pre-stained protein molecular 

weight markers (Gibco-BRL) were also separated on the gel. Lysates firom Jurkat cells 
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served as positive controls. Proteins were transferred onto an Immobilon™ membrane 

(Millipore, Bedford, MA) by electrophoresis in a transfer apparatus (Mini Transblot, Bio-

Rad, Hercules, CA) for 45 minutes at ~IOOV. The transfer buffer was 50 mM Tris-base, 

40 mM glycine, 0.04% SDS and 20% v/v methanol. Following transfer of the proteins, 

Itk and CD3e proteins were detected sequentially. The membranes were washed twice in 

DD water and then incubated for 35 minutes in blocking solution (4% w/v nonfat dry 

milk in PBS) at room temperature. For detection of Itk, membranes were then incubated 

overnight at 4°C with a mouse monoclonal anti-human Itk antibody (05-476, Upstate 

Biotechnology, Lake Placid, NY) diluted 1:250 in 4% blocking solution. Membranes 

were washed 2X for 5 minutes with DD water and then incubated for 1.5 hours at room 

temperature with a goat anti-mouse IgG antibody linked to the horseradish peroxidase 

enzyme (Upstate Biotech, Lake Placid, NY) diluted 1:3500 in 4% blocking solution. 

Membranes were washed 2X with DD water, IX in PBS with 0.05% Tween-20 and then 

2X in DD water. Antibody labeled proteins were detected using Supersignal™ enhanced 

chemiluminescence detection system (Pierce, Rockford, IL) as described by the 

manufacturer. The membranes were re-wetted with methanol and washed 3X in DD 

water and then incubated overnight at 4°C with a mouse monoclonal anti-human CD3e 

antibody (sc-1179, Santa Cruz Biotechnology, Santa Cruz, CA) diluted 1 ;890 in 4% 

blocking solution. The remainder of the probing process was as described above. 

Densitometric Analysis 

All films were scanned and analyzed by densitometry using the Molecular Analyst™ 

software. 
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Stimulation for in vitro kinase assays 

Jurkat cells were serum-starved for over-night and then stimulated at 100 x 10^ 

cells/ml for 3 minutes at 37° C with 10 jig of ConA and 10 ng of PMA per 1x10^ cells. 

Freshly isolated T cells were also stimulated with the same mitogens for the same amount 

of time. Stimulation was stopped by the addition of cold excess of PBS and the cells 

spun down and the pellets lysed in lysis buffer as above. 

Immunoprecipitations 

Lysates were re-suspended to a concentration of 10 ̂ g/^l in lysis buffer and 15 |il of 

anti-ltk was added per tube and incubated for 2 hours on slushy ice with frequent 

vortexing. 10 pJ of Protein G- PLUS Agarose (sc-2002, Santa Cruz Biotechnology, 

Santa Cruz, CA) was added to each tube and rotated for one hour at 4°C. 

In vitro kinase assays 

Immunoprecipitates were washed 4X with kinase wash buffer (50 mM Tris.Cl, 

pH 8.0, 150 mM NaCl, 2 mM EDTA) at 4°C. Immunoprecipitates were then equilibrated 

with kinase reaction buffer by washing once at room temperature. Immunoprecipitates 

were then spun do^ATi and 25 (il of kinase reaction mix (20 mM MOPS, pH 7.0, 5 mM 

MgCli, 5 mM MnCh, 10 uM ATP, 25 uCi ^"P y-ATP per 25 fil reaction and 5 fig Src 

peptide per 25 }il reaction) was added to each tube. The reaction was allowed to proceed 

for 5 minutes at room temperature. Glacial acetic acid (30% v/v) was added to stop the 

reaction and the pellets were spun down, and the supematants aspirated and removed to a 

fresh tube. 10 |il of each reaction was spotted onto P81 (phosphocellulose discs) and air-
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dried. The discs were washed 5X in 200 ml of 75 mM H3PO4 and counted by liquid 

scintillation counting. 



79 

SECTION 2 

Chapter 7 - Results 

Co-regulated cytokine expression 

We have demonstrated (see Chapter 3 - Section I, Results) a direct relation 

between the cytokines IFN-y and IL-4 in a large group of unselected children at age 11 

and their parents. In addition, a small sub-group of supernatant samples obtained at age 

11 was also tested for IFN-y, lL-4 and a third cytokine, IL-2 using different cytokine 

assays obtained from R&D Systems™. This enabled us to confirm if indeed, the strong 

positive relation previously observed between IFN-y and IL-4 still held true. As shown in 

Figure 7.1, there was a strong positive relation between IFN-y and IL-4. Note that there 

are more samples above the threshold for IL-4; this was due to the fact that this assay was 

a high-sensitivity assay for IL-4. In addition, IL-2 also showed a strong positive relation 

to IFN-y (Figure 7.2) and IL-4 (Figure 7.3). In fact, all the cytokines measured (including 

IL-5 and lL-10) showed strong positive relations (data not shown). 
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Figure 7.1 Relation between IFN-y and IL-4. A strong positive relation is observed 
between IFN-y and IL-4 production from mitogen-stimulated PBMCs. Pearson's r = 
0.74, p = 0.001 and n = 37. The threshold of detectability for IFN-y was 15.6 pg/ml 
while for IL-4 it was 0.25 pg/ml. 
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Figure 7.2 Relation between IFN-y and IL-2 at age 11 A strong positive 
relation was observed between IFN-y and IL-2 production from stimulated PBMCs at age 
11. Pearson's r = 0.89, p < 0.001, n = 38. The threshold of detectability was 15.6 pg/ml 
for IFN-y and 31.2 pg/ml for IL-2. 
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Figure 7.3 Relation between IL-2 and IL-4 at age 11 A strong positive relation was 
observed between IL-2 and IL-4 production from stimulated PBMCs at age 11. Pearson's 
r = 0.72, p < 0.001, n = 37. The threshold of detectability was 31.2 pg/ml for IL-2 and 
0.25 pg/ml for IL-4. 

The strong positive relation observed between mitogen-stimulated cytokine 

production led us to hypothesize the existence of common regulatory mechanisms and 

specifically, common signaling pathways leading to cytokine production. Observations 

by Dr. Catharine Holberg at the Respiratory Sciences Center also showed that there was a 

linkage between concordance for low IFN-y production among siblings and chromosome 

5q (personal communication). Chromosome 5q has shown several linkages to asthma 

and the atopic phenotype. It contains a group of several cytokine genes referred to as the 

cytokine gene cluster. However, the gene for IFN-y is not located on chromosome 5q. 

Upon scanning the region of chromosome 5q in which the linkage was observed, we 

found the gene for a T-cell specific tyrosine kinase called Itk located in that region. Itk is 

involved in transducing signals fi-om the surface of T cells to the nucleus when the T cell 

receptor is activated. We hypothesized that the co-ordinate regulation of cytokines seen 
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may be as a result either of lower expression (and consequently, lower activity) of this 

kinase or due to lower activity of the same amount of kinase. In either case, we would 

expect a lower signal to be transduced resulting in decreased cytokine production. 

Study Design 

The experimental design was then proposed in which individuals would be 

recruited and screened for cytokine production from mitogen-stimulated PBMCs. Those 

individuals showing low cytokine production as well age and sex-matched individuals 

with high cytokine production would be screened for expression of Itk by western 

blotting. 77 individuals between the ages of 18 and 55 were recruited and IFN-y and IL-4 

production from ConA and PMA stimulated PBMCs were measured. 10 individuals with 

low cytokine production were selected as were 10 age and sex-matched high cytokine 

producers. 

Distribution of values for mitogen-stimulated IFN-y and IL-4 

IFN-y in the group of 77 adults shows a log-normal distribution, with a log-mean 

of 3.91 + 0.35 pg/ml. Approximately 30% of the samples were above the highest 

threshold and were assigned a value of20,000 pg/ml in order to allow them to be 

included in statistical analyses. IL-4, like IFN-y, shows a log-normal distribution, with a 

log mean of 1.25 + 0.42 pg/ml. Approximately 24% of samples were above the highest 

threshold for this assay and were assigned a value of 50 pg/ml in order to enable them to 

be included in statistical analyses. 

Table 7.1 shows the difference in cytokine production between males and females 

in this study. As shown, there was not a significant difference in cytokine production 
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between males and females, although there was a trend for males to have higher levels 

than females. 

Logio IFN-y 
(ps/ml) 

Logio IL-4 
(pg/ml) 

3.99 + 0.05 1.35 + 0.07 
Males (28) (28) 

Females 3.87 + 0.05 1.19 + 0.06 
(49) (49) 

P 0.08 0.06 

Table 7.1 Differences in cytokine production between males and females 
Numbers indicate the means + sem. Numbers in parentheses indicate sample sizes, p 
represents the significance of a difference between the means as assessed by a grouped T-
test. 

Relation between IF!^-y and IL-4 

As shown in Figure 7.4, there was a strong positive relation between fFN-y and 

IL-4 production by stimulated PBMCs. This was a confirmation of our previous 

observations (see Chapter 4) as it was observed in yet another unselected population. 
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Figure 7.4 Relation between IFN-y and IL-4 A strong positive relation was 
observed between IFN-y and IL-4 production from stimulated PBMCs. Pearson's r = 
0.65, p < 0.001, n = 77. The threshold of detectability was 15.6 pg/ml for IFN-y and 0.25 
pg/ml for IL-4. 

Expression of Itk in PBMCs by western blotting and immunoprecipitation 

The next step was to determine Itk expression in these individuals. Protein 

expression was examined by western blotting of cell lysates as well as 

immunoprecipitated products. In order to determine Itk expression in cells that had not 

been manipulated, it was decided first, to perform simple mononuclear cell separations 

and assess Itk levels in the resulting PBMCs. To this end, PBMCs were isolated from 

several volunteers, the cells lysed, lysates electrophoretically separated and analyzed by 

western blotting using two different commercially available antibodies for Itk. The 

antibody obtained from Santa Cruz Biotech™ did not show reproducible detection of the 

protein in my hands (data not shown). Several individuals' PBMCs were analyzed using 

the antibody from Santa Cruz Biotech in western blotting experiments. The antibody 

obtained from Upstate Biotech was unable to detect Itk from PBMC lysates in two 
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different individuals (data not shown). A different lysis buffer (see Chapter 5, Section 2 -

Methods) was used and western blotting was able to detect Itk bands in 4 different 

subjects (Figure 7.5). However, two of the individuals were repeated and no band for Itk 

was found (data not shown). Out of a total of seven different individuals' PBMCs 

analyzed, Itk was detectable by western blotting in five of these individuals at least once, 

was not reproducible for two of these individuals upon subsequent attempts and was not 

detectable in two individuals at all (data not shown). The lack of reproducibility of data 

suggested that western blotting of PBMC lysates would not suffice to detect this protein. 

Itk was also immunoprecipitated fi-om PBMC lysates and the immunoprecipitates 

analyzed for Itk expression by subsequent western blotting. Immunoprecipitation was 

unable to detect Itk reproducibly in unstimulated PBMC lysates fi-om all individuals 

(Figure 7.6) and in addition, (as shown in Figure 7.6), there was an increase in Itk 

expression upon mitogen stimulation of the cells. Therefore, it was decided to use a 

procedure that would enrich for cells that contain Itk and at the same time, not stimulate 

the cells so as to affect Itk expression. Therefore, it was decided to use T cells isolated 

by negative selection fi-om peripheral blood. 
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Figure 7.5 Expression of Itk in PBMC lysates by western blotting PBMCs were 
isolated from four different individuals, the cells lysed, the lysates electrophoresed and 
examined for Itk expression by western blotting. Itk was detectable in all four lysates. 1, 
2. 3, and 4 represent PBMC lysates from different individuals. Equal amounts of protein 
were loaded in the PBMC lanes. JRT.3 and Jur are cell lysates of JRT.3 and Jurkat cell 
lines respectively, that serve as positive controls. The arrow indicates the position of Itk. 
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Figure 7.6 Itk expression in PBMC lysates by immunoprecipitation and western 
blotting PBMCs were isolated from one individual and the cells either stimulated 
or not with ConA/PMA for 24 hours. The cells were lysed, the lysates were subjected to 
immunoprecipitation and the immunoprecipitates were electrophoresed and probed with 
an antibody to Itk. Itk is detectable in the stimulated cell lysates but not in the 
unstimulated cell lysates. Jur (Jurkat) and JRT.3 cell lysates were run as positive 
controls. The arrow indicates the position of Itk. The broader bands on the lower portion 
of the gel are the heavy chains of the antibody molecules used during 
immunoprecipitation. 

Expression of Itk in CD4 and CDS T cells 

Before we could use purified T cells to assess Itk expression in individuals, it was 

important to first establish that Itk was present in both the major subsets of T cells, 

namely the CD4^ and CD8^ susbets. To this end, CD4^ and CD8^ T cells were purified 

by negative selection from the peripheral blood of the same subjects (n=3) and the cells 
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lysed, the lysates electrophoretically separated and analyzed by western blotting for Itk 

expression. An aliquot of the separated cells was analyzed by flow cytometry for purity. 

A representative plot is shown in Figure 7.7. The majority of the purified cells stained 

positive for the CD4 or CDS marker respectively (80% and 73%). Itk was present in 

lysates from both CD4 and CD8 cells. Figure 7.8 shows a representative western blot of 

one such experiment. Jurkat cell (which are a CD4* T cell line) lysates were always run 

as a positive control. 
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Figure 7.7 Purity of separated CD4 and CDS T cells Panels A and B show a 
representative dot plot and histogram of the separated CD4 cells. Approximately 80% of 
ceils stained positive for the CD4 marker. Panels C and D show a representative dot plot 
and histogram of the separated CD8 cells. Approximately 73% of cells stained positive 
for the CDS marker. No gate was drawn around the lymphocytes when histogram 
analyses were carried out. 
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Figure 7.8 Western blot of Itk expression in CD4 and CDS cells CD4 and CDS 
cells were separated from the same individual by negative selection and the cells lysed 
and the lysates analyzed by western blotting for Itk expression. Both CD4 and CDS cells 
express Itk protein. Jurkat cell lysates were run as a positive control. Itk is a protein of 
--68-72 kD. 

Both panels A and C in Figure 7.7 show some cells in the lower left comer of the 

dot plot. These contaminating cells are usually thought to be platelets and other debris. 

However, proteins from these cells would be present in a lysate of the cell pellet. In 

order to obtain direct evidence of whether these contaminating cells are platelets, the cells 

that were retained in the magnet during negative selection were collected by elution 

outside the magnetic field. These cells were stained with a FITC-conjugated antibody 

against CD41 (gpIIb-IIIa, a platelet antigen) and analyzed by flow cytometry. As shown 

in Figure 7.9, >99% of these cells stained positive for this platelet marker, indicating that 

these cells are predominantly platelets. It has been shown by that myeloid cells do not 

express Itk (161). 
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Figure 7.9 A majority of the contammating cells are platelets This figure 
shows a dot plot (A) of PBMCs with a gate (R1) around the cells in the lower left comer. 
These cells were >99% positive for the platelet antigen CD41 (B). The unfilled peak in 
panel B represents the isotype control while the filled peak shows the mean fluorescence 
intensity (MFI) of the CD41 antibody. 

Expression of Itk and CDS in freshly isolated primary T cells 

In order to determine if it would be feasible to use CD3 (which is present in all T 

cells) to normalize Itk expression between samples, T cells were isolated fi-om three 

individuals by negative selection, the cells lysed and the lysates electrophoresed and 

probed consecutively for Itk and CD3e. Figure 7.10 shows that both Itk and CD3 are 

detectable in T cell lysates from all three individuals. Furthermore, the low expression of 

Itk in the non-T cell fractions indicates that T cells are the primary cell type expressing 

Itk in peripheral blood. In addition, Jurkat cell lysates were run as positive controls. 
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Figure 7.10 Expression of Itk in T cells by western blotting T cells were isolated 
from three different individuals by negative selection and the cells lysed and the lysates 
electrophoresed. The proteins were transferred onto Immobilon™ membranes and 
probed consecutively with anti-Itk and anti-CD3e antibodies. The upper arrow represents 
the Itk band and the lower arrow represents the CD3e band. Lanes 1, 3 and 5 are lysates 
of isolated T cells from three different donors. Lanes 2, 4 and 6 represent lysates of the 
non-T cell fractions of cells from the same donors. Jur, Jurkat lysate which serves as the 
positive control. 

Ten individuals with low cytokine production were selected as well as ten age and 

sex-matched individuals with high cytokine production. Table 7.2 shows the 

characteristics of the selected individuals as well as a comparison of the mean cytokine 

production between the two groups. 
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Low producers High Producers P 
(n=10) (n=!0) 

Mean Age 32.3+10.5 33.6+ 12.6 n.s. 

Male : Female 1 :4 1 :4 n.s. 

IFN-Y(pg/mI) 2547 ± 375 16056+ 1540 <0.001 

IL-4 (pg/ml) 10.6 + 2.54 30.2+15.4 0.002 

Table 7.2 Comparison of population characteristics between the low cytokine 
producers and high cytokine producers p represents the significance of a difference 
between the means as calculated by a Student's T-test. Numbers for cytokines express 
the mean + sem. 

These individuals were recalled and T cells were isolated fi-om their peripheral 

blood by negative selection using magnetic beads. An aliquot of the cells was used for 

flow cytometry and the remaining cells were lysed in lysis buffer and the proteins 

solubilized for western blotting. Figure 7.11 shows a representative scatter plot and 

histogram of isolated T cells from the high and low producing groups. As shown in 

Figure 7. II, T cells fi-om high and low cytokine-producing groups showed similar 

profiles of CD3 expression. 
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Figure 7.11 Expression of CD3 on T cells from high and low-producers T cells 
were isolated by negative selection, stained for CD3 and examined by flow cytometry. 
Panels A and B represent the scatter plot and histogram of T cells from a low-producer 
and panels C and D those from a high producer. The unfilled peaks in panels B and D 
represent the isotype control and the filled peaks represent the PE-conjugated CD3 
antibody. The two groups showed similar profiles of CD3 expression (see also Table 
7.3). 

The percent of cells expressing CD3 was analyzed and it was found that there was 

no significant difference between the low and high producers in the percent of cells 

expressing CD3 on the surface when ungated cells or cells in the lymphocyte gate were 
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examined (Table 7.3). Reports from murine knock-out studies had indicated that the Itk 

deletion mutants showed a decrease in the number of CD3 molecules expressed on a per 

cell basis (187). Therefore, we also examined the difference in CD3 MFI on T cells from 

the two different groups. As shown in Table 7.3, there was no significant difference in 

the number of CD3 molecules expressed per cell on T cells from the two different groups. 

Low High P 

producers producers 

Mean + sem Mean + sem 

CD3 (ungated %) 76.5 ± 6.5 88.9 ±3.7 n.s. 

CD3 (gated %) 98.4 ± 0.6 99.5 + 0.18 n.s. 

CD3 MFI 2.97 ± 0.05 3.04 ±0.02 n.s. 

Table 7.3 Comparison of CD3 expression on T cells from low and high cytokine-
producers T cells were isolated by negative selection and CD3 expression on the 
cells assessed by flow cytometry. There was no significant difference in the percent of 
ungated or lymphocyte gated cells expressing CD3 or the number of CD3 molecules per 
cell. n.s. = not significant as assessed by Student's T-test. 

Aliquots of the isolated T cells from the ten high and low producers were lysed 

and equal amounts of protein electrophoretically separated. Immobilized proteins were 

probed with antibodies to Itk and CD3e. Figure 7.12 shows a representative western blot. 

T cell lysates from each low cytokine producer and the age and sex-matched high 

producer were run on the same gel in order to maintain identical running conditions. The 

ratio of the density of the Itk band to the CD3e band was calculated for each individual. 

Table 7.4 shows the ratios of the densities of the Itk band normalized to the CD3e band. 

As shown, in Table 7.4, there is a significant difference between the ratios obtained for 
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the low producers versus the high producers. This indicated that the low producers 

showed significantly lower expression of Itk than the high producers. 

JUT 1 2 3 4 5 6 

121 kD 

73 kD 

47 kD 

30 kD 

20 kD 

Figure 7.12 Expression of Itk and CD3£ in isolated T ceils T cells were isolated 
from paired low-cytokine producers and high cytokine producers by negative selection, 
the cells lysed and the lysates electrophoresed, the proteins transferred and probed 
consecutively with antibodies to Itk and CD3e. The upper arrow represents the Itk band 
and the lower arrow represents the CD3e band. Lanes 1, 3 and 5 represent lysates from 
low cytokine producers and lanes 2, 4 and 6 represent lysates from the age and sex-
matched high cytokine producers. Jur represents Jurkat cell lysates run as positive 
controls on each gel. 
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Low producers High producers 
0.178 
0.328 
0.526 
0.152 
0.129 
0.275 
0.303 
0.267 
0.470 
0.659 

0.327 
0.377 
0.488 
0.138 
0.267 
0.29 
0.406 
0.279 
0.500 
0.887 

Mean + SEM 0329 + 0.06 0 J96 0.06 

Table 7.4 Ratios of Itic:CD3E band densities The ratio of the density of the Itk 
band to that of the CD3e band for each individual was calculated by densitometry. TTie 
high-producers showed significantly higher Itk expression (normalized to CD3e 
expression) than the low-producers as compared by paired Student's T-test (p=0.03). 

Examination of Itk Junction using in vitro kinase assays 

In order to examine the activity of this kinase, Itk was inimunoprecipitated from 

mitogen-stimulated (ConA and PMA) and unstimulated primary T cells and the 

immunoprecipitates were subjected to an in vitro kinase assay with the 13 amino acid Src 

peptide as the substrate. However, no increase in kinase activity over the unstimulated 

control was demonstrable (Table 7.5) either in PBMCs or primary T cells. 
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Cells/ stimulus cpm Fold increase over 
unstimulated 

PBMCs - none 3481 0.86 
- ConA + PMA 3008 

PBMCs - none 1826 0.80 
- ConA + PMA 1464 

Primary T cells - none 6147 0.93 
- ConA + PMA 5716 

Table 7.5 Kinase activity of Itk in PBMCs and primary T cells PBMCs were 
isolated and stimulated either for 24 hours or 20 minutes with ConA and PMA. Itk was 
immunoprecipitated and a kinase assay performed. Primary T cells were isolated by 
negative selection and stimulated with ConA and PMA for 3 minutes. Itk was then 
immunoprecipitated and subjected to an in vitro kinase assay. 

We needed to establish that kinase activity was detectable in cells that express 

significant levels of this kinase. To this end, Jurkat ceils were used to examine the 

activity of Itk. Jurkat cells have previously been shown to express significant amounts of 

this protein (Figures 7.6, 7.8, 7.10 and 7.12). Jurkat cells were serum-starved over night 

and stimulated with the mitogens ConA and PMA for 3 minutes. Itk was 

immunoprecipitated from the cell lysates and subjected to an in vitro kinase assay. As 

shown in Table 7.6, a increase in kinase activity in stimulated cells over unstimulated 

cells was observed (after adjusting for substrate only control). However, this increase 

was small in most cases and similar only in one instance (Experiment 1) to that reported 

in the literature (181, 182, 184). 
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Stimulus CPM - substrate Fold increase over 
control unstimulated 

Experiment 1 - None 14387 1 
ConA + PMA 39311 2.73 

Experiment 2 - None 27184 1 
ConA + PMA 29699 1.09 

Experiment 3 - None 5025 1 
ConA + PMA 8974 1.79 

Experiment 4 - None 5854 1 
ConA + PMA 7887 1.35 

Table 7.6 Kinase activity of Itic observed in immunoprecipitates from Jurkat 
ceils Jurkat cells were serum-starved over night and then stimulated at 100 x 10^ 
cells/mi with 10 ug of ConA and 10 ng of PMA per 1x10*^ cells. Itk was 
immunoprecipitated and subjected to an in vitro kinase assay as detailed in Chapter 6. 
Results are expressed as the fold increase in radioactivity in stimulated cells compared to 
unstimulated cells after correcting for the 'substrate only' control. A small increase in 
kinase activity was observed with mitogen stimulation. 

In order to establish that the conditions of the kinase assay were optimal to 

phosphorylate the substrate being used here (the 13 amino acid Src peptide), the kinase 

assay was performed using different concentrations of a recombinzmt, purified, 'active' 

Src protein. As shown in Figure 7.13, the conditions of the assay were optimal for 

phosphorylation of the peptide substrate by an exogenously provided kinase i.e. Src and a 

dose response curve was obtained. 
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None 21 42 None 5.25 10.5 21 42 

Src kinase (U) 

Figure 7.13 Dose response curve for Src kinase activity Different 
concentrations of a recombinant, active Src kinase were added to a kinase reaction 
mixture containing 5ug/ul of a 13 amino acid Src peptide as substrate. The reaction was 
allowed to proceed at room temperature for 5 minutes and stopped by the addition of 
30% v/v glacial acetic acid. The results were spotted onto P81 discs and washed five 
times in 75mM H3PO4 and incorporated radioactivity was counted by liquid scintillation 
counting. Results are expressed as the fold increase in radioactivity compared to the 
'substrate only' control (None), which has been set to one. 

Although Itk is a primarily cytosolic protein in primary T cells, it is constitutively 

associated with the membrane in Jurkat cells (199, 200). One possibility was that the 

lysis buffer (RIPA buffer, see Chapter 5, Section 2 - Methods) was unable to adequately 

solubilize this protein. The kinase assays were repeated with a lysis buffer that has been 

published in the literature (184). However, once again, there was no increase observed 

with stimulation (data not shown). Another possibility is that Itk is preferentially 

phosphorylating an endogenous substrate over the exogenous peptide substrate being 

provided. In order to address this question, immunoprecipitates were subjected to a 
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kinase assay and the products then run on a gel to examine if any radioactivity was seen 

that did not correspond to the peptide substrate. However, no other phosphorylated 

proteins were observed (data not shown). 
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SECTION 2 

Chapter 8 - Discussion 

As shown in Chapter 3, we found a very strong, direct relation between stimulated 

IFN-y and IL-4 in the individuals in our study. In order to rule out any effect of the 

relatively insensitive assay then available, we examined IFN-y and IL-4 production in a 

small sub-group of individuals from the study employing a more sensitive assay for IL-4 

detection. As shown in Figure 7.1, we were able to demonstrate a similar strong, direct 

relation between these two cytokines. In addition, all samples previously below the 

threshold of 23 pg/ml of IL-4 also showed a similar direct relation with IFN-y indicating 

that this was not an artifact of the detection system. We also examined the stimulated 

production of another cytokine, IL-2. IL-2 production was directly related to IFN-y 

(Figure 7.2) and IL-4 (Figure 7.3) production in the same individuals. The genes for 

these three cytokines are situated on different chromosomes, IL-2 on chromosome 4 

(201), IL-4 on chromosome 5 (202) and IFN-y on chromosome 12 (203). Hence, we 

observed the co-ordinate expression of three cytokine genes that could not be explained 

by proximity of location. There are no data in the literature that have addressed the 

relation of cytokine production by mitogen-stimulated FBMCs in this manner. We 

believe that this is the first report of a direct relation between the two cytokines IFN-y 

and IL-4 from mitogen-stimulated PBMCs in such a large population (Section I, Chapter 

3 - Results). A few studies in the literature have shown the co-ordinate expression of 

cytokines in T cell lines and cloned T cells. These include the co-ordinate expression of 
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mRNA for IFN-y and IL-2 by Jurkat cells that have been stimulated by PMA and PHA 

(204). Another study has shown the co-ordinate increase in IL-2 and IFN-g mRNA in 

ConA and PMA-stimulated human peripheral blood lymphocytes and Jurkat cells as well 

as their co-ordinate suppression by Cyclosporin A (CsA) (205). Yet another study has 

shown the co-ordinate expression of mRNA and protein for IL-2, IL-3 and IFN-y by 

cloned T cells upon stimulation with ConA (206). However, the fact that we have 

observed co-ordinate expression of these three cytokines in stimulated PBMCs does not 

permit us to speculate whether or not they are coming from the same cell, but rather to 

speculate that they may share common regulatory and/or signaling pathways which may 

help explain their coordinate expression. One possible mechanism by which this may 

occur is through the calcium-sensitive transcription factor, NFAT. Many cytokine genes 

have been shown to have binding sites for NFAT transcription factors in their regulatory 

(promoters or enhancers) regions, including IFN-y (207), IL-4, IL-2, TNF-ot, GM-CSF 

and IL-3 (208). In addition, recombinant NFATl was able to transactivate the IL-3, IL-4, 

TNF-a and GM-CSF promoters in Jurkat cells (209). Therefore, it is possible that 

cytokine genes located on different chromosomes may be co-ordinately regulated by 

common upstream signaling mechanisms in T cells. 

Analyses by Dr. Catharine Holberg at the Respiratory Sciences Center also 

showed that there was a linkage between concordance for low IFN-y production among 

siblings and chromosome 5q (ref). Scanning the region of chromosome 5q in which this 

linkage was observed, we found that the gene for a T-cell specific tyrosine kinase called 
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Itk was located in this region and hypothesized that the co-ordinate expression of 

cytokines may be regulated via this kinase. 

We then recruited a group of 77 individuals to assess mitogen-stimulated 

production of IFN-y and IL-4. An examination of IFN-y production from these 

individuals indicated a log-normal distribution of cytokine production. A similar log-

normal distribution was obtained for IL-4 production as well. The log-normal 

distribution of cytokine production obtained in this study was similar to the distribution 

obtained for the larger group of children and adults analyzed in Section 1. However, 

levels were greater than a log above the values obtained previously (Figure 3.2). This is 

probably due to the differences in assays used in the two instances. A comparison of 

levels in a sub-group of individuals tested with both assays indicated that this was indeed, 

the case. In addition, in the small group of individuals analyzed here, we did observe a 

trend for males to have higher levels of stimulated cytokine than females, although this 

trend did not reach statistical significance for either cytokine (Table 7.1). 

We then examined the relation between mitogen-stimulated IL-4 production and 

IFN-y production in this group of individuals. A strong positive relation was observed 

between these two cytokines for this group of individuals as well (Figure 7.4). This was 

gratifying in that this result in the unselected population here duplicated the result 

obtained in the previous group (Figure 4.13 and 4.16), thereby making it less likely that 

the positive relation obtained previously was artifactual. This further reinforced the idea 

that certain common mechanisms regulate cytokine production. 
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In order to examine Itk expression in T cells from individuals, we decided to 

examine Itk expression by western blotting. PBMCs were isolated from individuals and 

cell lysates were probed with an anti-//A: antibody. However, the only commercially 

available antibody at the time (from Santa Cruz Biotech) was not useful (in my hands) at 

detecting Itk expression reproducibly. Another subsequently available commercial 

antibody was then tried (from Upstate Biotech) which also did not show reproducible 

expression of Itk in PBMC lysates. It is possible that the lower proportion of cells 

expressing this protein as well as the lower expression of Itk in primary cells did not 

permit easy detection. Hence, we thought to enrich the Itk-expressing fraction of PBMCs 

and use isolated T cells to examine Itk expression. 

Prior to using T cells, it was first important to determine if Itk was present in both 

CD4^ and CD8^ T cells. Data from mice indicated that the development of CD4 cells 

was more sensitive to the absence of Itk than the development of CDS cells (194). 

Hence, we examined Itk expression in isolated CD4 and CDS cells from three different 

donors. The results indicated that Itk was present in both cell types (Figure 7.S) and that 

it was feasible to use isolated T cells to examine Itk expression. 

In addition, it was necessary to determine what cells were the major contaminants 

obtained during separation of cells. At the end of the isolation procedure, a consistent 

population of cells of small size and low granularity were the major contaminants. It was 

necessary to determine what cells these were as proteins from these cells would be 

present in a lysate. Upon further examination, these cells were found to be 

predominantly platelets as determined by the expression of the CD41 marker (Figure 
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7.9). Myeloid cells do not express Itk (161) and so the platelet contamination was not 

thought to be detrimental. 

We then selected twenty individuals based upon cytokine production - ten 

individuals with the lowest cytokine production and ten age and sex-matched individuals 

with the highest cytokine production. It was thought that if there were any differences to 

be seen in Itk expression, it would be revealed most easily when the two groups were 

diametrically opposed to each other. As shown, in Table 7.2, there were no significant 

differences in age or sex ratio between the two groups of individuals, while there was a 

difference in cytokine production. Itk expression was examined in negatively isolated T 

cells from these individuals. Itk expression has been shown to be increased with 

stimulation (Figure 7.6 and (161, 165)). Therefore, it was thought that negative selection 

would not affect any cell surface markers and would be the best way of isolating cells 

that have not undergone stimulation of any kind. 

The level of CD3 on the surface of Itkcells was reported to be lower than on 

wild type cells (187). In order to determine if that was the case between the two groups 

of subjects in this study, we examined the surface levels of CD3 by flow cytometry. As 

shown in Figure 7.11 and Table 7.3, we could not demonstrate a significant difference in 

surface CD3 expression between the two groups of subjects. It is possible that a 

difference in CD3 expression may only be apparent when there is a great difference in Itk 

expression as in the case of the wild type mice and mice with a deletion mutation of Itk 

(187). However, the lack of a difference in surface CD3 observed in this study suggested 
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that it would be appropriate to utilize CD3 to normalize Itk expression in the purified T 

cell lysate in order to enable us to compare Itk expression across individuals. 

As shown in Figure 7.12 and Table 7.3, low producers of cytokines show 

significantly lower expression of Itk (normalized to CD3e) than high producers. This 

result could explain the lower expression of cytokines by cells from these individuals. 

The lower kinase expression could cause a smaller pool of activable kinase to be present, 

resulting in a lower signal being transduced, in turn resulting in decreased cytokine 

expression. 

In order to draw conclusions about the effect of Itk on cytokine production, it was 

necessary to examine Itk function. The endogenous substrate for Itk has not been 

definitively identified, and attempts to use one of the proteins shown to be the target of 

Itk phosphorylation (i.e. CD28) in an vitro kinase assay have not been successful. 

Therefore, the 13 amino acid peptide RR-Src has been used as the substrate for Itk in in 

vitro kinase assays (184, 210). Primary T cells did not show a reproducible increase in 

Itk kinase activity with stimulation. A small, but reproducible increase in kinase activity 

was demonstrable with stimulation in Jurkat cells (which express significant amounts of 

Itk), although the increase observed was not as high as that reported in the literature. In 

order to rule out the possibility that the conditions of the kinase assay are not optimal for 

the phosphorylation of the substrate (RR-Src), exogenous active Src kinase was added 

and an in vitro kinase assay performed. As shown in Figure 7.13, RR-Src was 

phosphorylated by exogenous Src in a dose response fashion, suggesting that conditions 

were optimal for the phosphorylation of this substrate. Our inability to detect increased 



108 

kinase activity in stimulated primary T cells could be due to the fact that such increases 

have been reported to be far smaller than those observed for Jurkat cells (A. August, 

personal communication). 

In summary, we have been able to demonstrate co-regulated expression of the 

cytokines IFN-y, IL-4 and IL-3 in two unselected populations (one of children and one of 

adults). Individuals with very low or very high IFN-y and IL-4 production showed low 

and high expression (respectively) of the tyrosine kinase, Itk. Attempts to demonstrate 

function of this kinase in primary T cells were unsuccessful. Functional studies would 

enable us to determine if individuals with lower cytokine expression show decreased 

function of Itk as an integral property of the kinase or due to decreased expression of an 

equally functional kinase. The former possibility could arise as a result of 

polymorphisms in the coding region of the gene for Itk and might be an explanation for 

the linkage observed between decreased IFN-y production and chromosome 5q. 

However, the expression studies coupled with the linkage observed enable us to conclude 

that Itk is a candidate gene for upstream regulation of co-ordinated cytokine expression. 
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