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1. ABSTRACT

Previous studies suggested that human memory and naive T-cells can be

distinguished based on the differential expression of two C045 isoforms. It was

believed that CD45RA is expressed only on naive cells and that C04SRO IS

expressed only on memory cells. The separation of cell subsets based on the

differential expression of C045 isoforms was fundamental to the experimental

design used to test the hypotheses presented in this thesis.

The first hypothesis was that the memory T-cell TCRBJ and TCRBV

repertoires are significantly different from those of naive T-cells within the same

Individual. Using a quantitative RT-peR ted'lnique. it was found that the TCRBJ,

and to a lesser extent TCRBV repertoires of CD45RA" (naive) and CD45RO·

(memory) T<ells differ. This result has relevance for future studies of the TCR

repertoire and suggests that researchers must distinguish between these two

T-cell subsets in their experimental designs.

Based on the commonly accepted belief that T-cell maturation in the

thymus is HLA dependent. the second hypothesis of this thesis was that genetics

and. more precisely. HLA affect the TCRBJ repertoire of C04+CD45RO· (naive)

T -cells. Previous studies have attempted to test this hypothesis. but the

conclusions drawn are weak in view of the lack of adequate statistical approaches

to analyze TCR repertoires. By comparing the naive T-cell TCRBJ repertoires of



tdentical twins and unrelated individuals and by em~ying a novel method of

statistical analysis, statistical evidence was found for a genetic effect on the

TCRBJ repertoire of CQ4·C045RO· (naive) T..cells. Similarty. family studies

provided statistical evklence tor an HLA effect on the CD4·C045RO· (naive)

T-cell TCRBJ repertoire in comparisons of HLA identical and HLA non-identical

siblings.

Statistical evidence was obtained in support of the third hypothesis whid"l

was that twin pairs discordant for multip{e sderosis (MS) have less Similar

CQ4+CD45RO· (naive) T-cell TCRBJ repertoires than do healthy twin pairs. In

other words. Ihis research provides evidence that the TCRBJ repertoires are

altered in MS patients. The cause and timing of this alteration remains unknown.

It appears some C045RO· (memory) T-cells may revert to the expression

of the C045RA (nai....e) isoform and retain their immunological memory. This

recent evidence may refute the use of lhese mal'1ters for distinguishing naive and

memory cells. These results. howe....er. do not affect the interpretation of results

for the first hypothesis. and results obtained for HLA identical ....5. HLA

non-k:lentical siblings suggest that the effect of ·revertant" cells was minimal.
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1. INTRODUCTION

"The immune system is a remarkabty adaptive defense system that has

evolved in vertebrates to protect them from invading pathOgenic microorganisms

and cancer. It is able to generate an enormous variety of cens and molecules

capable of specifically recognizing and eliminating an apparently limitless variety

of foreign invaders" (Kuby, 1994).

'Vertebrates use a complex and intricately interconnected array of

weapons to mount an immunological defense against infectious foreign invaders"

(Strange. 1995).

1.1 Brief History of Immunology

The ear1iest known record of immunity was made by the historian,

Thucydides. in 430 Be. though there is evidence suggesting that the concept of

immunity predates this. One definition of immunity is a ·state of protection from

infectious disease" (Kuby, 1994). Attempts to induce immunity through a

technique known as vari<Xation were made in the 15" century by the Chinese and

the TurX$. In 1796. Edward Jenner observed that milkmaids who contracted

cowpox were not susceptible to the more severe disease, smallpox. As a result

of this observation. Jenner improved the technique of variolation and produced

the first vaccine.



For the next 100 years, there were very few developments in the field of

immunology. Then in 1885, Pasteur developed the first attenuated human

vaccine against rabies. Remarkably, these advancements were made while the

mechanisms involved were very poorly understood. The accomplishments of

Jenner and Pasteur made it possible to induce protective immunity against

important pathogens. Together with a large number of twentieth century

immunologists, beginning with most notably perhaps Paul Erlich, Edward Jenner

and Louis Pasteur helped set the foundations from which the field of immunology

has flourished (forreview see Kuby, 1994 and Abbas et al., 1994).

1.2 Innate and Acquired Immunity

Vertebrates possess three lines of defense against foreign antigen. First

are physical barriers such as the skin and mucous membranes; second and third

are the innate and acquired immune response (Strange, 1995).

1.2.1 Innate Immunity

The stomach's low pH is one example of how the human body protects

itself non-specifically from foreign pathogens; (many pathogens die in an acidic

environment.) This type of immunity is also known as innate immunity; it

provides an antagonistic environment to many pathogens, but is not directed to

any particular pathogen. Innate immunity can be divided into the following

categories: 1) Physiologic barriers: temperature, pH, oxygen tension and



soluble factors; 2) Endocytic and phagocytic barriers; 3) Inflammatory response

(Kuby, 1994),

1.2.2 Acquired Immunity

An important function of the immune system is to rid the body of

pathogenic microorganisms. While innate immunity is often effective in achieving

this goal. it is at times insufficient and lacks the ability to generate what are

known as the hallmarks of immunity: specificity, diversity. self/non-self

recognition and memory (Kuby, 1994). the characteristics of the acquired or

specific immune response.

Lymphocytes and antigen presenting cells (APes) are two types of cells

necessary for the acquired immune response. T-cells, B-cells and natural killer

cells constitute lymphocytes, while APCs indude mainly macrophages, dendritic

cells and B-cells. Together lymphocytes and APCs are capable of recognizing

specific antigen and eliminating it from the system. thus achieving one of the most

important functions of the immune system.

In this thesis. the cell of interest is the T-cell, therefore, the subsequent

portion of this thesis will deal with T-cells and related topics.



1.3 Function and Role of T-cells

1.3.1 T-cells and the Hallmarlrs of the Immune System

T-cells are lymphocytes. and like other white blood cells, lymphocyte

Preo.Jrsors originate in the bone marrow in a process known as hematopoiesis_

Lymphocytes are responsible for the hallmarks of immunity mentioned above.

The following paragraphs will expand upon how T-cells contribute to these

hallmarks.

T-<:ells express a surface protein known as the T-cell receptor (TCR). The

TCR does not bind antigen arone; it binds antigen in combination with a major

histocompatibility complex (MHC) molecule. The tri-molecular complex is formed

as a consequence of this binding. As its name suggests. the trHnolecular

complex is composed of three molecules: TeR, antigen and MHC. The portion

of the TeR which is implicated in the adual binding to the MHC and antigen is

referred to as the combining site (Gartxx:zi et a/., 1996). The TCR combining site

is the most diverse part of the TCR. That is, the amino acid sequence varies

remarkably within the TCR combining site creating many different TCRs which

are capable of binding to many different antigens. thus contributing to the

diversity of the immune system. The mechanisms contributing to this variable

amino acid sequence will be discussed in Sections 1.6 and 1.7.



Precursors to T-cells are released from the bone marrow and migrate to

the thymus where they complete their maturation. In the thymus, there are two

basic selection processes known as positive and negative selection. These

selection processes will be discussed further in Section 1.6. Negative selection

eliminates T-cells the receptors of which bind to self·MHC in combination with

self-peptide with very high affinity. This process is an attempt to ensure that

T-cells will not attack self tissues and helps create the immune system's hallmark

of self/non-self recognition.

Each T-cell expresses on its surface many copies of one specific TCR.

The TCR expressed varies from T-cell to T-cell, thus (if the phenomenon of cross

reactivity is overlooked,) each T-cell is specific for a different antigen (Ag). When

a T-cell binds Ag-MHC and receives all the necessary stimuli, it becomes

activated and proliferates, producing progeny identical to itself. These are known

as clonal progeny and are specific for the original antigen. The process is

referred to as clonal expansion and enables the immune system to generate a

response against a specific antigen. That is, it provides the immune system with

the hallmarlk of specificity.

After proliferation, T-cells differentiate into effector or memory cells.

Effector cells assist in clearing antigen, and have a short lifespan, dying very

shortly after antigen clearance. Memory cells are long lived, and if the same

antigen is encountered a second time, memory cells initiate a faster, more



efficient response. This provides the immune system with the hallmark of

memory (see Kuby. 1994 for more infonnation on the hallmal1<s of immunity).

f .3.2 T-he/per Cells

T-cells can be divided into two distinct and mutually exclusive groups.

Upon leaving the thymus. T-celts express either CD4 or COB molecules (see

Section 1.6). Upon differentiation. the T-cells expressing CD4 are T-helper cells

(Th) and those expressing COB are T-cytotoxic cells (TC). There are exceptions

to this general rule. but they are inconsequential to this report.

Tc cells reccgnlze MHC dass I and exhibit cytotoxic function. Most cells in

the body express MHC dass I. Provided with all the necessary co-stimulators. Tc

cells will lyse cells expressing self·MHC class I in combination with foreign

antigen.

The researd'l presented in this thesis is focused exclusively on CD4·

T-cells. CQ4· T..cells were selected for two fundamental reasons. First. these

cells are more abundant in the peripheral blood of humans than CDS' T-cells.

Second. CD4· T..cells have been implicated in the pathogenesis of multiple

sclerosis (MS). a disease reJevant to this thesis.



1.3.2.1 General Function

As their name implies, Th cells provide "help" to other cells in the immune

system; they do this through three main functions. First, B-cells require a

co-stimulatory signal from Th cells in order to differentiate into plasma cells.

Second, Tc cells require IL-2, a cytokine secreted from Th cells in order to

become activated. Finally, Th cells are involved in delayed type hypersensitivity

(DTH}(Kuby, 1994).

1.3.2.2 Th1 and Th2 cells

Cytokines are soluble molecules that are capable of mediating numerous

biological activities. They are secreted by immune cells including Th cells. Th

cells can be separated into two categories based on their cytokine profile. Th1

cells secrete IL-2, IFN-y, TNF-a and TNF-P, promoting Th and Tc cell

proliferation, aiding IgG production and increasing the activity of macrophages.

Th2 cells secrete IL4, IL-5, IL-S, IL-10 and IL-13, facilitating the allergic reaction

and contributing to B-cell activation. Interestingly, the cytokines secreted by each

type of Th cell have an inhibitory effect on the other type of Th cell (Amital et al.,

1995 and Kuby, 1994). Furthermore, Th1 and Th2 cells secrete at least some

cytokines which have an autocrine function, promoting the growth of the very

cells that secrete them (Amital et a/., 1995 and Kuby, 1994).



1.4 Structure of the T-<:ell Receptor

1.4.1 Nomenclature

The current WOl1d Health Organization standards for TCR nomend8ture

are used in this report (WHO-lUIS Nomenclature Subcommittee on TCR

Designation, 1993).

1.4.2 Structure ofthe T-<:ell Receptor

The TCR is a glycosylated heterodimer (Bentley & Mariuzza. 1996). It is

composed of two pofypeptide chains linked by a cysteine bridge. Over 95% of

TCRs are composed of one a-chain and one p-chain. known as aj3rCRs (Kay &

Oilier. 1994). In this thesis. all mention of T-cells is in reference to those

expressing the at3TCR. The remaining 5% of TCRs are r6TCRs; not only are

these less abundant, but the method by which they recognize Ag is not as well

understood (Bentley & Mariuzza, 1996).

Until recently, information on the three dimensional structure of the TCR

has been extra~ed from the structure of immunoglobulin based on sequence

I'lornobgy (Bentley & Mariuzza. 1996). Normally. polypeptide stl\JCture is

delennined by X-ray crystallography. There are many obstacles to be overcome,

however, for this process to be applicable to the TCR. The main obsl3cle occurs

at the crystallization step; it is diffiaJlt to crystallize the TCR. because it is not



commonly found in soluble form and is normally associated with carbohydrates

(Bentley & Mariuzza, 1996).

Advances in the X-ray crystallographic analysis of the TCR have provided

the three dimensional structure of a TCR p-chain and of the V region of a TCR

a-chain (Bentley et al., 1995 and Fields et al., 1995) and, most recently, have led

to the detenmination of the three dimensional structure of a complete TCR in

complex with antigenic peptide and MHC (Garbaczi et al., 1996). Research

supports the hypothesis that the TCR is structurally similar to immunoglobulin

(Fields & Mariuzza, 1996; Bentley & Mariuzza, 1996 and Garbaczi et al., 1996).

As stated earlier, the TCR is a heterodimer. Each chain of this

heterodimer can be divided into two domains: a variable M domain and a

constant (C) domain. The terms V and C reflect the extent of variation in the

amino acid sequence of the domains: the V domain exhibits marked variability

and the C domain is relatively conserved. The two domains do, however, show

some similarity. Most notably, there is an intrachain disulfide loop of

approximately 70 amino acids (Kuby, 1994). Furthermore, each chain is arranged

in the T-<:ell membrane as follows: carfboxy-tenminus, short cytoplasmic tail,

transmembrane region, hinge region (where the two chains are connected by a

disulfide bridge), C-<lomain, V-<lomain and the amino-tenminus (Kuby, 1994).

The variable domain participates in antigen binding. As with

immunoglobulin, the most variable parts of the V-<lomain are referred to as the
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complementarity detennining (COR) regions. The TCR includes four CDR

regions. Recent evidence suggests that CDR1. CDR2 and CDR3 regions are

involved in binding the MHC molecule (Garboczi at al., 1996). In contrast. COR3

alone is believed to playa major role in binding the antigen (Cothia et af.. 1988;

Parham, 1996 and Gartxx:zi et al.. 1996), although it should be noted that

Garboczi et al. (1996) found that CORl also bound peptide. A fourth CDR region

is apparent and may be involved in recognition of superantigen (Irwin &

Gascoigne. 1993).

The germline DNA enCOding the TCR is composed of many gene

segments. These can be divided into categories. For the a-chain. there are

variable M gene segments. joining (J) gene segments and constant (e) gene

segments. The 13-chain has all of these. and in addition. has diversity (D) gene

segments. Together. the V, 0 and J segments make the variable (V) domain

discussed above. and the C segment comprises the constant (C) domain. How

these gene segments rearrange to produce a contiguous coding region will be

discussed in Section 1.7.3 (Moss et af.. 1992).

The TCR is associated with another membrane-associated rnoIecular

complex termed C03. After antigen recognition by the TCR, C03 is involved in

signal transduction. There are five invariant chains that combine to make C03;

these are..,. E. 5, .; and TJ. These chains form four possible dimers: .:'t. OC, ,;,; and

~Il 90% of all C03 molecules have one yE heterodimer. one SE; heterodimer and
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one ~~ homodimer. The remaining 10% have a ~~ heterodimer in the place of the

~~ homodimer.

The interaction between a T-cell and an APC is strengthened by other

accessory molecules. The most noteworthy of these are CD4 and CDB. CD4

and CDB not only function as adhesion molecules, but as co-signaling

coreceptors. As cell adhesion molecules, CD4 binds to class II MHC molecules,

and CDB binds to class I MHC molecules (see Kuby, 1994 and Abbas et al., 1994

for further details on overall TCR structure, CD3, CD4 and CDB).

1,5 Structure and Role of the MHC

1.5.1 Structure of the MHC

The major histocompatibility complex (MHC) is a group of genes that

encode, perhaps most notably, the MHC molecules recognized by T-cells.

Class I, class II and class III are the three regions into which it is divided. In

humans, the MHC is known historically as the Human Leukocyte Antigen (HLA)

gene region and is present on chromosome 6. Each HLA class I and II region

has three main subregions. The main class I SUbregions are termed A, Band C,

and the main class II subregions are termed DP, DQ and DR. The MHC is highly

polymorphic; each gene has many different forms or alleles. As a result, most

individuals are heterozygous at each of the six regions mentioned above. MHC
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molecules are codominantly expressed. A heterozygous individual would, thus,

express twelve different MHC molecules. The MHC loci are dosely linked, and

are usually inherited as a linked set of alleles referred to as a haplotd genotype or

haplo<ype.

Class I MHC molecules consist of two polypeptides: an a·chain and

jh-microglobu/in, The llz-microglobulin shows little polyrno(phism. It appears to

be necessary for the proper conformation and expression of dass I MHC. The

a-ehain is encocled within the A. Band C regions of the HLA complex. It has

three external domains of approximately 90 amino acids each. referred to as a,.

0.2 and 0.3. There are two pairs of interacting domains. The Prmicrogrobulin and

the ClJ make up the membrane proximal domains. Interestingly, 0.3 is "ery similar

to P2 microgloburin in size, orientation and structure. 0.1 and 0.2 make up the

membrane distal domains. The 0., and 0.2 domains together form an antigen

binding deft: the bottom of the deft consists of p-pleated sheets, and the sides

consist of a-helices. The a-chain also has a transmembrane and a cytoplasmic

domain.

Class II MHC molecules also ronsist of two polypeptides: an a-<:hain and

a jJ-<:hain. These are encoded by the DP, DO and DR regions of the HLA Each

chain has two domains: a" QZ. 13, and 132. Similar to class I MHC molecules.

these domains interact W'ith one another. az and t3z form the membrane proximal
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domains, and ex, and p, form the membrane distal domains that contribute to the

antigen binding cleft. Transmembrane and cytoplasmic regions are also present

on each chain.

Though both class I and class II MHC molecules form an antigen-binding

cleft, differences in the quaternary structure of the two classes of molecules result

in differences in the size and shape of the cleft. The size and the sequence of

the antigenic peptides that bind to each class of MHC molecules vary (for further

details on this sUbjeci see KUby (1994) and/or Abbas et al. (1994)).

1.5.2 Role of the MHC in the Immune System

Class I and class It MHC molecules have many functional differences,

including differences in cellular expression, involvement in antigen processing

and T-cell recognition.

As a general rule class II MHC molecules present antigen processed via

the endocytic pathway. In this process the internalization of antigen involves

endocytosis and sometimes phagocytosis; (only specialized cells are capable of

phagocytosis). Once internalized, the antigens are degraded into peptides in

endosomes and Iysosomes.

Class I MHC molecules usually present antigen processed via the cytosolic

pathway. This process involves the degradation of proteins already present

inside the cell. These intracellular proleins are continuously being formed and



degraded in cens. To be degraded. proteins are first covalently bound to

ubiquitin. and the subsequent degradation of this complex occurs within

proteosomes.

As a result of these two pathways. each dass of MHC molecules. that ;s

dass I or II. present different types of antigen. The endocytic pathway processes

exogenous antigen, and the cytosolic pathway processes endogenous antigen.

Exogenous antigens are present outside the cell. Most bacteria are exogenous

antigens; to be internalized, they must undergo endocytosis or phagocytosis.

Endogenous antigen is an antigen that is present within the cell. For example.

viruses are endogenous antigen: they enter the cell and replicate within. These

antigens are subject to the same degradation processes to which naturally

intraeeflular proteins are subject.

Provided with all of the necessary co-slimulators. binding of a T-cell 10 an

MHC molecule and foreign peptide results in T-cell activation. As mentioned

earlier. these T--<:ells then proliferate and differentiate into effector and memory

cells. The two classes of MHC molecules are recognized by different T-cell

subsets: thus, they lead to the expansion of different effector cells.

Class I IT'IOlecuIes are expressed on most nucleated cells. Class I

molecules present endogenous antigen and are recognized by COS" T-cells.

When the dass I molecule is in combination with foreign antigen, activated COS"
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T-cells beccme Tc cells which lyse infected cells. As a result, the immune

response is able to eliminate infected cells and limit the spread of a pathogen.

Class II molecules are expressed on specialiZed antigen-presenting cells

(APCs). Class II molecules present exogenous antigen and are reccgnized by

CD4' T-<:ells. When the class II molecule is in ccmbination with foreign antigen,

the CD4' T-<:ell proliferates and its progeny become Th cells. As a result, the Th

cells are able to provide help to Tc and B cells, allowing them to eliminate

antigen. These Th cells may also attract macrophages to the site of infection

(see Kuby, 1994 and Abbas et al., 1994 for further information on this subject).

1.6 T-cell Maturation

1.6.1 Hematopoiesis

By definition, hematopoiesis is the fonmation and development of red blood

cells, white blood cells and platelets. In adult humans, hematopoiesis occurs

mainly in the bone marrow. Pluripotent stem cells are present in the bone

marrow. The tenm pluripotent indicates that the destiny of these stem cells has

not yet been decided; depending on their immediate microenvironment, these

cells have the potential to develop into numerous different types of cells. The

actual number of pluripotent stem cells in the marrow is maintained by

homeostatic mechanisms, and these cells are self-renewing. All hematopoietic



cells grow and mature on a netNorit of stromal cells which support their growth

and differentiation.

The first step of differentiation of pfuripotent stem cells invaves the

separation between lymphoid and myefoid lineages. This. like all differentiation

steps within the bone marrow. requires certain cytokines. The various stem cells

must therefore. express receptors for various cytokines at each step in their

differentiation. Myek:lid stem cells require GM-CSF and IL4 3 for differentiation

whereas lymphoid stem cells require IL4 3. Consequently. these cells express the

corresponding cytokine receptors. Myeloid cells continue differentiation to

become macrophages. monocytes. neutrophils. eosinophils. basophils. mast

cells. ~telets. and red blocx:l cells. It is the lymphoid lineage which is of interest

in this Ihesis. however. as it is from these cells that the Th cells are derived.

The lymphoid stem cell has the potential to become either a T progenitor

or a B progenitor. T progenitors are attracted to the thymus via a chemc:?tactic

factor secreted by thymic epithelial cells. On entry into the thymus. these cells

are CD4' and CDS- and are referred 10 as double negatives. They also do not. as

yet. express the T-cell receptor or C03 complex. and are. therefore,

CD4
4

Coa-TCR
4

C03-. Cefls of the lymphoid lineage in the thymus are termed

Ihymocytes (see Kuby. 1994 for further details on hematopoiesis).



1.6.2 Gene RNrrangement

As mentioned earner. the TCR DNA contains many different gene

segments which rearrange during ontogeny in the thymus. The number of genes

present in the gennline DNA for each type of segment is shown in Table 1-1. In

this table. TCRA and TCRB refers to the TCR a-chain genes and the TCR

p-chain genes. respectivef}'. The V. 0, and J terms refer to the variable,

diversity, joining and constant gene segments discussed in Section 1.4.2. The

TCR 13-chain genes are present on chromosome 7, and the TCR a-chain genes

are present on chromosome 14. p-chain orphan (OR) genes are found on

chromosome 9 and outside the p-chain complex on Chromosome 7 (Kay & Oilier,

1994). These genes are not expressed, though ·they have no obvious defects in

their nucleotide sequence that would preclude translaoon and their

heptamer/nonamer recombination site sequences [RSS] are conserved' (Kay &

Oilier, 1994). (RSSs are discussed later in this section.) The focus in this thesis

is on the TCRBVand TCRBJ gene segments. Table 1-1 shows that there are 64

TCRBV gene segment and these are categorized into 25 families on the basis of

a minimum of 75% sequence homology (Kay & Ollier, 1994). Families may

contain only one member or multiple members (Laroque & Robinson, 1996).

Families may also contain pseudogenes (Laroque & Robinson, 1996). There are

13 TCRBJ gene segments, divided into two dusters or families based on

proximity within the genome: in this case, the term families is confusing as these



particular clusters are based on their proximity in the genome and not based on

sequence homology. The two TCRSC gene segments are very similar; they

differ only by 6 amino acids in the translated region (Kay & Oilier, 1994).

18



Table 11- Number of TCR Gene Segments

19

Number of Families Number of Gene Reference
Segments

TCRBV 25 64 LaRoque &
Robinson, 1996

TCRBJ 13 Kuby, 1994

TCRBD 2 Kuby, 1994

TCRBC 2 Kuby, 1994

TCRAV 32 70 Wei & Concannon,
1996 and Kay &
Oilier, 1994

TCRAJ 75 Kay & Oilier, 1994

TCRAC 1 Kuby, 1994
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The TCR gene segments are positioned on the chromosomes as follows.

On chromosome 14 proceeding from 5' to 3', there are all the TCRAV gene

segments followed by the TCRAJ gene segments and the constant gene region

(C). Interestingly, the 1H:hain genes are found between the TCRAV segments

and the TCRAJ segments. On chromosome 7 from 5' to 3' are all the TCRBV

segments, followed by TCRBD1 and six TCRBJ gene segments (Le., the

TCRBJ1 cluster) and the first constant region gene; this constitutes the first

BD-BJ-BC cluster. Finally, there is a second BD-BJ-BC cluster; that is, TCRBD2

followed by seven TCRBJ segments (i.e., the TCRBJ2 cluster) and a second

constant region gene (Kay and allier, 1994).

Conserved recognition signal sequences (RSSs) have been found flanking

each gene segment. A recombinase enzyme recognizes these RSSs and

catalyzes the joining of the segments. All rearrangements follow the

one-turnltwo-tum joining rule, ensuring that gene segments are joined in a proper

order. The usual order of rearrangements is as follows: 1) TCRBD to TCRBJ;

2) TCRBV to the newly formed DJ segment; 3) TCRAV to TCRAJ (Godfrey et

al., 1993). Occasionally however, different rearrangements can occur, these are

to be discussed further on in this section (Quiros-Roldan, 1995 and Kuby, 1994).

These rearrangements contribute to TCR repertoire diversity (Kuby, 1994). For

the TCR, the diversity generated through this mechanism is known as

combinatorial joining and is represented by equations 1.1 and equation 1.2.
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For the TCR p-ehain - equation 1.1:

TCRBV gene segments x TCRBD gene segments x TCRBJ gene segments

64x2x13=1664

For the TCR o:-chain - equation 1.2:

TCRAV gene segments x TCRAJ gene segments

70 x42 = 2940

Since the 0: and p-chain rearrangements are independent and the chains

form heterodimers, we get equation 1.3.

Equation 1.3:

~-chain combinatorial joining x a-chain combinatorial joining

2940 x 1664 = 4.9 x 10'

This gives almost 5 million possibilities for the o:pTCR based on

combinatorial joining. Other mechanisms increase this potential diversity:

alternate joining of the D gene segments, exonucleclytic nibbling and

N-nuclectide addition. The total potential T-cell repertoire is approximately 1012
,

and is termed the potentially available repertoire. However, this potentially

available repertoire cannot be expressed in a single individual, as the total

number of lymphocytes in an adult is in the same range (approx. 10'2)

(Shuurman, 1993). The actual repertoire is believed to be much less than this

due to mechanisms to be discussed in Section 1.7.
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Alternate joining of the 0 segment is observed as a result of the joining

rule. If this rule is observed, it allows for a TCRBV segment to join either a OJ

segment, which is the usual occurrence, or for a TCRBV segment to join a

TCRBJ segment directly. This creates either a VOJ unit or a VJ unit (Kuby,

1994). There is also evidence of illegitimate rearrangements which produce a

VOOJ unit (Quiros-Roldan et al., 1995).

Both exonucleolytic nibbling and nucleotide addition contribute to junctional

diversity and both these processes are believed to be non-random (Candieas et

aI., 1991). Furthermore, these processes lead to many non-productive

rearrangements, but they also produce productive rearrangements with

alternative amino acid sequences at the coding joint, increasing the overall

diversity (Kuby, 1994). Exonucleolytic nibbling is the deletion of nucleotides at

the site where the two gene regions are joined (Quiros-Roldan, 1995). Nucleotide

addition is carried out by an enzyme, terminal deoxynucleotidyl transferase

(TOT), which adds up to six nucleotides at the coding joint (Kuby, 1994 and

Komoriel et al., 1993).

If a non-productive rearrangement occurs at one allele, rearrangement of

the second allele is attempted. If this also fails, the cell dies by apoptosis (Kuby,

1994).

A successful rearrangement at the TCRB locus is followed by the

expression of a pre-TCR. This pre-TCR consists of a p-chain and an
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alternate form of the CD3 complex. The expression of this complex

tenminates any further rearrangements at the TCRB locus and promotes

expression of CD4 and CD8. These cells are now CD4'CD8'TCR-CD3',

and are known as double-positive cells. This process ensures that only

cells with a productive ~-<:hain rearrangement go on to rearrange the

a-<:hain (Robey & Folkes, 1994).

a-chain rearrangement, in turn, is thought to be terminated by

positive selection (Robey & Folkes, 1994). Therefore, just prior to positive

selection T-cells are CD4'CD8'TCR'CD3'.

1.6.3 Thymic Selection

1,6.3.1 Positive and Negative Selection

Whether the peptides expressed during positive and negative selection are

dominant or cryptic is the subject of much debate. In fact, many of the aspects of

thymic selection are controversial. What follows is a general outline of the

processes of positive and negative selection based on recent review articles:

Anderson et al. (1996), Janeway (1994), Kiesielow & Miasek (1996), Kruisbeek

(1993) and Ritter & Boyd (1993).

Human T-<:ells mature within the thymus from immature CD34' precursor

cells that migrate via chemotaxis from the bone marrow. In the thymus,
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maturation proceeds via an ordered and specific sequence of phenotypic

changes (Vanhecke et al., 1995). In the previous sections, T-<:ells were followed

from their entrance into the thymus as CD4-CDS-TCR-CD3- cells, to the

rearrangement of the p-d1ain and the associated phenotype change to

CD4'CDS'TCR-CD3' and finally, to the a-chain rearrangement and the

expression of a viable TCR, creating CD4'CDS'TCR'CD3' cells.

In the thymus, the CD4-CDS- or double-negative cells are situated in the

outer cortical region. CD4'CDS' or double-positive cells are found in the

remainder of the cortex. CD4' and CDS' T-cells or single-positives are

concentrated in the medulla where they eventually migrate to the periphery.

Double-positive cells undergo a selection process that ensures two things:

that mature T-cells will recognize antigen only in the context of self-MHC and that

T-<:ells expressing high affinity or avidity receptors are eliminated. This selection

process includes the processes of positive and negative selection. It is estimated

that 95 to 99% of thymocytes never leave the thymus (Janeway, 1994). At

present, it is believed that the majority of these cells die by neglect; double

positive cells have a finite lifespan, and if they are unable to undergo positive or

negative selection within this lifespan, they die (Anderson et al., 1996). This is

considered death by neglect; the cells die via a process known as apoptosis.

Positive and negative selection occur through biochemically distinct pathways
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(Anderson et al.. 1996), and can occur simultaneously on double positive

thymocytes (KisiekJw & Miasek, 1996).

It appears that contact with the thymic epithelial cells is necessary for all

stages ofT-cell maturation (Anderson et a/.. 1996). The MHC molecules on the

thymic stroma and their interaction with the TCR are known to p{ay a critical role

in thymic sefection (Kruisbeek, 1993). Besides the thymic epithefial and stromal

cells, other cells praying a role in the selection process include dendritic cells and

macrophages. Together. all these cells provide a combination of cell·to<ell

contact and soluble factors which aid in the maturation of thymocytes (Anderson

et al., 1996). It has also been stated that there is "intrathymic symbiosis·, an

interdependence between thymocytes and their microenvironment (Ritter & Boyd.

1993); in other words, the thymic environment is dependent on the thymocytes

and vice versa.

Most TCR"CDB·CD4" cells are small non-dividing cells that have a finite

life span of a few days (Anderson et al., 1996). Cells with a low level of

expression of TCR molecules are subjected to positive and negative selectk>n.

The result is that ·only cells bearing receptors with the potential to recognize

foreign peptides in the OOfltext of self-MHC moleo..lIes are allowed to mature into

single-positive C04+ or CDS+ T-cells. Thus. low avidity interadions lead to

positive selection and further differentiation, while high avidity interactions lead to

negative selection and death by apoptosis· (Anderson et al., 1996). Avidity,



however, is necessary for but not sufficient 10 promote positive or negative

selection (Anderson at 8/.• 1996).

During positive selection. thymic epithelial cells provide a sustained

interaction rather than a transient interaction with CD4'CDS' thymocytes

(Kisielow & Miasek. 1995 and Wilkinson at 81.• 1995). Though other cells may

contribute to positive selection. thymic epithelial cells appear to be the most

efficient.

Far fewer APes are required to induce negative selection, suggesting that

these cells form multiple contacts with developing Ihymocytes (Anderson at al..

1996). Thymocytes undergoing positive seJection are capable of undergoing

negative selection until TCR levels are upregulated (Dyall & Nikoloc-Zugic. 1995).

This retention of susceptibility to negative selection provides a mechanism for

elimination of self·reactive cells (Wilkinson at af.. 1995).

1.6.4 Activation and Proliferation

After leaving the thymus and entering the periphery, T-cells are naive; that

is. they have not yet encountered antigen. Naive cells are also referred to as

unprimed. antigen-inexperienced 0( virgin cells. Activation occurs upon antigenic

stimulation and induces differentiation and proliferation. Proliferation proceeds by

a process known as clonal expansion. Differentiation. as mentioned earlier.

results in the producOOn of effector and memory cells. Effector cells help rid the
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body of antigen and are very short lived. Memory cells on the other hand are

long-lived cells and upon a second exposure to antigen, mediate a faster and

greater secondary response (see Section 1.3.1) (Kuby, 1994).

1.6.5 CD45/soforms

T-cells express CD45 as do alileukocy1es. CD45 occurs in several

isoforms, which are formed via differential RNA splicing (Stulnig et al., 1995).

The alternative splicing of three consecutive NHrterminal exons of the CD45

transcripts, creates these isoforms (Shanafelt et al., 1996). Those of interest for

this study are CD45RA and CD45RO; these two isoforms differ in molecular

weight and surface epitopes. CD45RA is expressed primarily on naive cells, and

CD45RO is expressed mainly on memory cells. The two subsets, thus, represent

different maturational stages of the same lineage (Kristensson et al., 1990).

Furthermore, the switch from CD45RA to CD45RO cannot take place without

proliferation (Johanisson & Festin, 1996).

There is evidence in mice and in vitro in humans that cells bearing the

CD45RO isoform can revert to the expression of the CD45RA isoform (Michie et

aI., 1992; Hargeaves & Bell, 1997 and Pilling et al., 1996). Though this reversion

of CD45RA" cells to CD45RA' cells has not been demonstrated in vivo in

humans, the possibility remains that CD45RO' (memory) T-cells may revert to the

CD45RA' (naive) phenotype (Rothstein et al. in Richards et al., 1997).
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Furthermore, these "revertant" cells appear to retain immunological memory

(Richards et al., 1997); it has been demonstrated in humans that CD45RA" cells

demonstrate aspects of immunological memory usually associated with CD45RO"

cells (Richards et al., 1997). This finding may have profound implications on the

results of the research presented in this thesis; these implications will be

discussed in detail in Chapter 5. In this thesis, CD45RO' and CD45RA" T-allis

are refered to as naive cells even though populations of cells bearing these

phenotypes may include 'revertant" memory cells.

It is interesting to note that the proportion at cells expressing the CD45RO

isefonm increases with age. These changes in CD45 isefonm expression on

T-cells are likely the result of a lifetime exposure to different antigens (McElhaney

et al., 1995).

There is also evidence for CD45RO" CD45RA" cells (Wallace & Beverley,

1990). These cells have been referred to as early activated cells. It is believed

that this surface phenotype reflects cells in transition to the CD45RO iseform with

a relative delay In the loss of CD45RA from the cell surface after stimulation

(McElhaney et al., 1995).

Very little is known about CD45, though knowledge surrounding its

function and role in the immune system is expanding every day. CD45 is

physically associated with CD4 on resting T-allis. (Bannard et al., 1997). CD45

may be involved in thymocyte differentiation (Poggi et a/., 1996) and apoptosis



regulation (Madno at al., 1996). CD4S's tyrosine phosphatase activity enable it to

playa major role in regulating signal transduction (Shanafelt et al.. 1996).

1.7 The T-cell Receptor Repertoire

1.7.1 Overview

The T-cell receptor repertoire is defined as the total diversity of TCR

molecules in a given T-cell population (Musette. 199Gb). Many variables

contribute to the diversity of the repertoire. including gene rearrangements.

alternate joining of the 0 gene segments. exonucleolytic nibbling and

N-nucleotide addition which have already been discussed.

In this thesis, the focus is on the expression of TCR gene segments on

peripheral blood lymphocytes (PBls). TCR gene segments are not expressed at

equal levels in the periphery. Furthermore. this differential expression of each

segment is not proportional to gene number (Robinson. 1992). Thus for this

thesis. the TCRBJ repertoire is the percent expression of each TCRBJ gene

segment and the TCRBV repertoire is the percent expression of each TCRBV

family.

The naive T-cell repertoire is the product of combinatorial diversity, a and

13-chain joining, thymic selection. allelic differences and perhaps also the effects

of endogenous superantigen (Kuby, 1994). The memory T-cell repertoire reflects
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the influence of antigen and of exogenous superantigen on the naive T-cell

receptor repertoire. Some of these processes have already been discussed, the

remainder will be discussed in the following sections.

1.7.2 Generation ofDiversity

It has already been demonstrated that some diversity is created at the

fevel of gene rearrangements. The reamJngement of TCR gene segments is not

random. and certain recombinations occur with a higher than random frequency

(Quiros-Roldan et al.• 1995). Thus, prior to thymic selection, there is skewing of

the TCR repertoire.

The naive TCR repertoire may also be influenced by thymic selection.

80th positive and negative selection involve binding to self-MHC in combination

with seIf-peptide. It has been shown that binding 10 a particular MHC·antigen

complex is dependent on the TCR gene segments expressed (Nanda at a/.,

1992; Smith et al., 1994 and Stryuk et al.. 1995). Since different TCRBVand

TCRBJ gene segments would bind these MHC complexes with differential avidity,

certain TCR gene segments would be more likely to survive thymic selection

(Walser-Kuntz et al.. 1995b).

Allelic differences have also been demonstrated for TCRBV (Posnett.

1990 and Kay & Oilier, 1994) and for TCRAV (Kay & Oilier, 1994). Allelic

differeoces indude: 1) the presence of a stop codon that causes failure to
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express the allele; 2) differences in the non-coding region of two gene segments

that produce an identical protein but possibly lead to differences in the level of

expression of that segment (Kay et af" 1994); and 3) differences in the

sequence of TCR molecules that may cause differences in circulating levels,

especially if the changes in sequence affect the avidity of binding during positive

and negative selection. To summarize, different alleles may code for entirely

different proteins, for premature stop codons, or for changes in sequence that

lead to failure of expression of a particular gene (Kay & Oilier, 1994). What is

vital here is that some polymorphisms influence the circulating repertoire (Kay &

Oilier, 1994). Interestingly, alleles may vary in their expression levels among

human populations (Barron et a/., 1995 and De Inocencio et a/., 1995).

Superantigens will bind to certain TCRBV families (Moss el af., 1992).

Expression 01 superantigens in the thymus, can result in the deletion of an entire

TCRBV family. Endogenous superantigens have been identified in the mouse

but not yet in the human. It has recently been demonstrated that superantigens

affect not only TCRBV, but TCRBJ (Irwin & Gascoigne, 1993; Pullen & Bogatzki,

1996 and Musette el al., 1996b).

The above factors contribute to the diversity of the naive T-cell repertoire.

Once T-cells are in the periphery, their repertoire is modulated by exposure to

various antigens and superantigens. Again since TCR gene segments may
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preferentially bind different peptides. further skewing of the repertoire wiR occur

and is dependent on the antigens and superantigens encountered.

The potential TCR repertoire was stated in Section 1.6.2 as being 1012 It

is believed, however, that as a result of many of the abovementioned processes

influencing T-cells (Le., non-random rearrangements, non-random production of

junctional diversity and HLA-dependent thymic selection), the overall available

TeR repertoire is much less.

1.7.3 The Influence ofGenetics on the T-Cell Receptor

Repertoire

It is daimed that the genetic makeup of an individual affects the TCR

repertoire expressed by the individual (Malhotra ef af.. 1992). Researchers have

provided evidence for this by demonstrating that monozygotic twins are more

similar with respect to their TCRAV. TCRBV and TCRBJ repertoires than

unrelated individuals (Lovebridge et al.. 1991; Gulwani-Akolkar ef al.. 1995 and

Nanki et al., 1996).

The known genetic region apparently having an influence on the TeR

repertoire is the HLA gene region. Various studies report that HLA identical

siblings exhibit more similar TCRBV and TCRAV repertoires than do HLA

non-identical siblings (Gulwani-Akolkar et aI., t 995; Gulwani·Akolkar et al., 1991;

Akolkaretal., 1992 and Uhrberg etal., 1996). Other studies have demonstrated
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a similar effect of HLA on the TCR repertoire in HLA·OR matched but unrelated

individuals (Walser-Kuntz at al.. 1995b).

As will be discussed (see Section 5.3), the evidence in the literature cited

above, that genetics including HLA influences the TCR repertoires is actually

weak in view of the fundamental lack of adequate statistical approaches to

analyze TCR repertoires.

1.7.4 The T-Cell Receptor Repertoire and Disease

Analysis of the TCR repertoire has provided interesting results for three

main types of disease: autoimmune disease, immunogenic tumors and chronic

inflammatory disease (Musette. 1996a). The diseases studied include such

diverse disorders as rheumatoid arthritis (Weyand et al.. 1992: Walser-Kuntz et

al.. 1995b and Mu et af., 1996), malignant melanomas (Puisieux et aI., 1995),

carcinomas (Halapi et al., 1993), alopecia areata totalis (Hoffmann et al" 1996),

pulmonary sarcoidosis (Silver at al., 1996) primary biliary cin1'losis (Mayo et aI.,

1996) and multiple sclerosis.



1.8 Multiple Sclerosis

1.8.1 Overv_

1.8.1.1 Multiple Sclerosis

Multiple scJerosis is an inftammatory demyelinating disease of the central

nervous system associated with destruction of the myelin sheath and gliosis. A

hallmal1t of multiple sderosis is the formation of white matter plaques of

demyelination. These plaques occur most often in the optic nerve. brainstem.

spinal cord and periventricularwhite matter (luchinetti ef a/.• 1996).

Recentty, multiple sclerosis has been classified into five categories based

on the symptoms and progression of the disease. These classifications are:

relapsing-remitting, secondary progressive. primary progressive, progressive

relapsing and benign multiple sclerosis (Thompson & Noseworthy, 1996).

There is presently no cure for multiple sclerosis. and for reasons not

understood, multiple sclerosis is not a self-limiting disease (Vandemark st al.,

1996).

It is generally accepted that the immune system contributes to the

pathology of multiple sclerosis; it is considered an autoimmune disease. The

initiating autoantigens involved in the disease are not known. Some possibilities
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are myelin basic protein. proteolipid apoprotein and myelin oligodendrocyte

glycoprotein (Camaud & Bach, 1993).

Multiple sclerosis affects approximately one in a thousand individuals in

Canada. and disease onset is more frequent in young adults. The disease is

more common in women than in men. There is considerable evidence of genetic

predisposition to multiple sclerosis (Ebers st al., 1995). The concordance rate.

however, for identical twins is between 25-50% (Ebers at al.. 1995), suggesting

that other factors, presumably environmental are also involved (Coyie. 1996).

One vie'N is that in order to acquire multiple sclerosis. genetically susceptible

individuals must be exposed to appropriate environmental factors (Coyle, 1996).

An alternate explanation is presented in Section 2.3.

1.8.2 r·Celllnvolvement in Multiple Sclerosis (NIS)

In animal models of autoimmune diseases in general, T-cell involvement

can be demonstrated by identification of T-cells at the site of the lesion, transfer

of the disease from affected animals to healthy animals by T-eells, prevention of

disease by T-eell directed immune intervention and by in vftro analysis of

functional cellular reactivity to various autoantigens (Camaud & Bach, 1993),

T..cells have been implicated in the pathogenesis of MS (Luchinetti et al., 1996).

The experimental allergic encephalomyelitis (EAE) animal model of MS strongly

implicates T-cells in disease pathogenesis. In humans, there is an increased



frequency of myelin basic protein reactive T-cells in the blood (Vanderbark et al.,

1996). Co.· T-ceUscan be found throughout the Iesional areas of the central

nervous system in both ao.rte MS and in chronic-active MS lesions (Brosnan &

Raine. 1996). Furthemlore. MS has been associated with certain HLA·DR

molecules (Epplen et al.. 1995); since CD4· T-ceHs are MHC class II restricted, it

seems logical to implicate these cells in the pathogenesis of MS (Brosnan &

Raine. 1996).

1.8.3 TCR Contribution to Multiple Sclerosis

Animal models of MS suggest that only a few TCRs contribute to the

pathogenesis of EAE and that bkx:kade of specific TCRs can inhibit induction

and/or progression of the disease. It is clear in humans. in contrast. that the

contribution of TCRs to MS is extremely complex and that it is unlikely that one or

a few TCRs are involved in MS pathogenesis. This partly relates to the

phenomenon of intermolecular and intramolecular determinant spreading with

recruitment of TCRs directed against multiple CNS antigenic epitopes (Lehmann

et al.• 1992). Nevertheless, there is evidence that particular TCRs may be

preferentially skewed in MS, probably/possibly as a consequence of disease (Utz

at al., 1993).

Considerable data have accumulated on the TCR usage in MS lesions

(see for example, Oksenberg et al., 1993 and Hatter at al., 1996) but there has
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been no formal study of naive T-cefls in MS. A precedent for such a study comes

from the work of Walser·Kuntz at a/. (1995b) who showed in rheumatoid arthritis

that the TCR repertoire is skewed in naive T-cells.

1.9 Studying the T-Cell Receptor Repertoire

1.9.1 Reasons

Recall from section 1.7.4 that the anatysis of the TeR repertoire is

centralized aroond three main types of diseases. For the purpose of this thesis. a

single putative autoimmune disease, MS, is a focus of interest. Current

therapeutic approaches in the treatment of MS frequently invofve non-specific

suppression of the immune system. These have the potential 10 alleviate the

patient's symptoms, but they also leave the patient immunocompromised; that is.

these theraj)tes may render the patient increasingly susceptible to eVeryday

pathogens (Musette et a/.. 199Gb).

Studies of the TCR may, in contrast, lead to a more precise understanding

of the T~Us involved in the pathogenesis of multiple sclerosis and have the

potential to lead to highly specific immunotherapy directed against particular

TCRs (Musette et a/.. 199Gb).
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1.9.2 Methods

Various methods have been used in the analysis of the TCR repertoire.

For example, Southern bfots (Hall et a/.. 1993) and heteroduplex analysis (Sotinnr

et al.. 1996) have been used to assess donality, but these are relatively

insensitive methods. Sequence analysis is useful (or the study of COR diversity,

but is laborious for the analysis of gene segment usage.

The methods most often used. therefore. for the analysis of gene segment

usage involve applications of monodonal antibodies and the potymerase dlain

reaction (peR) to amplify TCR eDNA. (peR is discussed in Section 1.10.)

Unfortunately. monodonal antibodies specific fOf all the TCR gene segments are

not available (Hall et al., 1993). As a result, the most commonly used method is

peR-based.

The peR method relevant to TCR repertoire analysis involves isolation of

TCR mRNA and first strand eDNA synthesis and can be used basically in two

ways. A single sided peR or and10red peR can be employed when the 5'

sequence is unknown (Rosenberg et al.. 1992). Otherwise. family-specific or

gene segment-specific PCR can be used. In this case. primers specific for a

particular family of TCR gene segments or for particular TCR gene segments

themselves are used in the PCR (Hall et al.. 1993). This method is termed

reverse transcribed peR (RT-PCR).
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1.9.3 DHflculties

For this thesis, family and gene segment·specific quantitative peR is used.

The main difficulties in this peR method arise in quantitation of individual TCR

gene segments and families. Once the TCR gene segments have been

amplified. the question arises as to whether it is possible to detennine the original

amount of mRNA for each TeR gene segment. This will be addressed in

Chapter 3.

1.10 Quantitative PeR

1.10.1 Overview

The polymerase chain reaction (peR) may be defined as primer-mediated

enzymatic amplification of specific genomic DNA or eDNA sequences (Innis et al..

1990). Thennostable DNA potymerases catatyze this cyclical reaction in vjfro.

and the product of one cyde is used as the substrate of subsequent cycles. This

creates an exponential increase in the desired DNA

This process is not 100% efficient even when the reaction conditions are

optimized. Optimizing the individual reaction components and reaction

temperatures does, however, ensure the most efficient reaction A phenomenon

known as the plateau effect limits the yield of the reaction.
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A typical peR reaction will proceec through an exponential phase, a

quasi-linear phase and a plateau phase (see Figure 1-1).
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Figure 1-'- The three phases of a polymerase cIlain reacnon,
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1.10.2 Plateau Phase

The plateau phase is defined as the attenuation rate of the exponential

product accumulation (Sardelli. 1993). According to Sardelli (1993). a number of

components contribute to this plateau. First. there is the thermal inactivation of

the Taq polymerase enzyme. The enzyme has a halt-life of approximately 30

min. at 950 C. Therefore, if each c:ycIe contains a one minute denaturation step.

after 30 cycles one half·/ife will have efapsed. Since the enzyme is usually

present in great excess to the DNA the amount of enzyme is usually not a

concem in the peR unless a large number of cydes are run (Sardefti. 1993).

Second, there is the limiting concentration of the enzyme. As the amount of DNA

increases. the ratio of enzyme to DNA decreases. The efficiency of extension

eventually decreases yielding less than full length products (Samelli, 1993).

Third. there is a reduction in denaturation efficiency. The melting temperature of

the double stranded DNA increases as the concentration increases. This third

obstacle can be overcome. however, by maintaining the denaturation temperature

for eadl cycle at 94-95" C (Sardelli. 1993). Fourth. there is a decrease in the

efficiency of primer annealing. As the concentration of DNA increases. there is

an increasing probability that after the denaturation step. the DNA strands will

reanneal to each other fonning a very stable complex. This would make it

impossib'e for primer annealing to take place. Finally. the enzyme, Taq

polymerase. demonstrates exonuclease activity. If both a complementary strand



and a primer attempt to bind the same strand of DNA, it is possible thaI the

complementary strand will be left single stranded. This is because the

complementary strand cannot bind to the same site as the primer once the primer

has bound. The enzyme would, at this point. deave this single strand, destroying

the product.

From this, it is ObvloUS that the height of the plateau is dependent on

various factors including the size of the substrate used and the concentration of

reagents (Sardem. 1993).

1.10.3 WIry Quantitative PeR Must Not Be Permitted Beyond the

Quasi-Linear Phase

For a quantitative peR, the reaction must never be permitted to proceed

beyond the quasi-linear phase. Take for example Ftgure 1-2. This demonstrates

two hypothetical. identical PeRs; the only difference between the two is the

amount of substrate available at the beginning of the reaction. The PCR

represented by the dashed line has less substrate than the PCR represented by

the solid line. Since the same substrate. reagent concentrations and enzyme are

used for both. the PeRs ptateau at the same level or the same relative amount of

PeR product. During the quasi-linear phase. however. the amount of product is

dependent on the amount of substrate. Figure 1-2 demonstrates that at X cycles

the amount of product is directly proportional to the amount of the original

substrate. In a quantitative PeR. the goal is to determine the amount of
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substrate. Since the amount of PCR product is proportional to the amount of

original substrate during the quasi-linear phase, a detenmination of the amount of

PCR product during the quasi-linear phase provides an accurate reflection of the

amount of starting or original substrate. In summary beyond the quasi-linear

phase the amount of PCR product is not proportional to the amount of original

substrate, therefore, quantitative PCR must not be penmitted beyond the

quasi-linear phase.
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Figure '.2; Dependence 01 PeR 011 the lJmount ofsubstrate onglMlly~.



1.10.4 Priming Efficiency

In the TCR-family-specific or gene segment-specific peR used with

racftolabeRed primers (see Chapter 3), the etTidency of the individual primers must

be determined. it is possible that the drtferent TCR primers amplify with varying

efficiencies. Failure to correct tor these amplification biases could lead to

spurious conclusions as to the relative expression levels of various TCR

segments (Daniel & Haegert. 1996).



1.11 Summary

1.1 - Immunology is the study of the immune system. a system by whidl an

organism defends itseff from foreign pathogens.

• Though the concept of immunity dates back hundreds of years.

fundamental understanding of immune mechanisms have only come about

in the last century.

1.2 - The immune system can be divided into t'NO categories: innate and

acquired immunity. It is acquired immunity which is responsible for the

hallmarks of immunity: memory. specificity, selffnon-self recognition and

diversity. T-cells form one component that contributes to acquired

immunity.

1.3 - T-cells can be divided into two classes based on their differential

expression of surface molecules: C04" and COB" cells. These cells have

different effector functions. Upon activation, they differentiate for the most

part into Th and Tc cells, respectively.

- CD4'" cells are the cells of interest in this thesis.

- As a broad generalization. Th cells. when activated. provide "help· to other

immune cells. thus enhancing the immune response.

1.4 - The TCR is a protein expressed on the surface of T-cells. It is the

receptor specffic for antigen presented by MHC dass I and dass II

molecules.

• The most variable part of the TCR is the TCR combining site.



1.5 - C04" cells recognize Ag when it IS presented in association with dass II

MHC molecules.

• Class II MHC molecules present exogeneous antigen processed via the

endocytic pathway.

1.6 • T~I precursors originate in the bone marrow from hematopoietic stem

cells.

- The germline TCR DNA contains numerous gene segments which

rearrange. This process of rearrangement contributes to the TCR

diversity.

- The TCR 13-chain has V, D and J gene segments.

1.7 - The peripheral T-<:ell receptor repertoire represents the tolal number of

different TCRs available among peripheral T-cells for potential recognition

of antigen.

- Many different mechanisms contribute to this diversity. Including gene

rearrangements, thymic selection, superantigen. alletic polymorphisms,

N-nucleotide addition. junctional diversity and exposure to foreign

antigens.

1.8 - Multiple sclerosis is a putative autoimmune disease in which autoreaetlve

T-cells are believed to attack myelin components causing demyelination in

the central nervous system.

1.9 - In the case ofmultipJe sclerosis and other putative autoimmune diseases.

study of the TCR repertoire may lead to new highly specific

immunosuppressive therapies.



1.10- A PCR has three phases: exponential, quasi-linear and plateau

• Certain unavoidab{e factors associated with the PCR cause the reaction

conditions to become limiting and the plateau phase to occur.

• The main difficulty associated with quantitative PCR. is the actual

quantitation itself.

- For quantitative PCR, the reaction must be stopped before the plateau

phase is reached.

• For quantitative family.specific or gene segment-specific PeR. testing the

et'fidency of the individual primers is essential.



2. HYPOTHESES

2.1 First Hypothesis

2.1.1 Rationale

It is generally believed that mature, naive T-cells entering the peripheral

blood from the thymus express a distinct TCRBV and TCRBJ repertoire. partly

accounted for by gene rearrangements. positive seJection. negative SEMection.

allefic differences and possibly endogenous 5uperantigen (see Chapter 1).

Upon recognition of antigen or superanligen in the periphery, these T-celts

proliferate. Some become effector cells which hopefully aid in the elimination of

pathOgens. Others become memory cells.

Different TCRBV and TCRBJ segments will preferentially bind nominal

antigen in association with self·MHC (Nanda et al., 1992; Smith at af.. 1994 and

Stryuk et af., 1995). Thus, which cells become activated and differentiate into

memory cells is at least partly dependent on the TCRBV and TCRBJ genes

expressed. As a result. memory cells may express a TCR repertoire that is

skewed in relation to the expressed naive cell repertoire. It is reasonable,

therefore, to assume that environmental factors, including past and present
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illnesses. vaccinations and asymptomatic infections may skew the TCR

repertoire.

Memory cells and naive cells can be distinguished based on their cell

surface expression of two C045 isofo""s. CD45RA is expressed on naive cells.

and C045RO is expressed on memory ceUs (see Section 1.6.5). Recent

evidence for -revertant" cells (see Section 1.6.5) may refute the use of these

mal1ters for distinguishing naive and memory cells. The implications of these

findings are discussed in Chapter 5.

This leads to the first hypothesis: The TCRBJ and the TCRBV

repertoires are significantly different for C04-CD45RA" (naive) and

CD4·C045RO· (memory) T-cells isolated from the same individual.

2.1.2 Experimental Design

2.1.2.1 For the TCRBJ Repertoire

1) Isolate CD4"CD45RA- and CQ4·CQ45RO· T-cells from unrelated

individuals.

2) Analyze the TCRBJ repertoire for each T-ceU subset.

3) Correct data for priming efficiency.

4) Use Pearson correlation analysis to analyze the data statistically.
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2.1.2.2 For the TCRBV Repertoire

1) Isolate CD4'CD45RA' and CD4'CD45RO' T-cells from unrelated

individuals.

2) Analyze the TCRBV repertoire for each T-cell subset.

3) Correct data for priming efficiency.

4) Use Pearson correlation analysis to analyze the data statistically.

2.1.3 Possible Interpretation ofResults

2.1.3.1 For TCRBJ and TCRBV

1) If no differences are demonstrated between the TCRBJ or TCRBV

repertoires of naive and memory T-cells, then it can be concluded that

antigenic expcsure does not affect the overall repertoires. However, an

impcrtant pctential caveat is that the methodology may be insufficiently

sensitive to detect subtle differences in TCR repertoires between T-celi

subsets. An alternate pcssibility is that the phenotypic markers do not

adequately divideT-celis into distinct subsets.

2) If differences are demonstrated between the TCRBJ or TCRBV

repertoires of the two subsets, then it can be concluded CD4'CD45RO'



and CD4·CD45RA· T-cells have different TCR repertoires.

2.2 Second Hypothesis

2.2.1 Rationale

In the thymus. both positive and negative selection require T-cell

interaction with seW-MHC molecules associated with self·peptide as discussed in

Section 1.6.

Since the TCRBV molecules are believed to be involved directly in binding

to MHC molecules, the naive f.·cell TCRBV repertoire may be dependent on

MHC haplotype as a result of thymic selection. Evldence in suPJX)rt of this

statement for total T-cells and specific T-cell subsets, but not for naive T-cells

has been obtained by various researchers (Gulwani-Ak.olkar et al.. 1995;

Gutwani·Akolkar et al.. 1991; Akolkar et al.. 1992 and Uhrberg & Wernet. 1996).

Recent evidence suggests that TCRBJ segments are also involved in

binding to the MHC (Garboczi et al., 1996). Thus, it 'NOUld be legitimate to extend

the above reasoning to the TCRBJ segment and conclude that the naive T-cell

TCRBJ repertoire may be dependent on MHC haplotypes. In contrast to TCRBV.

the TCRBJ segments are believed to be involved directly in binding to peptides

presented by the MHC molecules. It is believed that in the thymus. not all

self·peptides are equally represented and that dominant se/f·peptides playa



particular rofe in thymic selection (Walser-Kuntz et al.. 1995b). Also. it is known

that different MHC molecules present different self-peptides. From these two

observations, it can be hypothesized that since various TCRBJ segments bind

dominant self-peptides with differential avldity and the self-peptides presented are

MHC-dependent. the naive T-cell TCRBJ repertoire would also be dependent on

the MHC of the individual. It was decided to focus on naive rather than total

memory CD4· T-cells as it was felt a priori that a geneticlHLA effect would more

likely be demonstrable on T-cells that are presumed to be unaffected by

post-thymic events.

To summarize. the second hypothesis is as follows: genetic factors,

particularty HLA molecules. have an effect on the CD4·CD45RO· (naivel

T-cell TCRBJ repertoire.

2.2.2 Experimental Design

2.2.2.1 Demonstration of Genetic Effects on the Naive T-Cell TCRBJ

Repertoire

1) Isolate C04·CD45RO· cells from sets of healthy monozygotic twins.

2) Analyze the TCRBJ repertoires of naive T-cells (CD4+C045RO' cells).

3) Correct data for priming efficiencies.
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4) Statistically analyze the data (the method of analysis will be further

discussed in Chapters 4 and 5.)

2.2.2.2 Demonstration of HLA Effects on the Naive T-Cell TCRBJ Repertoire

1) Isolate CD4·CD45RO' cells from three families (9.7 and 6 members).

2) Analyze the TCRBJ repertoires of naive T-cells (CD4·CD45RO· cells).

3) Correct data for priming efficiencies.

4) Statistically analyze the data (the method of analysis will be further

discussed in Chapters 4 and 5.)

2.2.3 Possible Intetpretation ofResults

2.2.3.1 Demonstration of Genetic Effects on the Naive T-Cell TCRBJ

Repertoire

1) If the twin pairs demonstrate more similar TCRBJ repertoires than do

unrelated individuals. it can be conduded that genetic fadors influence

the TCRBJ repertoire of naive T-eells.

2) If the twin pairs do not demonstrate more similar TCRBJ repertoires

than the unrelated individuals, it can be concluded no genetic effect is

detected by the quantitative peR methodology.



2.2.3.2 Demonstration of HLA Effects on the Naive T-Cell TCRBJ Repertoire

1) If the HLA identical siblings do not demonstrate more similar naive

T-cell TCRBJ repertoires than their HLA non-identical counterparts. one

possible condusion is that HLA has little effect on the naive T-cell

repertoire. Alternatively, due to sharing of both environments and various

non-HLA genes by siblings, HLA effects on the repertoire may be

masked. or an HLA effect may not be detectable by the method used.

2) If the HLA identical siblings demonstrate more similar TCRBJ

repertoires than their HLA non-identical counterparts, it can be conduded

that HLA influences the TCRBJ repertoire of naive T-cells.

2.3 Third Hypothesis

2.3.1 Rationale

Autoimmunity reftects an immune response against self·antigens. Multiple

sclerosis is believed 10 be a T-cell mediated autoimmune disease. in particular

Th1 cells have been implicated in the pathogenesis of MS with secretion of

cytokines and activation of macrophages (Abbas et al., 1996). It is likely that

macrophages damage the myelin and lead to the focal demyelination in the

central nervous system, typical of MS.
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Ascertainment of patients from various MS clinics indicate that the

concordance rate for MS among monozygotic twin pairs is 30%. i.e. 70% of

identical pairs are discordant for MS; discordance means that one member of a

t\oYin pair has MS and one is healthy. The usual explanation for discordance is

that the affected twin members but not the healthy twin members .....ere exposed

to environmental tactor(S) that triggered the onset of MS. An alternate

expl'anation is that random or stochastic events during thymic selection led to

different TCR repertoires between the discordant twin members and the different

repertoires are responsible for deveiopmenVnon-development of MS (Moller et

al., 1990).

If evidence were obtained in support of the second hypothesis, i.e. that

genetics influence the naive T-cefJ TCRBJ repertoire. one would expect healthy

twin pairs and discordant twin pairs to have similar naive T-cell repertoires unless

intrathymic selection or other faders in mUltiple sclerosis alter(s) the repertoire of

naive T-cells. The third hypothesis is that twin pairs discordant for MS have

I... similar C04·C045RO· (naive) T~Il TCRBJ repertoires than do healthy

twin PlI,...

Interestingly, an association has recently been demonstrated between

rheumatoid arthritis, another autoimmune disease. and the TCRBJ repertoire of

naive T-cells (Walser-Kuntz. et a/., 1995b).
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2.3.2 Experimental Design

2.3.2.1 Multiple Scle~ia

1) Isolate C04"CD45RO' cells from sets of monozygotic twins

discordant for multiple sclerosis.

2) Analyze the TCRBJ repertoire of the naive T-cells.

3) Correct data for priming efficiency

4) Statistically analyze the data from disoordant twin pairs and healthy

twin pairs (the method of analysis will be further discussed in Chapters 4

and 5.)

2.3.3 Possible Interpretation ofResults

2.3.3.1 Multiple Sclerosis

1) If twins discordant for multiple sclerosis demonstrate less similar naive

T-cell TCRBJ repertoires than do healthy twins. then the naive T-cell

TCRBJ repertoire may be altered in multiple sderosis.

2) If twins discordant for mUltiple sclerosis do not demonstrate less

similar TCRBJ repertoires than do healthy twins, then either the TCRBJ



----------------------"

repertoires are not altered in multiple sclerosis, or the methodology is

insufficiently sensitive to detect minor differences in the TCRBJ repertoire

between individuals. Altematively, since twins have identical

genetic makeups and usually share similar environments at an earty age.

disease related alterations in the TCRBJ repertoires may be masked.
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2.4 Summary

2.1 - First hypothesis: The TCRBJ and TCRBV repertoires are significantly

different between naive and memory T-<:ells isolated from the same

individual.

2.2 - Second hypothesis; There exists a genetic and in partiOJlar, an

HLA effect on the naive T-celt TCRBJ repertoire.

2.3 - Thin:t hypothesis: The naive T-<:ell TCRBJ repertoire is altered in multiple

sclerosis.
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3. MATERIAlS AND METHODS

The experiments presented in the foilowing sections were designed wTth

the following objective: 10 determine the level of expression of each of the 13

TCRBJ gene segments and/or the level of expression of each of 24 TCRBV gene

families in naive and/or memOfY CQ4· T<ells.

3.1 Blood Collection

The fjr.;t step in any study involving human subjects is to gain the approval

of the institution's ethics committee. in this case the Human Investigations

Committee (HIC) of the Faculty of Medicine. Memorial University of

Newfoundland (St. John's, NF. Canada). Formal approval was. therefore.

obtained. The study was then explained to the volunteers, and time was taken to

answer their questions and address their concems. After the consent forms were

signed, 10mL EOTA Vaeutainer tubes were used to collect either 40mL or 60mL

of peripheral blood. according to Table 3.1. A variety of anticoagulants are

available; EOTA, however, is optimal for the purpose of this study (Panaccio et

a/., 1993).
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Table 3 1· Amount of Blood RequIred tor Each Experiment

Experiment Volume of Blood

1) CD45RO vs. CD45RA 60mL

2) TlNins VI. unretated individuals 40mL

3) HLA identical vs. HLA non-identical 40mL

siblings



The 10mL of bMx»d from each vaeutainer tube was transferred to a SOmL

polypropylene tube. Ead"l Vao.rtainer was then rinsed with PBS (phosphate

buffered saline). This rinse solution (PBS) was then added to the polypropylene

tube containing the blood. creating a 1:1 dilution. This rinse was pedormed to

ensure the transfer of a maximum number of lymphocytes to the polypropylene

tUbe.

3.2 Isolation of Mononuclear CeUs (Including Lymphocytes)

3.2.1 Theory

F"lcoll·Paque contains FicoII400. sodium diatrizoate and calcium EDTA

Its osmolarity and density are optimal for the isofation of mononuclear cells.

Mononuclear celts consist of lymphocytes and monocytes. After a tube of blood

is centrifuged over F"lcoll·Paque, the most dense particles can be found at the

bottom of the tube and the least dense at the top. Four layers are created as a

resurt of centrifugation. From bottom to top or in order of decreasing density

these layers are red bfood cells and platelets. Ficoll·Paque. white blood celfs and

plasma. The thin layer of white blood ceUs or mononuclear celts is often referred

to as the buffy coat



3.2.2 Materials

') FocoI~Paque(Pharmacia. Ba;e d·Urfe. Quebec. Ca~)

2) PBS

3.2.3 Method

Using a graduated pipette, Ficofl·Paque was added beneath the blOOd,

creating two distinct layers: whole blood and Ficoll·Paque. This was centrifuged

at 1500 rpm for 35 min. The buffy coat was removed (aJong witt: a small amount

of plasma) and Ficoll-Paque and placed in a new 50mL polypropylene tube.

Mononuclear cells from a given individual were pooled into this SOmL tube, and

the tube was centrifuged at 2000 rpm for 30 min. The majority of the r1quid was

decanted; the white blood cell pellet remained at the bottom of the tube. The

pellet and the remaining liquid were transferred to a 12x75mm polypropylene

tube. In order to ensure the transfer of aD the cells, the SOml tube was rinsed

three times with O.5mL of PBS, and this PBS was transferred to the polystyrene

tube containing the mononuclear cells. The final volume was approximately 2mL.
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3.3 Isolation of Cells Expressing CD4

3.3.1 Theory

According to Oynal (the manufacturer of Dynabeads). Dynabeads are

·uniform supermagnetic polystyrene spheres" (Oynal. 1995). These spheres are

coated with antibodies against a specffic cell surface protein, for example CD4

and COB. When beads are mixed with a heterogeneous cell population. the

antibody on the beads is capable of binding to the cell surface protein for which it

is specific. A magnet is then placed alongside the mixture. The Dynabeads are

attracted to the magnet. (i.e.. the Oynabeads and the cells to which they are

attached via antibody are pulled towards the magnet). The magnet holds the

beads and attached cells to the side of the tube facilitating the removal of the

PBS and unbound cells. The magnet is then removed and the beads rinsed with

PBS and resuspended in PBS; the resulting mixture contains only cells

expressing the cell surface protein tor which the Dynabeads are specific.

Oynabeads are satisfadory for the preparation of lymphocyte subsets

based on the expression of various cell surface proteins. obtaining >90% purity

by positive selection. see Section 3.1.4 (Manyonda et al.. 1992). There is no

evidence for non-specific binding (PateU & Rickwood. 1995).

The optimal conditions for the isolation of naive and memory CD4· T-cell

subsets using Oynabeads were determined through experimentation. and these



conditions are shown in Table 3.2. Published parameters are very similar (Patell

& Rickwood. 1995); these results are also presented in Table 3.2.
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Table 3.2: Conditions for Isolation ofCO.r T-ceff, with Dynabeads

Test conditions used in this Published test conditions
lhesi6

r ....

Mixing

Bud to CeH RIItio

1 hol.K 1 hour

End-over-end rotation End-over-end rotation

Not measured 10:1 (for positive seIectionj

2ml for C04 lmL

O.5mL for C045 isoforms
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The major difference between the two sets of test conditions is the bead to

cell ratio. Due to the large number of samples studied and the cost of

Oynabeads. a lower bead to cell ratio was used for this study. and a larger

number of cells was used for CD4~ T-cell isolation to ensure adequate number of

CD4 cells for the study. (In Section 3.4, positive and negative isolation are

discussed; please note that for negative isofation. a much higher bead:cell ratio

was used.)

In order to separate these CD4" cells into subsets based or: their CD45

isoform. it was necessary to remove the CD4 Dynabeads. Detachabead removes

C04 or coa bound Oynabeads from cells very efficiently (Manyonda at al.. 1992).

3.3.2 Materials

1) C04 DynabeadS (Dynal, Lake Success. New York. USA)

2) Oetachabead (Dyna!. Lake Success. New York. USA)

3) PBS

3.3.3 Method

To the 2mL of mononuclear cells obtained from each volunteer, 30 million

beads coated with anti·CD4 were added. This represents an approximate bead

to cell ratio of 1:1. Thecelllbead mixture was incubated for 1 hour at 4DC and

rotated end-over~nd. The C04· cells were then separated from the mixture



using a magnet. The cells and the beads bound to them were rinsed and

resuspended in 1mL of PBS. Fifty microliters of Detactlabead was then added.

After incubation tor 1 hour at room temperature, a magnet was used to separate

the Oynabeads from the mixture. The remaining mixture contained CQ4· cells

whid1 were then ready to be separated based on CD45 isoform

3.4 Isolation of Cells Expressing Various CD45 Isofonns

3.4. f Theory

In order to separate the CQ4· cells based on their expression of the C045

isoforms, a primary and secondary antibody system was required. because Dynal

does not manufacture Oynabeads specific for the C045 lsoforms. In this case, a

primary antibody specific for one of the cell surface C045 isoforms of interest was

allowed to bind to the cells. Dynabeads coated with secondary antibody specific

for the primary antibody were then added.

Using Dynabeads. cells can be either positively or negative{y selected.

(The reasons for choosing either positive or negative selection will be discussed

in section 3.7.) After a sufl'icjent incubation of ceHs with Dynabeads, a magnet

divides the cstls into two populations: the cells that bound to the Oynabeads, and

those that did not. The population of cells that bound the antibody expresses the

cell surface protein for which the antibody is specific. Isolation of this population

IS what is referred to as positive sefection; the resulting population is pure, and it
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only contains cells expressing a particular surface protein. Isolation of cells that

did not bind the antibody is referred to as negative selection; the resulting

population is depleted of cells expressing a particular surface protein.

Positive selection yielded eijher CD4·CD45RO· or CD4·CD45RA·

populations depending on the antibodies used. Negative selection yielded either

CD4·CD45RO- or CD4·CD45RA- populations depending on the antibodies used.

The purity of T-cell subsets isolated using Dynabeads was determined by flow

cylometry, and the results are presented in Section 4.1.

3.4.2 Materials

1) Primary Ab:

2) Dynabeads:

3) PBS

25f1g/mL mouse IgG2a anti-CD45RO

25f1g/mL mouse IgG1 anti-CD45RA (Becton

Dickinson)

rat anti-mouse IgG2a coated Dynabeads (Dynal, Lake

Success, New York, USA)

rat anti-mouse IgG1 coated Dynabeads (Dynal, Lake

Success, New York, USA)



3.4.3 Method

Fifty microliters of primary antibody was added to the C04+ cells, the cells

were incubated on ice for 30 min.. and then centrifuged at 4DC at 2000 rpm tor

15 min. The cells were pelleted: the supernatant containing the excess antibody

was discarded. and the cans were resuspended in O.5mL PBS. Dynabeads

coated with secondary antibody (rat anti-mouse IgG2a or rat anti-mouse IgG1)

were added, and this mixture was incubated for an hour at 4°C with end-over-end

rotation. T-cells bearing the various CD45 isoforms were then separated using a

magnet.

3.5 RNA Extraction

3.5.1 Theory

Ribonucleases are a major obstacle in RNA e;,ctraetion. These enzymes

are very stable and very active (Ausubel at al. editors, 1996); their removal or

inactivation is a necessary step in any protocol involving RNA

MacDonald and colleagues (1987) separate RNA extraction iilt;:: three

distinct steps: 1) inhibition of endonudeases, 2) deproteination of RNA and

3) physical separation of RNA from the other cell components (1987).

Guanidinium thiocyanate and guanidinium chloride are among the best

known and powerful protein denaturants (Ausubel et al. editors, 1996). OTT
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(dithiothreitol) or 2-mercaptoethanol act to break disulfide bonds, bind irreversibly

to ribonucleases and are often used to enhance denaturation (MacDonald et a/.,

1987). Protein denaturation achieves steps one and two above. First,

endonucleases are proteins, therefore, they are susceptible to and inhibited by

denaturation. Second, RNA-binding proteins are denatured, leading to the

release of the nucleic acid.

A high concentration of guanidinium salts has a second function. The high

osmolarity lyses the cells and frees the intracellular contents.

Previously, completion of the third step was not only separated from the

first two but lengthy and complicated. An example of one such method is the

separation of RNA using a cesium chloride gradient, which requires

ultracentrifugation (Chirgwin et a/., 1979). Now, there is a single-step method

available which completes all three goals at once. It was first described by

Chomczynski and Sacchi (1987).

This single-step method has been modified, and an appropriate RNA

extraction reagent is distributed by Biotecx as Ultraspee. Ultraspee contains 14M

guanidinium salts and urea (which also acts as a denaturant and provides a

concentration suitable for cell lysis), detergents, bUffers, phenol and stabilizers.

The theory behind the single-step method is that under conditions of high

salt concentration and a pH of 4 (maintained by the buffers) and upon the addition

of chloroform, RNA physically separates from the other cell components. Small



fragments of DNA (150 bases to 10 kbasesj and protein remain in the organic

layer. Some protein and some large DNA molecules remain at the interface. but

the RNA remains soluble in the aqueous layer (Ausubef et a/. editors. 1996).

The aqueous layer is easily removed with a pipette and precipitated in

isopropanol. The RNA is stored in OEpe-treated water. DEPC (diethyl

pyrocarbonate) inactivates any endonucleases present in the water. protecting

the RNA from degradation (Ausubef et al. editors. 1996).

3.5.2 Materials

1) Urtraspec (Biotecx. Houston. Texas. USA)

2) chlorofonn

3) isopropanol

4) 75% ethanol in OEPe-treated water

3.5.3 Method

To the isolated cells. 1mL of Ultraspec and 0.1mL ofchlorofonn were

added in a 1.5mL tube. This was shaken vigorously for 15 seconds and placed at

4'"<: for 15 min. The sample was then centrifuged briefly to aceelerate the

separation of the organic and aqueous layers. The majority (80-90%) of the

aqueous layer was removed and diluted 1:1 with isopropano( and frozen at -70°C
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overnight. The next day, the sample was thawed and centrifuged at 4·C at

14000 rpm for 15 min. The supernatant was discarded and the pellet was rinsed

three times with 0.5mL of 75% ethanol in DEPC-treated water. The pellet was

then dried and resuspended in 20l1L of DEPC water. This sample contained total

cellular RNA and was frozen at -70·C until eDNA synthesis was carried out.

Absorbance at 260nm and 280nm was determined on a spectrophotometer to

assess the quantity as well as the purity of the RNA.

3.6 eDNA Synthesis

3.6.1 Theory

The First-Strand eDNA Synthesis Kit contains on, primer and

Bulk-First-Strand Reaction Mix. OTT (dithiothreitol or Cleland's reagent) is a

reductant; ~ reduces any proteins present, including endonucleases. The primer

used was Not l-d(Th. bifunctional primer. The series of eighteen T residues at

the 3' end of this primer bind to the poly-A tail of the RNA and allow for eDNA

synthesis. The sequence of the Not 1-d(T)" bifunctional primer is as follows:

5'-d[AAC nG AAG AAT TCG CGG CCG CAG GAA T,,)-3'
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The Bulk-First-Strand Reaction Mix contains cloned FPLC pure Murine Moloney

Virus Reverse Transcriptase, RNA guard, RNase/DNase-Free BSA (bovine

serum albumin), dATP, dCTP, dGTP and dTIP in aqueous buffer. The reverse

transcriplase is optimally active at 37·C and is most efficient on denatured RNA.

(RNA can be denatured by heating it to 65·C.)

3.6.2 Materials

1) First-Strand cDNA Synthesis Kit (Pharmacia, Baie d'Urfe, Quebec,

Canada)

3.6.3 Method

Twenty microliters of total RNA was transferred to a 0.5mL tube and

heated to 65·C for 10 min. To recapture any condensation, the sample was then

cooled for 5 min. and briefly centrifuged. To this tube, 11lL of DTI, 11lL of

Not l-d(T)" bifunctional primer and 111lL of Bulk-First-Strand Reaction Mix were

added. This solution was incubated at 37·C for 60 minutes. A cDNARNA

heteroduplex was formed and stored at -70·C until PCR amplification.
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3.7 Primer Labeling

3.7.1 Theory

As discussed earlier (see Chapter 1). the ultimate goal of these

experiments was to determine the relative amount of each TCRBJ segment

present in RNA samples from different individuals and/or from different cell

subsets. To do this. a method of quantifICation was necessary. Radiolabeling the

reverse pnmeB used in peR is one of the methods of obtaining this goal.

The reaction is fairly straightforward and very efficient. T4 PNK

(polynuleotide kinase) catalyzes the transfer of the terminal (y) phosphate of

J2P-Iabeled ATP to the 5' hydroxy termini of the DNA primer. The enzyme T4

PNK is a product of T4 pseT gene; it is active at 370(; and is inactivated at 65°C.

After radiolabeling, it was necessary to separate the radiolabelled primers

from the unincorporated nucleotides. This not only decreased the background

counts, but prevented any unnecessary radiation exposure to the researchers.

The separation was ao:::ornplished through the use of Bio-Spin

Chromatography Columns. The columns are packaged containing O.8mL sse

(sodium saline citrate) and 2% sodium azide. which must be removed before the

separation process can be initiated. BioGel P polyacrylamide gel matrix

contained within the column pennits separation based on size. The radiolabelled



prltnefS are large and readily pass through the column, whereas the

unincorporated nucleotides are held within the matrix.

3.7.2 Maferia/s

1) Bio-Spin Chromatography Columns (Bio-Rad. Hercules. Califomia.

USA)

2) Reverse primers for PCR ampfification (discussed further in

section 3.5)

3) T4 PNK (Polynucleotide kinase) and 5X Forward Reaction Buffer

(GibcoBRL. Burlington. Ontario. Canada)

4) 32p .,labeledATP (Mandell, Guelph, Ontario. Canada)

5) OEPC treated water

3.7.3 Method

Six and four-tenths of a microliter of 8.25jjM of pl'imer were added to a

O.SmL tUbe. To this was added 1.6....L of T4 PNK 5J,lL of PNK buffer. 2-6~L

radiolabaUed AT? and enough OEPe treated water to give a total volume of

25J,lL. This was heated' to 37"C for 60 min. and then to 6S"C for 10 min. The

Bio-Spin columns were centrifuged at 2300 rpm for 5 min. The columns were

then washed three times with SSC. discarding the buffer each time. The mixture



containing the radiofabetled primer was carefully added to the center of the

column, which was then centrifuged at 2300 rpm for 5 min. The radiolabeUed

primer was collected in a 1.5ml tube. The column containing the excess

nudeotides was discarded. The purified radiolabened primer was diluted to

0.075)JM and stored at ·20"C.

3.8 PeR Amplification

3.8.1 Theory

Each TCRBJ gene segment comprises only a small amount of the total

RNA isolated from the cells. Once a eDNA strand had been synthesized usmg

the total RNA as a template, PCR (polymerase chain reaction) techniques are

used to amplify a specifIC segment of this DNA (Darnell, 1990).

PeR amplifications were performed as described by Choi et al. (1989) with

a few modifications. (see Section 3.8.3). Most of the experiments used in this

thesis involved the TCRBJ repertoire. Though some work was done on the

TCRBV repertoire. the description of the method will focus on the TCRBJ gene

segments for the sake of simplicity. tt should be noted, however, that all the

methods can be easily extrapolated to the TCRBV gene families by taking into

account the number of primers used in TCRBV family analysis.



For each TCRBJ repertoire analysis. 14 PCRs were perlormed. one {or

each of the TCRBJ gene segments and one as a negative contra. The negative

control contained' all the required reagents. but lacked eDNA to ensure that there

was no contamination of samples.

The TCRBJ-specffic primers were added 10 the 14 individual reaction

tubes; a different primer to each tube. The TCRBJ primer specific for the 251

gene segment was added to the negative control as this appeared to be the most

efficient primer. All the other reagents (everything except the primers) were

added to a 2 ml tube and mixed thoroughly to form a masler mix or a cocktail.

The appropriate amount of this cocktail was then aliquoted to each of the 13

reaction tubes. The cocktail was aliquoted to the negative control before the

addition of the eDNA A master mix was used instead of adding each reagents

individually to the reaction tubes. so as 10 reduce tube to tube variation in the

concentration of the reagents.



3.8.2 Materials

1) Taq DNA polymerase kit (Promega, Madison. Wisconsin, USA)

2) dNTP's

3) distilled and autoclaved water

4) radiolabelled primer: Ca2 and C~ (see Table 3.3)

6) primer. specific for each TCRBJ gene segment (see Table 3.4)

specific for each TCRBV gene segment (see Table 3.5)

specific for each TeRSe and TCRAC region (see Table 3.3)
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Table 3.3: TCR Constant Region Pnmet's

p- Sequence (S' to 3') R-.nce

TCRACsense GOA eec TGA eec TGC CGT GTA CC Choietal,1989
(Ca"

TCRAe ATC ATAAATTCGGGT AGGATC C Choietal,1989
antisense (Ca2)

TeRBC TTC TGA TGG eTC AM. CAe Coo etal. 1989
antisense (CP)
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Table 3.4. TCRBJ Pdmers

Primer (TCRBJ) Sequence Reference

151 ACA AGG CAC CAG ACT CAC AGT Pannetier et al.• 1993

152 TTC GGG GAC CM GTT MC CGT TGT Pannetier at al.. 1993

153 GTT GCT CAC TGT TGT AGA GGA CC Pannetier at al.• 1993

154 CAG TGG MC CCA GCT CTC TCT CTT Pannetier et al., 1993

155 TGA TGG MC TCG ACT CTC C Pannetier et a/., 1993

156 MT GGG ACC AGG CTC ACT GTG ACA Pannetier et a/.. 1993

251 TGA GCA GTT CTT CGG GCC AGG Pannetier at al.. 1993

252 TCT AGG CTG ACC GTA CTG GAG GAC Pannetier et al., 1993

253 CGC AGT ATT TTG GCC CAG GCA Pannetier et al.. 1993

254 TTC AGT ACT TCG GCG CGG GGA Pannetier et al., 1993

255 GCG GCT CCT GGT GCT CGA Pannetier at al., 1993

256 GAC TTl CGG GGC CGG CAG CAG Pannetier at al.• 1993

257 CGG GCA CCA GGC TCA CGG TCA Pannetier et al., 1993



Table 3.5: TCRBV Primets

Prime< (TCR8V) Sequenco Reference, GCA eM GAG TIC CCT GAC ITG CAC Chai eta!, 1989

2 TCA TCA ACC ATG eM GCC TGA CCT Chai etal, 1989

3 GTC TCT AGA GAG MG A/4G GAG CGC Chaietal,1989

• ACA TAT GAG AGTGGA rITGTCATI Chai et ai, 1989

5 CAG AGA MC GGA MC nc CCT OOT WUcherpfenning et ai,
CGA '990

• GOO TGC GGC AGA TGA CTC AGG GCT Wucherpfenning et ai,
GCCCAA '990

7 CCT GM TGC cec Me AGC TCT C Chaietal,1989

8 ATT TAC TTT MC MC MC GTT CGG Choietal, 1969

9 CCT AM TCT CCA GAC AAA GCT CAe Chaietal,1989

'0 eTC CAAAAACTCATC CTG TAC cn Chai etal. 1989

11 TCA ACA GTC TCC AGA ATAAGG ACG Choi et ai, 1989

12 AAA GGA GAA GTC TCA GAT Chai et ai, 1989

13 GCA TGA CAC TGC AGT GTG eee Genevee et aI.. 1992,. GTC TCT CGA AAA GAG MG AGG AAT Chai et ai, 1969

15 AGT GTC TCT CGA CAG GCA CAG GCT Chai et aI. 1989,. AAA GAG TCT AAA CAG GAT GAG TCC Chai et ai, 1969

17 CAGATAGTAAATGAC rITCAG Chai etal, 1969,. GAT GAG TCA GGAATG CCAAAG GAA Chaietal,1989

19 CM. GAA ACG GAG ATG CAe AAG AAG Chaietal.1969
CGA TTC

20 AGC TCT GAG GTG CCC CAG AAT CTC Chai et ai, 1969

2' TeC Me CTG CAA GGC TTG AGG ACT Genevee et aI., 1992

22 AAG TOA TCT TGC GeT GTG TCe CeA Genevee et aI., 1992

23 GCA GGG TeC AGG TCA GGA CCC CCA Genevee et aI., 1992

2. CCC AGT TTG GAA AGC CAG TGA cee Genevee et aI., 1992



3.8.3 Method

The sequences for the 13 TCRBJ primers were derived from the work of

Pannetier et af. (1993). These investigators used the TCRBJ primers as

antisense primers. FOf the purpose of this thesis, the complementary sequences

were derived and synthesized.

All the primer sequences for both TCRBJ and TCRBV were sent to

GenBank to verify that the sequences were indeed specific for the TCRBV and

TCRBJ gene segments.

Five microtiters of the TCRBJ primers were added to each of 14 different

O.5ml tubes. Enough cocktail was prepared for 14 peR reactions (see Table

3.6). As will be discussed shortly, TCRAC was used as an internal control; it is

ampfified simultaneously with the TCRBJ (or BY) segments. Before the eDNA

was added to the cocktail. 14J.ll of the cocktail was added to the negative control.

The eDNA was then added to the cocktail, and 15IJL of the cocktail was added to

each of the remaining tubes. The tubes were placed in a Penon·Elmer Cetus

Model 480 themlocyder under the conditions desaibed in Table 3.7. The

number of cycles was dependent on the plateau effect; the results are presented

in Table 5-1.
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Table 3-6; Reagents for PeR AmpH;catiol'lR_
VoIumeRequirecI per Final Conc:enttationR_

10XBlIfer 2... lX

dt<Tf>. 1.¥- 240f,lM

Mg<:l, 1.2p.L 1.5mM

TCRAC1 O.04f.ll- O.'65~

TCRAC2 O.41Jl O.15f.lM

TCRBC 0..... O.15j.lM

TCRAC2 radiolabelled O.4f.ll- O.015~M

TeRSe radiOlabelled O.4j.1l O.Q15I-1M

Taq (DNA polymerase) a.16~l 0.75 units

eDNA '''' O.2ngl1JL

Wale, 7.4<4j.d.
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Table 3 7: PCR Amplification Conditions

Step Time Temperature

Initial Denaturation 5 minutes 94·C

Denaturation 1 minute 94·C

Annea~ng 1 minute 5S·C

Extension 1 minute 72·C

Final Extension 7 minutes 72·C
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3.9 Quantitation of peR Products

3.9.1 Theory

One of the obstacles in quantitative peR is the development of an

adequate and precise method of quantitation of peR products (Choi et al., 1989).

The primers used in this method were radiolabelled as discussed eartier.

Atter the peR, the unincorporated primers were separated from the peR product

by agarose gel electrophoresis. Electrophoresis separates DNA molecules based

on size. Thus. it not only separates the amplified TCRAC product from the

amplified TCRBJ product, but separates these from any other eDNA or DNA

present in the solution (induding unincorporated primers.)

The eJectrophoresis was perfonned on a Submarine Gel Apparatus. and to

avoid contamination between the ranes. alternate wells were used. Bromophenol

blue was found to interfere with the visibility of the TCRBJ bands. In order to

avoid this. the dye was diluted with glycerof and TBE (tris·borate EDTA (ethyiene

diamine tetraacetic acid)).

Ethidium bromide was added to the buffer in the Submarine Gel

Apparatus. Thus, UV light allowed the visualization of the TCRAC band and the

TCRBJ band in each lane. The bands were cut out with a scalpel and placed in

scintillation vials. Care was taken to dean the scalpel between excisions to



reduce the possibility of contamination. SCintillation fluid was then added to the

vials and counts per minute (cpm) were measured in a scintillation counter.

As expfained later (see section 3.10.3). the value, used as an indicator of

how much of each TCRBJ gene segment was Ofiginally present. was percent

relative counts (%RC), see Equations 3.1 and 3.2 (Daniel, 1994).

3.9.2 Materials

1) bromophenol blue

2) high gelling temperature agarose (Stgma. Oakville. Ontana. Canada)

3) TBE

4) Submarine Gel Apparatus (Bio-Rad. Hercules. California. USA)

5) ethidium bromide

3.9.3 Method

Nine microliters of PCR product and 1Jll of bromophenol blue were added

to the alternate wells of a 2% agarose gel. in O.5X TBE buffer. A voltage of

ao-90V was applied for 45 minutes. The gels were then stained with ethidium

bromide. The DNA bands were excised using a scalpel and placed in scintillation

vials. Five milliliters of Beckman Ready Value Scintillation Fluid was added to the
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samples, and the samples were left overnight. The vials were then placed in the

SCIntillation counter, and a reading of counts per minute (cpm) was obtained.

3.10 Testing peR Variables

3.10.1 Plateau Phase

3.10.1.1 Theory

In Chapter 1, it was shown that for a quantitative PCR, the reaction must

never be permitted to proceed beyond the quasi-linear phase. Thus, the number

of cycles which progress before the onset of the plateau must be calculated. In

this thesis, the TCR repertoire was determined using cDNA as a starting product

or substrate. In addition, to test primer efficiencies the substrate required for the

PCR is DNA that has been previously PCR-amplified (see Section 3.10.2). Since

two different substrates were used (I.e., cDNA and PCR-amplified TCR DNA), the

various phases of the PCR were determined using the two different substrates.

3.10.1.2 Method

3.10.1.2.1 Preparation of eDNA Substrate

cDNA was prepared from total cellular RNA (see section 3.6) and was

diluted to 0.1 ~g/mL.
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3.10.1.2.2 Preparation of PCR-Amplified TCR DNA

For both the TCRBJ and the TCRBV primers. a representative primer was

chosen to test the plateau phase; the criteria used in the selection of this primer

will be discussed in Chapter 5. A non-radioactive PCR was used to ampiify

eDNA using the chosen TCR primer and a suitabie antisense primer. This PCR

product was diluted to 0.011'M.

3.10.1.2.3 Tes6ng the Plateau Phase of the PeR

Approximately 30 identical PCR reactions were set up, using the

representative TCRBJ and TCRBV primers discussed above and substrate

(eDNA or PCR-amplified TCR DNA). The reverse primers were radiolabelled.

The reaction mixtures were placed in the thermocycler and the PCR was aliowed

to proceed for 4 to 42 cycles. Aller a predetenmined number of cycles, two tubes

were removed and allowed to complete the final seven minute extension in a

separate thenmocycler. Aller eiectrophoresis and excision of the bands, a cpm

reading was obtained from these. A graph was then compiled from which the

number of cycles completed before the plateau occurs could be extrapolated.



3.10.2 Primer Efflciency

3.10.2.1 Theo<y

Chapter 1 and Chapter 5 diSOJss the importance of evaluating the

efficiency of the primers. Without correction for amplification biases. erroneous

conclusions may be made conceming the level of expression of various TCRBV

families or TCRBJ gene segments in an individual or in a tissue (Daniel &

Haegert. 1996)

3.10.2.2 Method

T~II eDNA was obtained (see section 3.6). A first round peR using

non-radiolabelted primers specific for each of the TCRBJ gene segments was

carried out for 40 cycles with no internal control. TCRAC was amplified in a

separate reaction tube. The product of each of these first round peRs was then

diluted to O.01~. These products were then used as the substrates in a second

round peR. In this second peR both amplified TCRAC and a TCRBJ were

ptaced in the tube and radiolabelled primers were used. The relative counts were

used as an indicator of primer efficiency.
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3.11 Methodological Concerns

3.11.1 Cell Stimulation

If the amount of RNA isolated from the cells had been greater, less blood

would have been required from the volunteers or more PCR reactions could have

been performed with the same amount of blood. One method of increasing the

amount of RNA obtained would have been to increase the CD4·specific

Dynabead to cell ratio. As mentioned before however, the number of Dynabeads

used was limited due to finances available. Another way to increase the amount

of RNA obtained would have been to stimulate the cells with mitogen, IL-2,

anti-CD3 antibody or a similar reagent. However, published data have shown

that at least some of the substances listed may skew the repertoire (Jason,

1996). Therefore, the cells were not stimulated in any way.

3.11.2 Volume ofBlood Required

The volume of blood listed in Table 3.1 was the minimum amount of blood

necessary to ensure an adequate amount of RNA to complete amplification of the

TCRBJ or TCRBV gene segments. These figures were determined through trial

and error.
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3.11.3 Infernal ContToI

Once a cpm reading was availab'e tor each gene segment ampflfied. a

method was necessary to compare the expression levels of the 13 TCRBJ gene

segments. The amount of product at the end of a PeR is dependent on a

number of factors. These include the quality and the concentration of the eDNA.

the Quality and the concentration of the reverse transcriptase, Mg ion

concentration. temperature variations between the wells of the thermocyder, the

effidencyofthe thermocyder, etc (Innis et sr., 1990). As a result of these

differing factors. it was impossible to compare cpm obtained as the produds of

separate PCRs. Thus. in order to account tor the variations between reactions.

an appropriate control was needed. Since the TCR is a heterodimer. the amount

of 13...chain and a-chain mRNA in a cell should be identical. The TCR~ chain

was, therefore, used as an internal control. The internal control not only provided

an indication of the individual reaction conditions within tubes. but it aHowed for a

comparison between reaction tubes.

So, in every PCR reaction tube. there were two amplifications underway:

TCRBJ (or TCRBV) and TCRAC. There is no a priori reason to believe that

these two amp/ffications interfere with one another.



Mathematically, to account for the variations between reactions. Equation

3.1 was used (Daniel. 1995).

Rdative Counts (RCoI = JjJ. cpm
Ca._

Equation 3.1

Using this equation, an RC value was obtained for every TCRBJ gene

segment, designated RC" where n =1-13. To calculate the frequency of each

TCRBJ gene segment, equation 3.2 was used (Daniel. 1995).

·~RC. - ~ x 100

~RC.

Equation 3.2

Once again, these conditions and equations can easily be extrapolated to

analyze the TCRBV families.

3.11.4 Amount ofcDNA Required for PeR

Preliminary experiments established that 11J,L of a O.21J.glmL preparation of

eDNA was suitable for PeR. Since the initial concentration of eDNA might affect

the number of cydes at which the plateau occurs. e:very eDNA sample was

diluted to O.2,.,.glmL before a PeR was performed.

3.11.5 Reproducibility ofExperiments

Experiments when repeated from day to day, must give the same results.

or the validity of the test procedure must be questioned. Reproducibility tests



were performed. therefore. and statistically analyzed. It was found that the

method empHJyed is valid; results are presented in Chapter 4.

3.11.5 Statistics

The major statistic used in these experiments was Pearson correlation

analysis. This statistic allows for the CX)lTlpar1son of two sets of data to determine

simifarity. A OJrrel'ation test gives an r-value. which ranges from ·1 to 1. A value

of close to 11 I indicates the two data sets are linearty related. An r-value dose

to zero indicates the two data sets are not linearty related (Daniel, 1994). All

calculations were performed using the Minitab statistics program (Minitab 10 for

WindOws).

The statistical analysis described in this thesis was recxxnmended by Dr

V. Gadag (Associate Professor of Biostatistics. Faculty of Medicine. Memorial

University of Newfoundland.)

3. f f. 7 Posff/ve vs. Negative Selection for CD45 Isoform

As discussed in Section 1. naive human T<ells express C045RA, and

memory cells express CD45RO although it is recognized that CD45RA· T-cells

could OJntain some ~revertant" memOf)' T-cells (Richards et al.. 1997 and

Hargreaves & Bell, 1997). There exists a third set of cells that are CD45RO+ and

CD45RA+; that is, they express both isotorrns (Mc8haney at a/.• 1995). These



cells are known as ear1y activated T-cells. They do not appear to be as

numerous as naive or memory cells. To eliminate these cells negative selection

was performed. As discussed earlier, negative selection depletes the mixture of

any cells that express a certain cell surface protein. For example, if naive cells

were the desired population. CD45RO- cells (rather than C045RA· cells) would

be isolated. In this way, both memory and earty activated cells 'NOU1d be depleted

from the medium, for both express CD4SRO.

At the commencement of the naive and memory T-cell experiments. I had

no knowledge of early activated cells and so the first hypothesis was tested using

positiVely selected C045RA· T-cells.



Table3.8: Cell TypefsolatedforEJICII Experiment

1) C045RO \'S. C045RA

2) Twins YS. unreWed indMdu.ls

3) HLA idetltic:8I YS. HU\ non-tcIentical siblings

..) Twins j)8in discordant for multipe sclerosis
VS. heall:hy twin pairs

eel Type lsoIated

C04·C045RO"and C04·CD45RA"

C04·CC45RO"



3.11.8 Conecling for Prime, Efficiency

As discussed in Section 3.10.2. the efficiency of each TCRBJ and each

TCRBV-specific primer was tested. Once again. the method used to correct for

primer efficiency will be di5aJssed tor TCRBJ only; the method is. haNever,

easily extrapolated to TCRBV. Every TCRBJ repertoire to be corrected is

composed of 13 %RC values. one for each of the 13 TCRBJ segments(see

equations 3.1 and 3.2). Refative counts were also used as an indicator of primer

etridency, the relative count value obtained for each primer will be designated

Rep in order to avoid confusion. The 13 %RC values were corrected for primer

efficiency according to equations 3.3 and 3.4; the 13 resulting corrected values

were desigated %RCC.

CF.--'
Rep.

%RCC." 1;,oRCoxCF. xlOO

~"RC"'CF.

equation 3.3

equation 3.4
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3.12 Summary
3.1 • Peripheral blood was collected from volunteers.

3.2 - Lymphocytes were isolated from whcle blood.

3.3 - ~1s expressing C04 were isolated from the heterogeneous lymphocyte

population using Oynabeads.

3.4 - CD4· cells expressing specific C045 isofomls were isolated.

3.5 • The cells were lysed and RNA was extracted from the cells.

3.6 - A cONARNA hybrid was syntheslzed from the RNA.

3.7 - Primers for use in subsequent peR were labeled with 32p.

3.8 - Quantitative peR was performed. This includes a separate reaction for

each TCRSV family and/or each TCRBJ gene segment

3.9 - A cpm reading was obtained for each TCRBV family and/or each TCRSJ

gene segment. Equation 3.1 and 3.2 were used to analyze these dala.

3.10- The p(ateau phase and the primer efficiency were tested.

3.11- The following is a list of methodological concerns associated with this

procedure: internal controls, amount of eDNA required, statistics,

reproducibility, different CD45 isoforms and FACS analysis of the cell

subsets.
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4. RESULTS

4.1 FACS Analysis of Cell Subsets

Oynabeads have proven to be an efficient and highly specific method to

isolate cell subsets based on surface epitopes (Manyonda at at, 1992).

Nonetheless, a FACS analysis was performed on a T-eell sample to verify that

the correct cell subsets were being isolated. The results proved that Oynabeads

effectively isolated C04· T-eells from a heterogeneous population of lymphocytes

(98.5% were CD4.), and that Dynabeads effectively depleted this population of

C04· T-cells of CD45RO' cells, creating a final population of CQ4·C045RO· cells

(97% were C04SRO).

4.2 Reproducibility

It was deemed important to establish the extent to which determination of

the TCRBJ repertoire is reproducible. Blood was taken from a single subject

(1.X.01) and CDa'" T~ls were isetated' on a single occasion. Initially, the COS

T-cell repertoire of this individual was analyzed on two separate days using

separate peR cocktails but the same DNA. A correlation coefficient was

obtained as a measure of the similarity between graphs. A Hast was used to

determine whether or not this correlation coefficient indicated similarity or

difference. The t·test gave p<O.07; a p<O.OS indicates similarity. Then, the test



was repeated on two separate days but this time, using the same PCR cocktail

for the repeat testing. This produced more convincing evidence of test

reproducibility (p<O.001); the results of this second test are plotted in Figure 4-1;

even at first glance. the two lines are strikingly similar.

The p<O.OO1 confirms that the lines are indeed similar. i.e. that the

TCRBJ repertoires are remarkabty simifar when performed on separate days but

using the same PCR cocktail. That is. the results are reproducible. This finding

was important and meant that all subsequent comparisons of repertoires had to

be performed using the same peR cocktail (or master mix).
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156155154153152

o.LI ~--

151

TCRBJ gene segment

Figure 4-1· PartiaJ TCRBJ Repertoire (including segments 1S1 to 156 inclUSIVe)
performed on two separate days but analyzed usmg the same PeR cockt8l/ to
demonstrate the reproducibility of the results.
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4.3 P1alllau Phase

As discussed in Chapters 1 and 3 in applying an RT-peR method for TCR

repertoire det8fTTlination, it is critical to know when the peR amplification

conditions become limiting, Le. when the plateau phase has been reached.

The plateau phase for the PeRs perfonned in this study was determined

using the methodology described in Chapter 3. In order to accomplish this. a

representative primer was chosen; the criteria used in this selection will be

discussed in Chapter 5.

Two different substrates 'Nef'e used in the various peRs of this research.

The first substrate was peR-amplified DNA of the gene segment for which the

primer was specific. The second substrate was eDNA isolated from T-cells. The

implications of the choice of substrate will also be discussed in Chapter 5.

The plateau was deleonined for TCRBJ using both peR-amplified DNA

(Figure 4·2) and eDNA (F"tgure 4-3) as substrates. For TCRBV, the plateau using

eDNA as a substrate was detecmined (Frgure 4-4). The TCRBV plateau using

ampflfied DNA as a substrate was prevk>usly determined by E. Daniel (OanieJ.

1995). Table 4-1 presents the results of these studies.
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Primef set (and Substrate Number of Cydes before
representative primer) the Plateau Effect Occurs

TCRBJ(155) amplified DNA 18

TCRBJ (252) eDNA 32

TCRBV amplified DNA 30

TCRBV6 eDNA 35

TCRAC amplified DNA still linear at 30 cydes

TCRAC eDNA stin linear at 35 cydes



To ensure that the internal control would also remain in the quasi-linear

phase at the end of each PeR, the progression of a PeR was also determined for

TCRAC using the specific primers. This had previouslV been determined using

an amplified DNA substrate (Daniel. 1995). The results determined for a eDNA

substrate are presented in F"tgure 4-5. These results are also presented in

Tab'e 4-1.
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Figure 4-3: The progression ofa peR for TCRBJ primers using TCRBJ2S2 as a
representative primer and eDNA as a substrate.
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4.4 Priming Efficiency

The importance of determining primer efficiency was discussed in

Chapter 1. The primer efficiency was detennined for the thirteen TCRBJ gene

segment specffic-primers and for the twenty·four TCRBV family specific primers

following the method described in Chapter 3.

For the TCRBJ primers. five bials were performed; the results are

presented in Figure 4-6. On inspection of the figure. there appears to be marked

variability in priming efficiency; this is confinned by a on~y ANOVA (p<O.OO5).

Primers for TCRBJ2S1, 254 and 257 are most efficient. whereas primers for

TCRBJ1S4 and 155 are least efficient

For the TCRBV primers. two trials were performed; the results are

presented in FtgUre 4-7. Again, rhere appears to be maI1ced' variability in priming

efficiency, confirmed by a one-way ANOVA (P<O.010). Primers for TCRBV12. 13

and 14 are most efficient, whereas primers for TCRBV19 and 24 are least

efficient.
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Figure 4-6: Mean priming efflciency of the thirteen TCRBJ spectfic primers. Error bars
represent one standard deVJ800n.
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Figure 4-7: Mean priming efficiency of the twenty-four TCRBV specific primers. Error
bars represent one standard deVIatIOn.



4.5 First Hypothesis

4.5.1 1M TCR Repertoire In Naive (CD45RA') vs. Memory

(CD45RO') T-cells

4.5.1.1 TCRBJ Anatysis

The TCRBJ repertoires of naive and memory cells were determined for

twenty unrelated volunteers, and the data 'NeI'e corrected for pliming efficiencies.

Figure 4-8 is an example of the TCRBJ repertoire for naive and memory cells of a

single individual and is presented on the following page. The repertoires of the

twenty subjects are presented as Figures A-l to A-20 in Appendix A. The goal of

this part of the study was to test whether there is a relationship between the

mernOfy and naive TCRBJ repertoires; to do this, Pearson correlation

coefficients were used as discussed in Chapter 1. Each coefficient is designated

or'; the r-values were calculated for each volunteer and the results are induded in

FlQures4-8 and A-1 toA-20.
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Figure U: The rCRBJ repertoire (COfT8Cted for primer efficiency) for the
CD4+CD45RO+ (Il1emotY) and CD4+CD45RA+ (naive) T-celfs of subject I.X.01
r:o:0. r89.



'"

The question then arose as to whether the naive T-cell repertoire and

memory T~t repertoire within an individual are similar or different. see

Section 2.1. In other words. how dose does the correlation coefficient have to be

to 1 to demonstrate a statistiadly significant corretation between the {'NO cell

subsets? A t·test reveals that all values above 0.55 for the correlation coefficient

are statistically significant (see equation 4.1). Only 5 aftha 20 individuals who

participated in this study showed any statistically significant correlation (i.e..

c:one!ation coefficient greater than a.55) between their naive C04' T<ell and

their memory CD4' T-<:ell TCRBJ repertoire. see Table 4-2. Correlation

coefficients above 0.55 are indicated with an asterix.

equation 4.1

In Table 4-2. the second digit attha code indicates memory or naive cell;

one refers to memory and two refers to naive. The last digit of the code indicates

the individual. The conclusion is, therefore that in 75% of the individualS tested

the naive T-cell repertoire of a particular individual differed statistically from the

memory T...caU repertoire of the same individual.
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Table 4 2: Correlation Coeffidents (r·values) between TCRBJ RepertOIres of Naive and Memory
T·Cells

Comparison between subsets

1.1.01 V5. 1.2.01

1.1.02 V5. 1.2.02

1.1.04 vs. 1.2.04

1.1.05 V5. 1.2.05

1.1.06 V5. 1.2.06

1.1.07 V5. 1.2.07

1.1.08 V5. 1.2.08

1.1.09 v5.1.2.09

1.1.10V5.1.2.10

1.1.11 v5.1.2.11

1.1.12 v5.1.2.12

1.1.13 v5.1.2.13

1.1.14 v5.1.2.14

1.1.15 v5.1.2.15

1.1.17v5.1.2.17

1.1.18v5.1.2.18

1.1.20 V5. 1.2.20

1.1.21 v5.1.2.21

1.1.22 V5. 1.2.22

1.1.24 V5. 1.2.24

• indicates values above 0 55 (see text)

r-value

0.189

0.794"

0.591"

0.590·

0.495

0.342

0.674"

0.306

-0.345

0.578"

0.315

0.335

0.365

0.401

-0.478

0.269

-0.433

0.475

0.182

0.083

0.286



4.5.1.1.1 Age and the TCRBJ Repertoire of Naive and Memory T-C.lls

There is reason to hypothesize that the correfation between the memory

T-eell repertoire and the naive T-eell repertoire (represented by 'r') may decrease

with age as a consequence of antigenic exposure throughout life. Table 4-3

shows the correlation coefficient (r-value) for each subject. The subjects are

categorized by age and the mean c::orreIation coefficient is reported at the bottom

of the table. Indivkfuals were arbitrarily cfMded into an under and an over thirty

years of age category. The mean r-value for individuals under thirty years of age

(mean age =24) was 0.461. The mean r-value (or individuals over thirty years of

age (mean age = 45) was much lower. 0.073. These two means are indeed

different; a t-test gave a p<0.02. From this it can be c:onduded that the

differences between the memory T-cell repertoire and the naive T-cell TCRBJ

repertoire are more pronounced above age 30 than under age 30. It is interesting

to note that the extremely low correlations were all in individuals over 50 years of

age.



Table 4.3: ConeIation Coefficients (r-values) for Subjects Basedon Age for naive lfS. memory
T-edfs TCRSJ repertoires

Under 30 years at r-values Over 30 yeatS of r-values
age age

1.X.Ol 0.189 1.X.07 0.342

1,X.02 0.794 1.x.09 0.306

1.X.04 0.591 lXl0 -0.345

lXOS 0.590 1.X.ll 0.578

1.X.06 0.495 1.X.13 0.335

1.X.08 0.674 1.X.17 -0.478

1.X.12 0.315 1X18 0.269

1.x.1. 0.365 1.X.20 -0.•33

1.x.1S 0."01 1.X.24 0.083

1.X.21 0.475

1.x.22 0.182

mean r-vakJe 0.461 mean r-value 0.073



4.5.1.1.2 Gender and the TCRBJ Repertoire in Naive and Memory Cells

It is ooncefvable that the correlation c:oefficients between naive and

memory TCRBJ repertoires vary with gender in view of the reported differences in

immune reactivity between men and women (Grossman. 1989). Table 4..4 shows

the correlation coefficient for each subject. The subjects are categorized by

gender and the mean correlation coefficient is reported at the bottom of the table.

The two categories are not statistically different a t-test gave a p<O.51.



Table 4.4: CorretatkJn Coefffcients (r-values) for Subjects BBsedon Gender for NIIive 'IS

Metmoty T-e.n TCRBJ Repertoire

male ,-value - r-value

1.X.G4 0.591 1X01 0.189

1.X.05 0.590 1.X.02 0.794

1.X.06 0.495 1.x.08 0.674

1.x.07 0.342 1.x..11 0.578

1.x.09 0.306 1.x.13 0.335

1.X.10 -0.345 1 X.14 0.365

1.X.12 0.315 1.X.17 -0.478

1.x.15 0.401 1.x.21 0.475

1.x..18 026. 1.X.22 0.182

1.X.20 -0.433

1.X.24 0.083

mean r·value 0.238 mean r-value 0.346
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4.5.1.2 TCRBV Analysis

The TCRBV repertoires of naive and memory T-cells were determined for

nine unrelated individuals, and the data were corrected for priming efficiencies

All these volunteers also participated in the TCRBJ repertoire study (Section

4.3.1.1). An example of the TCRBV repertoires for naive and memory T·cells of

a single individual is presented on the following page as Figure 4-9. The

repertoires of all the individuals can be found in Appendix B as Figures B-1 to

B-9. The goal of this part of the study was to test the relation between the

repertoires of memory and naive T-cells within an individual; once again, the

Pearson correlation coefficients are presented on the graphs. These correlation

coefficients are also presented in Table 4-5. Once again, a I-test can be used on

the correlation coefficients to determine similarity between TCR repertoires of the

two cell populations. The critical value in this instance is 0.40. In other words, for

any individual, a correlation coefficient above 0.40 indicates a statistically

significant correlation between the naive T-cell and memory T-cell TCRBV

repertoires. Five individuals were found to have correlation coefficients above

0.40 for the comparison of the TCRBV repertoires of their naive and memory

T-celts; these individuals are indicated by an asterix in Table 4-5. This means

that five out of the nine individuals tested demonstrated a statistically significant

correlation between their naive and memory TCRBV repertoires.



122

Due to the insufficient and disproportionate sample, it was impossible to

determine whether or not the correlation between the memory T-cell TCRBV

repertoire and the naive T-cell TCRBV repertoire decreases with age. Also, it

was impossible to determine whether or not a statistically significant correlation

between the naive T-cell repertoire and memory T-cell TCRBJ repertoire is a

indicator for a similar correlation for the TCRBV repertoire. By disproportionate, it

is meant that of the nine individuals, 66% were over the age of 30, and only one

had demonstrated a statistically significant correlation between hislher memory

T-cell repertoire and naive T-cert TCRBJ repertoire.



Table 4.5: Com!(ation CoeJ1lSc::llMts (r-vaIuesJ between TCRBV Repertoires of NiJNe and Memory
T-Gei/'

1.1.02vs.1.2.02

1.1.07 vs. 1.2.07

1.1.09vs.1.2.09

1.1.10vs.12.10

1.1.12vs.1.2.12

1.1.13vl.1.2.13

1.1.15vs.1.2.15

1.1.17 vs. 1.2.17

1.1.18vs.1.2.18

·,tldCates values above 0.40 (see rextJ

(-value

0.247

0.099

0.681·

0.253

-0.029

0.439
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Figure 4-9: The TCRBV repertoire (corrected for primer efficiency) fottne
CD4+CD45RO+ (memory) and CD4+C04SRA+ (naive) cells of subject f.X 02
'-0.247_

'"



4.5.2 Overall TCRBJ Repertoire

4.5.2.1 Naive T-Cell TCRBJ Repertoire Analysis

Twenty individuals participated in this study (see section 4.3.1.1), and the

mean expression level of each TCRBJ segment was calculated for these twenty

individuals. For naive T-eells, this was done with both the corrected and

uncorrected data; see Figures 4-10 and 4-11, respectively. Each column in

these graphs, therefore. represents the mean expression of the TCRBJ gene

segment signified. An ANOVA demonstrates that the mean levels of expression

of the thirteen TCRBJ segments are significantly different in both instances.

(p<O.OOl for both).

The error bars on these graphs represent one standard deviation. Thus.

the length of the error bar is proportional to the variability of expression of ead'l

TCRBJ segment within the given population. The error bars show that

TCRBJ1S1, 153, 154,251 and 257 are the most variable of the TCRBJ gene

segments fer the uncorrected data, and TCRBJ1S1, 1$4 and 257 are the most

variable for the corrected data.

Figure 4-12 shows both the corrected and the uncorrected data for the

TCRBJ repertoire in CQ4·C045RA· cells. There is a striking difference between

the t'NO repertoires. The uncorrected data shows TCRBJ2$1 and 257 as the

predominantly expressed TCRBJ gene segments and TCRBJ1S4. 254 and 256
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as the least expressed. In contrast, the corrected data reveal that TCRBJ 1S 1,

185 and 257 are the predominantty expressed TCRBJ segments and TCRBJ

254 and 256 are the least expressed.

In conclusion taking into account the primer efficiencies, the naive T-cells

ofthe study population express TCRBJ1S1, 185.251 and 257 at higher levets

than the other TCRBJ gene segments. and TCRBJ 1S" 154 and 257 exhibit the

most variability.
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20-

16.,
14-

~ 12-

Lt

I~~,L];'LJLJ:'LH__~ ~j
1S1 l~ 153 l~ 1~ l~ ~l ~ m ~ 2~ ~ ~7

TCRBJ OeM Segment

Figure 4.10 Mean percent expression of TCRBJ segments In naive T-cells from 20
unrelated Indivtduafs usmg data uncorrected tor pnmer etfjaency Error bars fftpresent

one standard deVJsoon. p<lJ 001, ANOVA.
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TCRBJo...~

Figure 4-1 1.- Mean petr;¥It expreS$i)(l of TCRBJ segments In naM! T-cells from 20
unrelated irtcIividuaJs USIf11J data corrected tor primer eMoiency. Etror bars represent one
standarc1deviation. p<O.OO1, ANOVA.
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!!!!!l~!!~i.ii!!~~~~~
TCMJ 0-.s...-.

FigIJfe .. 12; Comparisofl 01 conected and uncorrected me311 peroenr axpres$IOIIleveis
of TCRBJ segments from !he naive T<ells of 20 unte/ated Individuals.
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4.5.2.2 Memory T-Cell TCRBJ Repertoire Analpis

For memory T..cells. data were oompiled for both the corrected and

uncorrected data: see Figures 4-13 and 4-14, respectively. An ANOVA

demonstrates that for both corrected and uncorreded data there are significant

differences in the levels of expression of the various TCRBJ segments (p<O.OOI

""both).

Again. the error bars on these graphs represent one standard deviation.

This demonstrates that. for the uncorrected data, TCRBJ1S3, 2S1. 256 and 2$7

show the most variability, and for the corrected data 153, 155. 251 and 256

show the most variability.

Figure 4-15 shows both the corrected and the uncorrected data for the

TCRBJ repertoire in CD4·CD45RO· cells. i.e. in memory cells. The uncorrected

data show that TCRBJ2S1 and 257 are the predominantly expressed TCRSJ

segments. The corrected data, however. demonstrate no extreme values except

it may be noted that TCR8J2$4 is the least expressed TCRBJ segment.

Since primer efficiency must be accounted for. it can conclude from these

graphs that memory cells in the study population express no predominant TCRBJ

segment and TCRBJ153, 155,251, and 256 exhibft the most variability in levels

of expression.
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1$1 1~ 1» l~ ,~ I~ ~I ~ ~ ~ m ~

TcaaJ 0... s.gn.nt

Figure 4-13: Mean percent expt't!5Sion 01 TCRBJ seg~ts In memory T-cells from 20
urn/ated IndivicicJaJs using data IIfICOffl!Cted fbr primer ellfciency. Error oafS rept8$6nt
onestandan:!deviatiotl. p«J.OOf,ANOVA.



_______________utili
,~ I~ I~ ,~ 1~ m ~ ~ ~ ~ ~ ~""'"'--Figure 4-14: Mean percent e;cpte$Siollof TCRBJ segments In memory T-eeNs from 20

unrelated indMduals using data corrected for primer emdency. Error bars fepteS6nt one
stllndarddeviaaon. p«J.()()1, ANQVA
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20-

.. -

~~!e~~ij~~~~~~
TCRBJa..SoIgrlwnl:

Figure 4415 CompaniSOfJ ofcorrected and uncorrected mean percent expresSiOn levels
of TCRBJ segments fitOm the memory T-reUs of 20 unrelated mdlvtdua/s
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•.5.2.3 Mean Memory Cell Repertoire YS. Mean Naive Cell Repertoire

For the twenty unrelated participants in this study. an ANOVA shows a

significant difference in the mean revels of expression of the various TCRBJ gene

segments in both naive and memory cells (see Section 4.3.2.1 and 4.3.2.2).

Figure 4-16 is a comparison of the mean levels of expression of TCRBJ

segments between naive and memory T-cells of the population. This figure

shows the greatest difference in the levels of expression of TCRBJ1S1 and 1$4.



;;;,,~;;~~~E~~~~
fCRLl~~

Figure 4-16: Compari$Oll of the mean IeYefs ofexptflSS/Ofl of TCRBJ segments '" naIVe

and memory T-ceJ/$ from 20 unrelated indvrduals.



4.5.3 Umbilical Cord Blood TCRBJ Analysis

Knowledge that the ratio of memory to naive cells inaeases with age

(McElhaney at 8/., 1995) and that the correlation between naive and memory

TCRBJ repertoires decreases with age (see section 4.4.1). led to an interest in

the examination of memory and naive T·<:ells in umbilical cord blood. The

memory T-<::ell repertoire obviously changes with age. so it was of interest to

study memOfy T-cells at a very young age i.e.. in newborns. It was hypothesized

that since newborns have been in contact with refatively few external antigens,

their memory T·cell repertoires would be oligocJonal.

One sample of cord blood was analyzed by flow cytometry. Greater than

90% of the cells expressed both isoforms. Thus the findings that blood taken

from the umbilical cord is mostly composed of C045RA·C045RO· cefls was

confirmed (Yamada et al.. 1992: Byrne at al., 1994 and Amiot et af.. 1996), In

other words, there were no identifiable and distinct memory and naive T<ell

populations. Thus, it was not possible to distinguish, let alone isolate memory

T<.ells.

A C04• T-cell isolation was performed on three samples of umbilical cord

b!ood from different donors. eDNA was prepared from the CD4· cells and

peR-amplified using the 13 TCRBJ ptimers. The PCR was n,m for 60 cydes to
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ensure adequate amplification. Radioactive primefs were not used in this case.

for only the presence and not the quantity of the gene segments was of interest.

In two of the three cases, the presence of all thirteen TCRBJ segments

was confirmed. In the third case. only 11 of the 13 gene segments were

successfully amplified': in the wens where no amplification was visible for the

TCRBJ segment, the positive control (TeRAC) was also absent, i.e. the

experiment had failed ted'mically.

4.6 Second Hypothesis

4.6.1 Monozygotic Twins vs. Unrelated Individuals: TCRBJ

Analysis ofNaive T-Ce//s

The TCRBJ repertoire of naive T-cells was determined for six sets of

monozygotic twins (see Appendix C). The age range for these t'Nin pairs was

from 15 to 35 years okt A Pearson correlation coefficient was cakaJlated from

the data for each twin pair.

Six unrelated twin pairs VrIef"8 divided into groups, each group containing

two twin pairs, Le. four members. For each group, the same peR cocktail was

used. minimizing the variation between reactions (see Section 4.1 and 5.1). Test

data for each group consisted of a Pearson correlation coefficient (r·varuel for

each twin pair; therefore, six test correlation coefficients were obtained. For

example, suppose A1 and A2 are twins and 81 and 82 are twins. The test



statistics would include a comparison of Ai and A2 and a comparison of 81 and

82. The twin data were compared with data obtained from analysis of the TCRBJ

repertoire in control individuals. Controls consisted of unre{ated individuals. For

examP't!, Ai was o::mpared to 81 and A2 was compared to 82. All possible

Pearson correlation roefficients for twin pairs and unrelated pairs (controls) are

presented in F"tgure 4-17.
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FiglJfe 4-17. CotreIation anaIysJs 01 the naNe r-eel TCRBJ repertQ"rt!$ III mDI'IOZ)'9lXlC
twin pairs and unrelaled 1IIdivtduaJs.



It appears in Figure 4-17 that the Pearson correlation coefficients for the

twin pairs are greater than those for the unrelated pairs of individuaJs. VVhether

this difference is statistically significant is difficult to test due to the low number of

data points in each repertoire, i.e. thirteen (one for each TCRBJ gene segment).

To overcome this problem. the repertoires were grouped, enabfing the potential

comparison of twenty·six data points (or any multiple of thirteen) instead of

thirteen. In actuality, only twelve data points were used for each individual

permitting comparison of twenty-four data points: the expression level of

TCRBJ2S7, the last TCRBJ segment measured, was omitted to achieve

independence of the data. After increasing the number of data points in this

manner, a comparison could be made using a z-test (see equations 4.2 and 4.3).

There is one rule to be followed in these groupings, however; no individual can

be included in the calculation of correlation coefficients for both the twins and the

unrelated pairs. This leads to various possibilities for comparisons. For example.

suppose there were four twin pairs: Aland A2. Bland 82, C 1 and C2; and 01

and 02. Tab«! 4-6 summarizes the six possible groups for this example. Ead"I

possibility will yield a different z·test result To obtain the best overall

comparison. therefore, all possibilities must be calculated.

The following are the equations used for the z·test. In equation 4.3. rn

represents the correlation coefficient for the n-' comparison, and equation 4.2



represents a z-test tor two comparisons. represented by the arbitrary digits 1

and 2.

l" ll" D

g+Rz~

:Go" .!.IJ.!_~~)
2 '\I-r.

equation 4.2

equation 4.3



Tabfe 4.6: Hypottletica/ EJcampie of Data Analysis

Twinapairs

A181 YS. A282

A1C1 YS. A2C2

A101 VS. A2D2

81C1 ys.82C2

8101 ys.8202

C101 vs. C202

Unre!ated pairs

C1C2 vs. 0102

8182 vs. 0102

C1C2 vs. 8182

A1A2 'is. 0102

A1A2 vs. C1C2

A1A2 vs. 8182



For the six twin pairs in this study, there were 40 possibilities. For each

possibility, one z-test statistic was calculated; these are presented in Table 4-7

and in FlQure 4-18. The z-value must be greater then 1.96 for the results to be

statistically significant with 95% oonfidence. Notice only five values are below

this critical number. Therefore. 85% of the possibilities demonstrate a

statistically significant difference between the correlation coefficients of the twins

and those of the unrelated pairs of individuals.



Table 11.7: z-le$t Statistic Ibr TCRBJ RepertrJit'ss of MonozygoIic Twins '1$". Unrelated Pairs

z-values

4.5 ... 4.2 4.2 4.1

4.0 3.• 3.8 3.7 3.5

3.5 3.4 3.4 3.4 3.'

3.' 3.2 3.1 3.0 3.0

3.0 3.0 3.0 2.• 2.7

2.7 2.6 2.5 2.4 2.'

2.3 2.3 2.1 2.0 2.0

1.7 0.8 0.6 0.5 .0.5
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Figure of. f 8: Distribution ofz-values obtained from the 40 c:ompan·$Ofls of correlatiotJ
coeffideltl$ of ,,*ns \IS. unreltJifJd paks of int:JMduais.



4.6.2 HLA Identical Siblings vs. HLA Non-identicill Siblings:

TCRBJ Anillysis ofNaive T-Celis

The TCRBJ repertoires were analyzed in three families. The number of

members in each of these families is presented in Table 4-8. Each individual was

given a code to preserve anonymity and to distinguish parents from children

within the families. The last digit represents the individual: the number one

represents the father, the number two represents the mother and the remainder

represent the children.

Table 4-9 shows the HLA haplotypes for all the family members. The

haplotype designations were arbitrary. The actual haplotypes were determined

by E. Daniel (1995). For each family a variety of comparisons could be made:

between parents. between parents and children, between HLA identical siblings,

between HLA haploidentical siblings and between HLA non-identical siblings.

The Pearson correlation coefficients (r-values) for every possible comparison are

presented in Figures 4-19 to 4-22, but for this thesis it was decided to analyze

statistically only the differences between r-values for HLA identical and HLA

non-identical sibling pairs (see bekIw').



Table 4.8: Number 01 Members in Each Family

Family

2.2.1.X

2.2.2.X

2.2.3.X

Number of Members (lOCluding parents)



H!.Al<lenliQl Ht.A HlA"""..
SibIngIt Hiploidenticlli 1<ttnoc:Il............

Figure 4-19· Correlation analysis of the naive T<ell TCRBJ repertoires in family 2.2 1 X.
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~ Hep600denlicIIlIdenliclll- -Figure 4-20: CotreIation analysis of the naive T<en TCRBJ repertoires in famIly 2.2. 2.X,
no HLA hap/Oldentical siblings are pntsetlt in this family
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Figute 4-21: Com!IBtiorJ analysis of the ff<JJVe T-ceJI TCRBJ repertolff!Slff fafTllly 2 2.3 X
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Figure 4-22: Correlation analysis of the naive T<ell TCRBJ repertoires in fa1Ttl/ies
2_2. fX 2.2.2.X and 2. 2. J.x
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Table 4.9: HLA Types tbr All Family """'mfJers

Family 2.2.1 HLA Famiy2.2.2 HLA Family 2.2.3 HLA- ha_ -2.2.1.1 AJB 2.2.2.1 ElF 2.2.3.1 UJ

2.2.1.2 CID 2.2.2.2 GIH 2.2.3.2 KJL

2.2.1.3 Ale 2.2.2.3 EIG 2.2.3.3 11K

2.2.1.4 AIC 2.2.2.. EIG 2.2.3.4 11K

2.2.1.5 BID 2.2.2.5 EJG 2.2.3.5 11K

2.2.1.6 BIC 2.2.2.6 EIG 2.2.3.6 11K

2.2.2.7 FIH 2.2.3.7 JIK

2.2.3.8 JIK

2.2.3.9 JIL

·-...HlA!W*ca'lbellNodin; o..iIII.E.s......F_SMpe ... TCft"ll~..~· ".k

fheslI.Memorielt.lrWenilVotN~.I995



Using the same method of data analysis as described for monozygotic

twins (see section 4.5.1), a z-test was used to compare HLA identical Sibling pairs

to HLA non-identical sibling pairs. There are 288 possibilities for grouping these

data points; the z-values for each of these possibilities are presented in Table

4-8 and Figure 4-23. T'NO hundred and sixty~of these possibilities or 93.75%

are above the critical z~vafue of 1.96, leading to the conclusion that HLA identical

siblings are more similar with respect to their TCRBJ repertoires than HLA non~

identical siblings.

Figure 4-22 also shows that the Pearson~oncoefficient increases

with increased sharing of HLA haplotypes. In other words, the correlation

coefficients increase as follows: HLA non-identical pairs < HLA haploidentical

pairs < HLA identical pairs. This. however. is not statistical evidence. The

preceding paragraphs have discussed the statistical evidence which indicate that

the correlations are higher between HLA identical siblings than between HLA

non-identical siblings. Since not all the possible z-test statistics demonstrated a

significant difference for these comparisons, it was deemed unlikely that any

definitive condusions could be drawn concerning the haploidentical pairs vs. HLA

identical or HLA non-identical pairs. Therefore, no z-tests were perfom1ed for

these particular comparisons.



Table 4. fO: z.fesl Stati$tiC for the TCRBJ Repertores 01 HLA ldenti:al \IS. HLA Non-dfNItical-..
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z-vaIues

5.3 5.1 5.1 5.0 5.0 4.' 4.' 4.' 4.' 4.8

4.8 4.8 4.7 4.7 4.7 4.7 4.7 4.7 4.7 4.6

4.6 4.8 4.6 4.5 4.5 4.5 4.5 4.5 4.5 4.5

4.5 4.4 4.4 4.4 4" 4.4 4.4 4" 4.4 4"

4.4 4.4 4.3 4.3 4.3 4.3 4.3 4.3 4.3 4.2

4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.2 4.'

4.1 4.1 4.1 4.1 4.1 4.1 4.1 4.' 4.0 4.0

4.0 4.0 4.0 4.0 4.0 4.0 4.0 3.' 3.' 3.'

3.' 3.' 3.' 3.' 3.' 3.' 3.' 3. 3.' 3.8

3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8 3.8 38

3.8 3.8 3.7 3.7 3.7 3.7 3.7 3.7 3.7 3.6

3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6 3.6

3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5 3.5

3.5 3.5 3.5 3.5 3.4 3.4 3.4 3.4 3.4 3.4

3.. 3.. 3.4 3.4 3.. 3.4 3.3 33 3.3 3.3

3.3 3.3 3.3 3.3 3.2 3.2 3.2 32 3.2 3.2

3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2 3.2

3.2 3.2 3.1 3.1 3.1 3.' 3.1 3.1 3.1 3.1

3.0 3.0 3.0 3.0 30 3.0 3.0 3.0 30 30

3.0 2.. 2.. 2.' 2.' 2.' 2.' 2.. 2.' 2..

2.. 2.' 2.8 2.8 2.8 2.8 2.8 2.7 2.7 2.7

2.7 2.7 2.7 2.7 2.7 2.6 2.6 2.6 2.6 >5

2.5 2.5 2.6 2.5 2.5 2.5 2.5 2.5 2.5 2.5

2.5 2.5 2.4 2.4 2.4 2.4 2.4 2.4 2.3 2.3

2.3 2.3 2.2 2.2 2.2 2.2 2.2 2.2 2.2 2.2

2.2 2.2 2.2 2.2 2.2 2.1 2.1 2.1 2.1 2.0

2.0 I.' I.' 1.' 1.' I.' 1.' ,.. 1.' 1.'
I.' 1.8 1.8 1.6 1.6 1.6 1.6 15 1.5 1.5

15 1.5 1.3 1.2 1.2 1.2 1.2 0.'



Figure 4-23: DistriblJtion of z-vaJlJfJS obtained from the 288 compansons of correlation
coellicierlts of HLA identical vs. HLA I'IOfI-identica pans.
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4.7 Third Hypothesis

4.7. f IIfonozygotic Twins Discordant for Multiple Sclerosis:

TCRBJ Analysis

From six pairs of monozygotic twins discordant for multiple sderosis.

C04'CD45RO' (naive Th) cells were isolated, and the TCRBJ repertoires were

detennined for each set of cells (see Appendix 0). The average age of the

diSCOl'dant twin pairs was 40 years old. Please note that subject identification

numbers ending in 1 represent individuals with MS and those ending with 2

represent healthy individuals. The correlation coefficients derived from the

comparison of these repertoires are presented in Figure 4-24. Figure 4-24

depicts four possible pairs; these include comparisons 1) between healthy twin

pairs (see Figure 4-17),2) twin pairs discordant for MS. 3) between healthy,

unrelated pairs (i.e.. between the six healthy twin members from the discordant

pairs), and 4) between unrelated MS patient pairs (i.e. between the six MS

patients from the discordant pairs.)
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Figure 4-24: Correlation anafyss efttre naive T-cell rCRBJ repertoires IIJ SIll healthy /WIn (JaJfS. In

SIX identical twin pairs discordanr for MS, In healthy members of discordant twrn pairs and In
alrected members ofdiscordant twirl pairs.



From Figure 4-24. three interesting observations can be made. First. the

twin pairs discordant for MS appear to be less similar with respect to their TCRBJ

naive T-ceU repertoires than do healthy twin pairs. Confirming this. a z·test gives

p<O.001. This z-test compared two r-values: one r·value for the healthy twin

pairs and one r-value for the twin pajrs discordant for MS. Second. no difference

is observed between twin pairs disa:M"dant for MS and healthy, unrelated pairs.

Using the method of analysis discussed in Section 4.5.1, healthy. unrelated pairs

were compared to twin pairs discordant for MS: the results are presented in

Figure 4-25. FlQure 4-25 shows that of the 45 possible comparisons. not one was

above the critical z-value of 1.96, indicating that the naive T-cell TCRBJ

repertoires show no statisticar difference between twin pairs discordant for MS

and heafthy, unretated pairs. Third, rIQure 4-24 shows that unrelated MS patient

pairs do not appear to be more similar with respect to their naive T-cell TCRBJ

repertoires than healthy, unrelated pairs; this was tested using the method of

comparison described in Section 4.5.1. Of 675 possible comparisons between

unrelated MS patient pairs and healthy, unrelated pairs. not one was statistically

significant, see Figure 4-26.



Figure 4-25" Distribution of z-values obtained from 45 comparisons of correlation
coefficients of twin pairs discordant for MS and unrelated pairs.
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Figure 4-26 DIstribution of z-values obtained from 675 compansons ofcorre/aoon coefficients of
unrelated MS patient pairs vs. healthy unrelated paIrs
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4.8 Summary

4.1 • The TCR repertoires obtained by the method described in Chapter 3 are

reproducible.

4.2 • The number of peR cycles after which the accumulation of product is no

longer rinear was determined for TCRBV primers and TCRBJ primers.

4_3 • The e1ticiency of the thirteen TCRBJ primers and the 24 TCRBV primers

in the peR was determined. These primers show statistically significant

differences in their priming efficiencies.

4.4 • Statistical evidence was obtained that most individuals (15 of 20) have

different TCRBJ repertoires in naive vs. memory T -cells but that a minority

of individuals (4 of 9) have different TCRBV repertoires in naive vs.

memory T-<:ells.

- The difference between the TCRBJ repertoires of naive and memory cells

increases with age.

- TCRBJ repertoires were compiled for the twenty unrelated

volunteers. The repertoires show statistically significant differences

bet'Neen quantitative use of each gene segment.

4.5 - Monozygotic twins have more similar TCRBJ repertoires than unrelated

individuals.

- HLA identical sib~ngs have more similar TCRBJ repertoires than HLA

non-identical siblings.



4.6 - Twins discordant for M$ have less similar TCRBJ naive T-cell repertoire

than healthy twins.

• Twins discordant for M$ are no more similar with respect to their naive

T-cell TCRBJ repertoire than healthy unrefated individuals.

Unrelated M$ patients are no more similar with respect to their naive

T-cell TCRBJ repertoire than healthy unrelated individuals.
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5. DISCUSSION

5.1 Materials and Methods

5. f. f Reproducibility

If an experiment is not reproducible, its results are meaningtess. It was

crucial. therefore. to determine the reproducibility of the RT-peR experimental

approach designed to detemline the TCR repertoire of different T-cell subsets.

Correlation analysis was used to test reproducibility. Initially, when identical

eDNA samples were prepared but analyzed using separate peR cocktails, the

resufts approached statistical significance (p<O.07). The experimental

determination of the TCR repertoire was only truly reproducible. however, when

identical eDNA samples were analyzed using the same peR cocktail (p<O,001)

(see Section 4.2). This was an important finding as it meant that the same PeR

cocktail or master mix must be used when the experimental objective is to

compare the TCR repertoires of different eDNA samples.

For example in order to be able to compare the TCR repertoires of

unrelated individuals in the study on monozygotic twins. a peR cocktail had to be

prepared for each set of four individuals, i.e. two sets of twins. In this way, not

only could the twins be compared but an individual from one twin pair could be

compared to an individual from a second twin pair, thus providing a comparison of



unrelated individuals which is required as a control. Similarly, one PeR cocktail

was prepared for analySes of the TCR repertoires of ead\ individual participating

in the study of naive vs. memory T-cell TCR repertoires. From this cocktail, both

the naive cells and the memory T~ls were analyzed. Similarly'. for the study on

HLA identical vs. HLA norHdentical siblings. a single PeR cocktail was prepared

for TeR repertoire analyses of each entire family.

5.1.2 PlatNu Phase

As discussed in section 1.10. every peR has three phases: exponential,

quasHinear and plateau (Sardelli. 1993). Throughout the first two phases. the

amount of product is proportional to the amount of substrate initially present in the

reaction tube. The plateau phase, however. results when the PCR conditions

become limiting and during this phase the amount of product is no longer an

accurate reflection of the amount of substrate initially present. It is crucial,

therefore, to detennine the number of cycles which are still in the quasi-linear

phase. i.e. the number of cydes before the onset of the plateau phase (see

sections 1.10 and 3.8 to 3.10).

As diSOJssed in section 3.10, there were two types of substrates used in

peR. The first was PCR-amplified DNA; the second was eDNA. eDNA was

used in the analysis of the TCR repertoires, in the testing of the experimental

reproducibility and in the first mund PCR used to detennine the priming
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efficiencies. Amplified DNA was used in the second round peR used to

determine the priming efficiencies. The plateau was determined for both types of

substrate.

It was reasoned that the most efficient primer shoUld be used to detennine

the plateau, because the peR product using this primer should reach a plateau in

the least number of cycles. In other words. when the peR product using the

most efficient primer has reached its pUiteau. it can be assumed that the

remainder of the PCR-products are still within the quasi.linear phase.

Unfortunately, in order to determine the most efficient primer. the results of the

plateau phase determination were needed and vice-versa, creating a dilemma.

To overcome this dilemma, the representative primers used to determine

the plateau phase were chosen based on an estimate of the relative priming

efficiencies of the primer sets. The brightness of the bands on an ethidium

bromide stained agarose gel was used as a crude indicator of priming effidency.

It was assumed that the brighter the bands, the more efficient the pnmer.

The number of cyc!es chOsen for the various PCRs was a little lower than

the estimated beginning of the plateau, I.e. still in the quasi-linear phase. For

exam~, the extrapolated plateau of the eDNA substrate for TCRBJ was 32

cycles, but subsequent PCRs carTied out under the same conditions (i.e. using

the same substrate and a TCRBJ primer from the same set as the representative

primer) were run for 24 cycles. Similartv, the extrapolated plateaus for the



TCRBJ PCR-amplified DNA substrate, for the TCRBV eDNA substrate and for

the TCR8V PCR-amplified DNA substrate lNef'e 18, 35 and 30 cycles,

respectively; subsequent PCRs carried out under the same conditions were run

for 14, 30 and 25 cycles, respectively.

Another interesting observation is that the plateau OCOJrred much faster

for an amplified DNA substrate than for a cONA substrate, see Table 4-1. A

eDNA substrate contains not only the eDNA for which the primer is specific but all

the other T-<:eN cONAs. This means that the actual eDNA substrate which is

PCR amplified by a particular primer pair must represent only a very small fraction

of the total CONA and is likety to be several orders of magnitude less than the

PCR-amplified DNA substrate. The obvious implication is that the application of

the method described here to assess other primer sets require all due care that

the PCR amplification in the second round is in the quasHinear phase.

5.1.3 Primer Efficiency

The possibility that different TCR primers have different priming efficiency

has been considered by some investigators but not others (reviewed by Daniel

and Haegert. 1996). Daniel and Haegert (19OO) first desctibed a method to test

and corred for differences in priming efficiency. These resea~showed how

failure to account for primer efficiency in analyses of 23 TCR8V segments could



lead to il"lCOf'TeCt conclusions as to levels of expression of TCRBV segments in a

tissue or in an individual.

This thesis extended the ear1ierwork of Daniel and Haegert (1996) to 24

TCRBV families and analyzed for the first time a set of 13 TCRBJ primers.

Several obsefvations 'Nef'e made. First. the various TCRBJ and TCRBV primers

demonstrated statistically significant differences in their priming efficiencies (see

section 4.3). Second. the most etricient TCRBV primers in this thesis were

TCRBV12. 13 and 14 whereas Daniel and Haegert (1996) reported that TCRBV6

and 15 are most efficient. Since the set of TCRBV primers used in this thesis

and the set used by Daniel and Haegert (1996) were not identical. this second

finding has an important implication. That is. it is essential to analyze each primer

set for primer efficiencies if the experimental objective is to determine levels of

expression of particular TCRs in a tissue or in an indMdual.

It should be noted that only particular types of studies are affected by

differences in priming efficiency. As discussed. studies in which multiple primers

are used to amplify different genes could produce skewed results as a result of

variations in priming efficiency. In contrast. if the same gene product is being

PCR-amplified and compared in different people. different tissues or different cell

types, biases in priming effidency are irrelevant to the results. It is when the

product of two sets of primers is compared. however. that it becomes critical to

account for these differences.
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The present and earlier results (Daniel & Haegert. 1996) call into question

various findings on the frequency of usage of various TCR segments in a group

of indMduals (Cowan & Haegert, 1997). Examp{es of some studies, the results

of which may have been affected by failure to account for priming efficiencies, are

those of Gulwani-Akolkar et al.• 1995 and Usuku at al.. 1993, in which the relative

expression levels of various TCR segments are reported.

It is important to note that the priming efficiencies must be tested in other

Iaboratol'ies even if the same primers are used. because differences in equipment

and reagents may affect the primer efficiencies.

5.2 First Hypothesis

5.2.1 InlerpretJItion ofResults

5.2.1.1 NIIive va. Memory T-CeU TCR Repertoires

Earlier (Section 1.6.5) the issue of 'revertant~memory T<ells among

C045RA· T-cells was discussed and the entire issue will be discussed in detail

latet" (Section 5.5). The data obtained from testing the first hypothesis are of

interest with regard to this issue. Section 4.5.1 shows that 75% of the individuafs

tested showed no correlation between the TCRBJ repertoires of CD4-CD45RA

and CD4·CD45RO· T-cells. Further 44% demonstrated no correlation between

the TCRBV repertoires of the phenotypically distinct subsets. In other words, at



least for the TCRBJ repertoires. the results indicate that the two populations are

distinct Our data does not exclude the possibility that memory T-cells are

peresent among CD45RA" T -cells. If these 'revertant' cells are present. their

numbers are few; otherwise. no distinction oould have been made between the

memory T<efl and naive T-cell repertoires. For the remainder of the discussion

the terms naive and memOf')' will be synonymously with CD4"CD45RA"(ROI and

CD4'CD45RA', respectively,

Even though some individuals showed no statistical evidence of

differences in repertoires between the two cell subsets. there is no method of

accuratefy determining who wilt and who will not demonstrate a correlation

between hislher memory T-celt and naive T-cell TCR repertoires. As a result. I

suggest that differences between the T-cell repertoires of the two subsets must

be accounted for in any experimental design focused on analyzing the T-cell TCR

repertoire. The memory T-celt repertoire is influenced by post-thymic antigenic

exposure and superantigen. whereas the naive T-cell repertoire likely is closely

similar to that of T~Is exiting the thymus. Failing to account for this may

explain why Daniel (1995) failed to demonstrate a genetic effect on the TCRBV

repertoire in twins; T-cell subsets were compared in twin pairs and in unrelated

pairs, but the T-cell subsets were not further subd'ivK1ed on the basis of C045

isoform expression. A focus on naive T-cells might have led to evidence of a

genetic etrect. Many other studies of the TCR repertoire examine T-cell subsets
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but not memory or naive T-cells separately (see for example Lovebridge et aI.,

1991 and Akolkaret al., 1993).

A difference was detected between the naive T-cell TCR repertoires and

the memory T-cell TCR repertoires with respect to the levels of expression of the

13 TCRBJ gene segments and the 24 TCRBV families. Recently, Walser-Kuntz

et af. (1995a) obtained similar results; their study, however, only analyzed two

TCRBV gene segments and not the entire repertoire. Almost certainly, these

results reflect post-thymic events that affect particular TCR segments in memory

T-cells. It is surprising to note that no other comprehensive study has evidently

compared memory to naive T-cells for relative levels of expression of different

TCRs.

The correlation of the TCRBJ decreases with age. In other words as a

person ages, his/her memory T-cell TCRBJ repertoire progressively deviates

from hislher naive T-cell repertoire. This stands to reason if the subsets are

indeed distinct, because as an individual ages, there is increasing opportunity for

contact with external antigen. With every contact with antigen, there is an

accumulation of memory cells with an expanded range of TCR specificities. This

is also supported by the finding that with age comes an increased proportion of

CD45RO' cells (McElhaney ef a/., 1995).

No evidence of a gender effect was apparent in the correlation between

memory and naive T-cell TCRBJ repertoires. This may be for several reasons.



Most obviously, there may be no gender re{ated difference in the TCR repertoire.

This is not the only possible explanation, however. Perhaps, there were not

enough people in the study; a larger sample population may have provided

evidence for a gender difference. Furthennore, differences in age groups may

have masked any gender difference. 55% of the males were over thirty years

old. whereas. only 22% of the females fell into that age category. This may have

skewed the results. causing the male group to have a much lower r·value than

expected and vice versa. A study to specifically investigate possibfe gender

related differences would analyze the TCRBJ repertoires in individuals from the

same age categones.

5.2.1.2 Ovenllil TCRBJ Repertoire

There is an obvious pattem in expression of the TCRBJ repertoire for

CD4+CD45RA+ cells and CD4+CD45RO· cells oflhe twenty individuals studied

(see Figures 4-12 and 4-16). An ANOVA confinns that the mean levels of

expression of the various TCRBJ segments are significantly different for both

T-cell subsets. For the twenty unrelated individuals, analyses of naive T-cells

showed that TCRBJ151, 155.251 and 257 are expressed at the highest mean

levefs and TCRBJ2S4 and 256 at the lowest mean levels. By contrast. memory

T -cells showed no extreme levels of TCRBJ segment expression although similar

to naive T-cells, TCRBJ254 was expressed at the Ic:Mtest level.



Comparison of the present results with published data reveals some

interesting fndings. Nanki et af. (1996) analyzed eDNA from C04· T-cells from

six healthy twin pairs. six twin pairs discordant for rheumatoid arthritis and five

healthy individuals. The eDNA was PCR-amplified using TCRBV5. 13 and

17-specific pnmer5. Then. the amplified products were hybridized with

TCRBJ-specific probes to assess TCRBJ usage. Nanki et af. report that

TCRBJ251 is the most frequently used TCRBJ segment. and 1$4. 156,2$4 and

256 are used least frequently. Jeddhi-Tehrani et af, (1993) similar1y analyzed

eDNA from CQ4· T-cells from seven individuals using TCRBV-specific primers

and hybridiZation with TCRBJ-specifie probes. These investigators reported that

TCR8J181, 251 and 257 are used most frequently and 153. 1$4, 156. 254 and

256 least frequently. Rosenberg et af. (1995) analyzed RNA from one twin pair

and three unrelated individuals and sequenced eDNA from 50 dones. The most

frequently used segments were 153. 1$4 and 256. Hall and Lanchbury (1995),

in contrast. prepared RNA from PBls of a single healthy individual and

sequenced 129 eDNA clones to study TCRBJ usage. Finally, Walser-Kuntz et af.

(1995b) analyzed eDNA from CD4·CD45RO· PBls using PCR-amplification of

TCRBVSS, and TCRBV8 followed by hybndization with TCRBJ-spedfic probes.

The latter two groups of investigators reported that TCRBJ2S1 alone

(Walser-Kuntz et af., 1995b) or TCRBJ151, 152,251,255 and 287 (Hall &

Lanchbury. 1995) were used most frequently. Interestingly, all groups reported

that the TCRBJ2 gene duster is used more frequently that the TCRBJ1 gene
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duster. There are several possibfe explanations for the discrepancies between

the present and earlier findings. First, and most important. most of the cited

studies did not address the possibility that naive and memory T-cells could have

different TCRBJ repertoires; two of the studies did not even distinguish between

CQ4- and COS· T<:ells. Second. the repertoires determined in three of the

studies were only based on analyses of TCRBJ segments in a limited number of

TCRBVs: this is likely an important caveat since Walser-Kuntz et af. (1995b)

demonstrated that the TCRBJ repertoire associated with each TCRBV family may

differ. Third, two of the studies based conclusions on analyses of only a small

number of TCR donas (50 and 129). Fourth. the various reports are from

different parts of the world and we are, therefore. comparing populations with

potentially different genetic backgrounds. This could affect the TCRBJ repertoire

and may partially account for the discrepancies mentioned above. Finally. it is

important to note that the present thesis is the first to my knowledge that provides

a detailed RT-PCR analyses aftha TCRBJ repertoire in T-cell subsets based on

surface expression of CD45 isotorms using the RT-peR technique.

Analyses of the mean levels of expression of the TCRBJ segments in

naive T<elis (CD4'CD45RA" T-celIs) indicate that both the TCRBJ gene dusters

are expressed at relatively aquallevels. That is, TCRBJ1S1 to 156 segments

make up 52% of the repertoire and TCR2S1 to 2$7 segments make up 48% of

the repertoire. Interestingly, this is in contrast to what has been reported



previously (see above); most researcherS find that TCRBJ2 gene segments are

expressed at higher levels than TCRBJ 1 gene segments. The reasons for this

discrepancy may be found in the preceding paragraph, particularly the failure to

distinguish between T<ell subsets.

5.2.1.3 UmbiliCliI Cord Blood Analysis

Analysis of C04· cells isolated from umbilical cord blood revealed that all

thirteen TCRBJ segments are expressed but that most cells have the so-called

ear1y activated phenotype, I.e. most CD4· cells are CD45RO·CD45RA-. The

present study. therefore, provides no insight into the presence/absence of

memory T<:ells at birth and no insight into TCRBJ segment usage in naive T-cells

at birth. The present study also suggests that no comparison of the naive and

memory T..cen repertoires are possible in the newborn using CD45 isoforms to

select for different maturational stages.



5.3 Second Hypothesis

5.3.1 InterptVtation ofResults

5.3.1.1 Statistical Analysis of the Effect of Geneties/HLA on the TCRBJ

Repertoire

To date, most studies of the TCRBJ. BV or AV repertoires involve the

comparison of different groups of individuals. for example twins vs. unrelated

individuals (Gulwani-Akolkar et al.• 1991; Hawes at al.. 1993 and Lovebridge st

a/., 1991). HLA identical siblings vs. HLA non-identical siblinQs (Gulwani-Akofkar

et 81.; 1995. Akolkar st af.. 1993 and Uhrberg & Wernet, 1996) and individuals

affected by a certain disease vs. healthy individuals (Walser-Kuntz et al.. 1995b

and Nanki et aI., 1996).

The experimental design of any study comparing the TCR repertoire

between two groups of individuals must contain not only an acceptable method of

determining the levels of expression of the TCR gene segments. but also an

appropriate statistical method tor analyzing the data. Until recently, no

satisfactory method of statistical analysis has been published (Daniel et al., 1997

in press).

Usually, individuals are compared in groups of two, i.e. using pairwise

comparisons. There are. however, some studies which attempt to analyze larger



populations using duster analysis (Walser·Kuntl et af. 1995b and Nanki et af..

1996); this statistical approach will be brietty discussed later in this section.

Assuming use of pairwise comparisons. there are at least four necessary

steps in the statistical analysis: 1) division of the individuals into pairs in an

appropriate manner. 2) deJetion ot one of the TCR gene segments from the

analysis in order to achieve independence of the data, 3) statistical analysis of

the similarity between the TCR repertoire of each pair of individuals resulting in a

test statistic for each pair and finally. 4) comparison ot the test statistics obtained

in step three.

The majority ot the statistical analyses used in the current literature tail to

achieve either one or both of steps 2 and 4.

Step 1: lAIhen dividing individuals into groups for statistical analysis, every

individual must only take part in one pairwise comparison. For example. take two

sets of twins. A 1 & A2 and B1 & B2. It A 1 is paired with A2 to form a twin pair,

A 1 cannot simultaneously pair with B1 to form a pair of unrelated individuals.

Allowing the same individual to participate in more than one CXlmparison woold

bias results (Daniel at af.• 1997 in press).

Step 2: Whether it is TCRAV, BVor BJ. the sum of all the levels ot

expression in any particular repertoire is 100%. The levels of expression.

therefore, are not independent ot one another. Take the thirteen TCRBJ gene

segments tor example. If the levels of expression ot twelve at the TCRBJ gene



segments are known. and these levels of expression are kJloo.Nn to add up to

90%, then the level of expression of the thirteenth TCRBJ segment is known.

10%. In order to achieve independence of the data, the level of expression of

one gene segment must be removed from all the repertoires, and subsequent

calculations. In order to ensure no bias of the results, the same TCR gene

segment must be removed from the repertoire of every individual.

Step 3: There are two main methods of statistical analysis which have

been employed to test Ihe similarity of the TCR repertoires between various pairs

of individuals: u-scores (Uhrberg & Wernet. 1996; Gulwani·Akolkar et 81.• 1991 &

1995 Akolkar et al.. 1993 and Lovebridge et af.• 1991) and regression analysis

(Hawes et af.. 1993). Regression analysis is not suitable for the statistical testing

of the TCR repertoire. The test statistic obtained from a regression analysis is an

r-2·value. An "z-vatue close to one indicates a high correlation. and an r-2·value

close to zero indicates a low correlation. A problem arises because the square

root of the ,J.vatue. that is the r-value or the correlation coefficient. can be either

a positive or a negative number. A negative number indicates a high negative

CXlfTeIation. If two individuals expressed highly different repertoires (i.e., the TCR

gene segments expressed at high levels in one individual are expressed at low

levels in a second individual). this would produce an r-value close to -1 and an r-2

of close to 1. In other \¥Ords, regression analysis would lead researchers 10 make

wrongful conclusions about two individuals expressing highly different repertoires.



4-scores are the sum of the absolute differences obtained between two

individuals for each of the TCR gene segments. Problems arise in the statistical

analysis using 4-scores (see step 4).

Step 4: As mentioned earlier. the objective of many of the studies

presently being discussed is to test the similarity of the TCR repertoires between

two populations of individuals. Each population is divided into pairs of individuals,

and a test statistic is obtained for each pair. Step 4 requires a statistical test to

compare the test statistics obtained for each of the t'NO populations of individuals.

Though some studies have attempted to compare the &-scores obtained either by

Kruskal-WaUis test (Gulwani-Akolkar at al.. 1995) or by ANOVA (Lovebridge at

al.. 1991 and Gulwani-Akolkar st aI., 1991). the l1-score represents a measure

that cannot be analyzed statistically (Daniel st al.. 1997 in press).

Similar to the pairwise comparisons. analysis of two test populations

simultaneously by duster analysis does not provkle statistical evidence tor

similarity or differences between the two populations being studied. Though it

may appear initially that the two populations are di1ferent. when a duster analysis

shows that they form distinct groups based on the similarity of their TCR

repertoire, the actual statistical significance of the formation of these dusters is

not tested.

Daniel etal. (1997 in press) have recently published a method to analyze

the TCRBV repertoire between pairs. In their novel approach. the investigators
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use the r-value or c:orrelation coefficient to compare the TCRBV repertoires of

individuals. In order to test the doseness of the r·values obtained, Daniel at sl.

(1997 in press) have deve{oped a method based on Fische(s Z·transfofmation

which requires approximately 25 data points or more. In other words. it is

necessary to determine the level of expression of approximately 25 gene

segments in each individual. Fischer's Z-transformation usually pennits

comparison of only two r·values. but these investigators expanded the application

of this test to include numerous r-values.

Unfortunately, this method cannot be applied to the TCRBJ repertoire due

to the number of TCRBJ gene segments. As mentioned. approximately 25 or

more gene segments are required for the data analysis and there exist only 13

TCRBJ gene segments. The method used in this thesis to analyze the TCRBJ

repertoire makes use of both correlation coefficients and Fischer's

Z-transformation and combines data from more than one individual (see

Chapter 4). The drawbacks to this method are that it is extremely labour

intensive reqUiring application of Fischer's Z-transformation to every possible

combination of r·values and yet. may provide insufficient evidence to make a

definite condusion (see Chapter 4 for a more detailed explanation). Thus, the

analysis of twin pairs vs. unrelated pairs required 40 comparisons, and the

analysis of the HLA identical sibling pairs vs. the HLA non-identical sibling pairs

required 288 comparisons. Over 85% and 94% of the comparisons showed
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statistical significance. respectivefy. Since the vast majority of the comparisons

demonstrated statistically significant differences between the TCRBJ naive T-<:eII

repertoires of the groups being analyzed. it is reasonable to conclude the TCRBJ

repertoires differ between identical twins and unrelated pairs and bet'Neen HLA

identical and non-identical sib{ings. These findings are noteworthy as the

twin-unrelated pair studies provide the first statistical evidence that there is a

genetic effect on the TCRBJ repertoire. Moreover, the family studies provide the

first statistical evidence for an an HLA effect on the TCRBJ repertoire. In fact.

these findings are the first that clearly indicate a geneticlHLA effect on any

component of the TCR repertoire that is supported by statistical evidence.

5.4 Third hypothesis

5.4.1 Interpretation ofResults

5.4.1.1 Monozygotic Twins Discordant for Multiple Sclerosis

The naive T-cell TCRBJ repertoire was detennined for six sets of twins

discordant tor multiple sclerosis. and six sets of healthy twins (see Section 5.3).

Initial analyses of naive T~U TCRBJ repertoires provided statistical evidence

that the naive T-cell TCRBJ repertoire is more similar among healthy

monozygotic twins than among unrelated pairs (see Section 5.3). However, this

increased similarity of the TCRBJ repertoire for naive T-cells in identical twins is



no longer round when identical twins are disro«:tant for muttiple sderosis. Not

only was there no sta~ evidence that twin pairs discordant for MS are more

similar with respect to their naive T<ell TCRBJ repertoire than unrelated

indMduals. but also these discordant twin pairs were statistically different from

the healthy twin pairs, with the healthy twin pairs having significantly more similar

reperto;"", (p<O.Ol).

The implications of the discordant MS twin findings are of interest. Clear1y,

the genetic effect demonstrable in healthy twin pairs is no kKlger evident in the

discordant twin pairs and, in tact. the repertoires of the latter are similar to those

of unrelated pairs. The interesting issue is how to explain the masking of the

genetic effect in the discordant MS pairs. Several possibilities were considered

but only one possibility is deemed likely. First, the possibility that different T-cell

subsets had been analyzed in the different types of twin pairs can reasonably be

excluded since the repertoires were determined on cells with identical

phenotypes. The only caveat is that there could conceivably be more "revertant"

memory cells among C04"C045RO' T-cetls in MS patients than in healthy

individuals (see also Section 5.5). Second. alteration of the TCR repertoires in

healthy members of discordant pairs could have led to protection against MS in

individuals sharing susceptibility genes with their affected twin members. This

seems an unlikely possibility as the question arises as to what (actor could

consistently alter the repertoires of all the healthy individuals in the discordant
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pairs that woukt not have similarty altered the repertoires in at least some healthy

twm pairs. thus leading to low r·values. The third poss;bility, and the simP'est

(see Oo::am's Razor), is that the TCR repertoires were actually aftered in the

patients having a disease known to affect TCR usage against myelin

components. namely MS. Whether this alteration occurred within the thymus

during thymic selection as a consequence of random or stochastic events, as

postulated by MOller 61 af. (199C), or later in life, either preceding or as a

consequence of MS, remains unknown. However, it seems unlikely that thymic

selection events would have had such profound effects on the TCRBJ repertoires

that are shown in Appendix D. Thus. among the healthy twin pairs the

expression of individual TCRBJ segments usually varied only slightly between

twin members and only three of the six pairs showed variation in a single TCRBJ

segment of 4%. In contrast, among five afthe six discordant MS pairs at least

two and as many as eight TCRBJ segments varied by 4% or more between twin

members. One discordant pair showed variation in a single TCRBJ segment but

this variation was 8% between twin members.

The present wofk on discordant MS pairs has broader implications for the

study of the TCR repertoire in disease states. An important question is how to

show whether the overall TCR repertoires are altered in a particular autoimmune

disease. Usually studies have focused on TCR usage in particular tissues (Hafler

at al., 1996) or TCR usage against particular molecules (Hafler et al.. 1996) but
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have not focused on the overall TCR repertoire. This is because it is difficult to

identify a reference point against which a patients' TCR repertoires can be

compared in order to determine whether the overall TCR repertoire is altered in a

disease state. The current work used healthy twins as the initial reference point

and showed that the TCRBJ repertoires of the twin members are very similar with

high r-values. The second reference point was then the healthy member of each

discordant MS twin pair. The alteration of TCRBJ repertoires among the

discordant M$ twin pairs then becomes evidence that the overall TCRBJ

repertoires in a phenotypically defined T-cell subset are actually altered in M$

patients. To my knowledge this is the first evidence for alteration of a major

component of the TCR repertoires in MS rather than evidence of alteration of

TCR usage. The approach used here can be easily extended to other

autoimmune disorders using the reference points described here.

5.5 Implications of immune memory in CD45RO· cells

The research presented in this thesis initially assumed that the two CD45

isofonns. CD45RO and CD45RA. are accurate indicators of the different

maturational stages of T.cells. In other words, it was assumed that CD45RO was

expressed on memOi"Y cells and that CD45RA was expressed on naive cells.

These isofonns are not expressed on mutually exclusive populations, therefore.

cells were isolated by negative selection in order to exclude the small number of

double positive cells (see Section 3.11.7).
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Recent evidence suggests that the aforementioned assumption may be

inc::orrec:t (see Section 1.6.5). More precisely, it appears that some CD45RO"RA'

(memory) celts may revert back to the so-called C045RA"RO- (naive) phenotype

and that these ~revertant" cefls may retain their invnunological memory; that is

they may continue to behave as memOfY cells (see Section 1.6.5).

This finding does not affect the interpretation of the results obtained in

support afthe first hypothesis. That is, (or many individuals the TCRBJ. and to a

lesser extent the TCRBV repertoires are significantly different for CD4'CD45RA"

(naive) and CD4"C045RO' (memory) T.cells isolated from the same individuaL If

the CD4"C045RA' celts were not purely naive cells, but were contaminated by

"revertant" cells. it would have caused the TCRBV and TCRBJ repertoires of

these two populations to appear more alike. Thus, in many individuals the TCR

repertoires (efther TCRBVor TCRBJ) of C04"CD45RA" cells and CD4"C045RO'

cells were shown to be statisticalty different in spite of possible contaminating

"revertant" cells which would have resulted in the cell populations being more

alike. Thus. these data are strong evidence that C045RA V$. CD45RO defines

distinct T~l populations. Also. as discussed in Section 5.2.1.1 these data

suggest that if C045RA· cells contain -revertane memory cells, lheir numbers are

few.

The same principle should appfy to interpretation of most data resulting

from tests of the second and third hypotheses. Thus. the finding lhat the TCRBJ



repertories of CD4+CD45RO' cells in healthy HLA-identical siblings differed from

those of HLA non-identical siblings further suggests that the effect of "revertant"

cells was minimaL Since the memory T-cell repertoire is influenced by antigen

exposure, and siblings would be expected to have encountered similar antigens

during childhood and if "revertant" T-cells influence the CD45RO' cell population.

then the populations would have had more comparable TCRBJ repertoires than

were found. The potential influence of "revertant· memory cells on the

discordant MS twin data needs further brief consideration since all other data

were obtained from studies of healthy individuals. If the number of "revertant"

cells in MS patients were greater than in healthy individuals, then one would

expect the present result. namely that the twin pairs discordant for MS have less

similar repertoires in C04+CD45RO' T-cells than do healthy twin pairs. However,

since all individuals have memory cells such an explanation tor the discordant MS

pair data would demand some, as yet, unknown mechanism to enhance the

percentage of "revertant" cells among MS patients. To my knowledge there are

no published data on increased numbers of "revertant" cells in MS or in other

diseases. Thus the conclusion outlined eartier still stands. that is. that in MS the

TCRBJ repertoire is altered in CD4+CD45RO' T-cells.



5.6 Variations of the TCRBJ Repertoire in Relation to Variations

of the TCRBV Repertoire

Quiros·Roldan at al. (1995) demonstrate that TCRBV gene segments

preferentially rearrange to certain TCRBJ gene segments. Results presented by

Walser-Kuntz at at. (1995b) demonstrate that a distinct TCRBJ repertoire is

associated with two different TCRBV gene segments (TCRBVSS1 and TCRBV8).

though no statistical evidence is presented. The implications of these two studies

are that the TCRBJ repertoire may be secondary to the TCRBV r~pertoire. In

other words, it is conceivable that the TCR8J repertoire is dependent on or a

reflection of the TCRBV repertoire.

If the TCRBJ repertoire was dependent on the TCRBV repertoire. it is

presumable that those individuals who demonstrated a significant correlation

between the memory T-cell and naive T-cell TCRBJ repertoire would

demonstrate a similar correlation with respect to the TCRBV repertoire. It was

discussed earlier. however, that due to the insufficient and disproportionate

sample (see Section 4.5.1.2), no conclusion concerning the above statement

could be drawn.

The last t\Yo hypotheses of this thesis focus on the TCRBJ repertoire and

led to the following two condusions: that genetics. in particular HLA. influences

the TCRBJ repertoire and that the TCRBJ repertoire is altered in multiple

sclerosis. If the TCRBJ repertoire is, in fact, secondary to the TCRBV repertoire,



then the results of these two hypotheses would implicate a geneticJHLA effect on

the TCRBV repertoire and an alteration of the TCRBV repertoire in MS.

Preoous studies by E. Daniel (1995) failed to show any genetic effect on

the TCRBV repertoire in C04+ and in CDS· T-cell subsets. Daniel used the same

methodology described in this thesis (though cells were not separated based on

C045isofonn) and used appropriate statistical tests. Since Daniel (1995)

showed no evidence of a geneticfHLA effect on the TCRBV repertoire, it is

reasonable to conclude that the present findings of a geneticIHLA effect on the

TCRBJ repertoire are not simply the consequence of a genetic IHLA effect on the

TCRBV repertoire.
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6. CONCLUSION

Many cells participate in the immune response. Differentiation of CQ4·

T-cells leads to production of Th cells that "help· other immune cells. thus

enhancing the immune response. These cells are short-lived. CD4· T~lIs also

differentiate into memory ceUs that have a longer lifespan and ensure a faster

more effident immune response upon a second contact with the antigen.

Prior to contact with foreign antigen, T-cells are considered to be virgin.

unprimed or naive. Memory cells are also referred to as primed cells. These two

ceJl subsets can be partly distinguished based on the expression of a surface

protein known as CD45. CD45 has a variety of different isoforms including

CD45RA and CD45RO. CD45RA is expressed by naive T-cells, and CD45RO is

expressed by memory T-cells, but in addition ear1y activated T-cells express both

CD45 iscfarms. Also. there is evidence that some CD45RO· memory cells revert

in phenotype and express the CD45RA isoform.

T-cells also express a cerr surface protein known as the T-cell receptor

(TCR). In this thesis, it is the 13-chain of the TCR which is of interest. The

genomic DNA of this chain ;s composed of V, D, J and C segments. These

segment rearrange before the T~I is mature/functional, so that every mature

T-cell normally expresses TCRs with only one V, one D, one J and one C

segment.
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The peripheral TCR repertoire is the number of different TCRs expressed

in the peripheral T-cefl population. Many different med1anisms OJfltr'ibute to the

diversity of the TCR: gene rearrangement. o.-chain-jH:hain pairing, thymic

selection. endogenous superantigen, allelic poIymorphisms. N-nudeotide addition

and exonudeolytic nibbling.

Multiple sclerosis is an autoimmune disease for which there is currently no

cure. In patients with multiple sclerosis, it is hypothesized that autoreactive

T-cells lead to demyelination of the central nervous system. Treatments for the

disease indude mainly non-specific suppression of the immune system. Studying

the T-cell repertoire in relation to multiple sderosis could theoretically lead to new

highly specific immunosuppressive therapies.

The research carried out for this thesis focused on determining the percent

expression of the 13 TCRBJ gene segments and the 24 TCRBV gene families.

This was done using a radioactive RT·PCR technique.

First. PBLs from volunteers were collected. Then, specific cell subsets

'Nefe isolated based on the surface expression of C045RQ and CD45RA

isoforms. RNA was extracted from these cells and cONARNA hybrids were

synthesized. Using 32p labeled reverse primer5, PCRs were performed. Primer5

in this reaction were specific tor each TCRBJ gene segment or TCRBV gene

family. TCRAC was used as an internal control. The amplification of each gene

segment or family was carried out in a separate tube. The amplified product was
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obtained for each TCRBJ gene segment or TCRBV gene family. This reading is

proportional to the Iev~ of expression of each segment or family.

peR has three phases: exponential. quasi-linear and plateau. Certain

unavoidable factors create limiting conditions and result in a plateau. For a

quantitative peR, the P'ateau phase must never be readled as in this phase the

amount of product is no longer proportional to the amount of substrate initially

present The number of cydes which progressed before the plateau phase

began was determined for the primers used in this researdT. These results were

incorporated into the expertmental design.

As multiple primers were used. it was also important to determine the

primer efficiency. The TCRBJ and TCRBV primers were found to have varying

efficiencies. For the TCRBJ primer set, TCRBJ2S1, 2$4 and 257 were found to

be most efficient. and TCRBJ1$4 and 155 were found to be least efficient For

the TCRBV primer set TCRBV12. 13 and 14 were found to be most efficient and

TCRBV19 and 24 were found to be least efficient All data were corrected for

biases in primer efficiency.

The hypotheses of this study were as follows: 1) the TCRBJ and TCRBV

repertoire is significantly different between naive and memory T-cells isolated

from a single individual, 2) there exists a genetic and an HLA effect on the



TCRBJ repertoire in naive T-cells. and 3) the naive T-cell TCRBJ repertoire is

altered in multiple sclerosis.

With regards to the first hypothesis. it was found that the TCRBJ. and 10 a

lesser extent, the TCRBV repertoires are significantly different between

CD4·C045RA· and C04·C045RO· T<ells in many individuals. This is relevant

to any further studies of the TCR repertoire; researchers must in their

experimental design account for these T-cell subsets differences. Furthermore, it

was found that the correlation between the TCRBJ repertoires in C04·CD45RO·

T-cells and CD4·C045RA· T-cells decreases with age, most likely the result of

increased opportunity fO( exposure to extemal antigen. No relationship between

gender and the correlation between the T-cell TCRBJ repertoires of the two T-cell

subsets could be found. A larger study controlling for subjects' age would be

necessary to establish any relationship with gender.

With regard to the second hypothesis. this research provides the first

statistical evidence that the TCRBJ repertoire of CD4·CD45RO· T..cells is

influence by the genetic makeup incfuding the HLA makeup of an individual. The

research presented shows the first statistical evidence that identical twins have

more similar TCRBJ repertoires in CD4·CD45RO· T-<:efls than unrelated

individuals (genetic effect) and that HLA identical siblings have more similar

TCRBJ repertoires in CD4·CD45RO· T-celts than HLA non-identical siblings (HLA

effect).



Testing of the third hypothesis provided evidence that the naive T-cell

TCRBJ repertoire of CD4·CD45RO· T-cells in identical twins discordant for

multiple sclerosis is altered when compared with healthy twins. Furthermore. no

distinct TCRBJ repertoire pattern was found for MS patients.
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Figure A·1: The TCRBJ re~re (corrected for primer eHiciency} for the
CD4+CD45RO+ (mefTlOfY) and CD4+CD45RA+ (narve) eellsol subject 1 X.01
r-value:ll 0.189
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Figure A-2. T1'Ie TCRBJ repertoire (corrected for pnmeref'fiaency) forme
CD4+CD45RO+ (memory) and CD4+CD45RA+ (naIVe) cells of SlJb~ 1 X 02.
f-va/ue:0.794
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Figure A-J: The TeRBJ repertoire (corrected for pr'lfTlereffoencyJ for the
CD4+CD45RO+ (memory, and CD4+CD45RA+ (tIaNf1) eens of sub]eCf I X.04
r-vafue '" 0.591
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Figure A-4: The TCRBJ repertOtr" (c:onected for primer effbency) for the
CD4+CD45RO+ (memory) and CD4+CD4SRA. (naIVe) cells of subject 1 X 05
(-value = 0.590



j '0

I
L

0----
§~~~~~~

TCRBJ GetIII s.vo-

F;gure A-5: The TCRBJ repertoire (corrected for primer effiCIency) for the
CD4.-.cD45RO+ (memory) and CD4+C04SRA+ (narve) celts of $ubJed 1 X.06.
r-value '" 0.495
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Figure A.fi. The TCRBJ repertolre (corrected for pnmer etriaency) for the
CD4+CD45RO+ (memory) and CD4+CD4SRA+ (natve) C8lls of subject 1X07
(-value '" 0.342



Figure A·7: The TCRBJ repe:rtoire (corrected for primer effiCiency) for the
CD4+CD45RO+ (memory) and CD4+CD4SRA" (naIVe) cells o( subject 1.x.08
r-value = 0,674
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Figute A-8" The TCRBJ repettoue (corrected fey pnmer ~Ifioency, for the
CD4o-CD45RO+ (memory' and CD4-t£D4SRA" (natVe) ceHsofsulJjf!Ct 'X.09_
(·vaJue -0.306
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Figure A-9: The TCRBJ repeftoire (corrected (orprlfnerelliclencyJ forthe
CD4.cD4SRO+ (memory) and CD4+CD45RA" (naive) ceJ/sofsub}ec1 1 X 10
r-wJlue :0_345
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Figure A- 10' The TCRBJ ~peffOU'&{COfTeCted.obr pnmer effloerlcy} for me
CD4+CD45RO.. (memory) and CD4+CD45RA+ (nave} cells of suOj8Ct I X. 11
,-value =0.578
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Figure A-1': The TCRBJ repsrloire (conected for ptImere~ncy,for the
CD4+C04SRO+ (memory) and CD4-+CD45RA+ (naweJ cells of wbjeCI 1 X 12.
(-value ,. 0.315
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FigvteA-12: T1'Ie TCRSJ repertoite (ccnected for primer efl'iciencyJ for the
CD.f+CCU5R(J+ (memoty) artdCD4+C£U5RA+ (narve) eensofsubjed , x. 13
r-value = 0.335
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Figure A-1J: The TCRBJ repertoire (corrected for primer efficiency) for ff1e
CD4.c045RO" (memory) and CD4..CD45RA+ (naive) cells of wbject 1X 14
r-value =0.365
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Figure A-14: The TCRBJ repertoire (corrected for pnmer effiaency) for the
CD4+CD45RO+ (memory) and CD4+CD45RA+ (naive, cells of subjeCt 1 X. 15
(-vafue =O,4()1
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FigureA.15: The TCRBJ repettolfe (corrected forpnmerelfioencyJ for~
CD4-+C045RO+ (memory) and CCU+CD45RA+ (rnJNe) ceJ1s of subject 1 X 17_
,-value =-0.478
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Figure A·16: The TCRBJ repertoire (corrected for primer effioenCy) for the
CD4+CD4SRO+ (memory) and CD4+CD4!jRA. (narve) cells of subject 1 X. 18.
r-value "0.269
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HgureA-17: The TCRBJrepertoite{conectedforpnmerel'fioencyJtorttre
CD4+CD45RO·(~)afldC04+CD45RA+ (naive) ceJJs ofsubJeCt , X 20.
r·vaJue:-O.4J3
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F;gure A- IS: The TCRBJ repertoire {correctec/ for primer efficiency} for the
CD4+CD45RO+ (memory) and CD4+CD45RA+ ((Iawe) cells of subjeCt IX21
,-value =0.47S
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Figure A-19: The TCRBJ repertoire (COITeCttKl for pnrnereffioency) forrhe
CD4+C045RQ+ (memory) and CD4+CD45RA+ (naive, cells otsubject , X.22.
,_vafue::E O. 182
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Figure A-20: The TCRBJ repertoire (corrected for primer efffciency) for the
CD4+CD45RO+ (memory) and CD4+CD4SRA+ (narve) ceJI$ ofsub;ea 1 )(24
'·value ,. 0.083
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Figure B-1 The TCRBVrepertoite (corrected for pnmerefffciency) frxthe
CD4+CCU5RO+ (memexy) and CD40.cD45RA+ (naMt) cells ofsubjed lJ(.02_
'-value =0.247
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Figure 6-2: The TCRBV repertoire (corrected for primer effiaencyJ for the
CD4...cCU5RO+(memcxy)andC04+CCUMA+(n<J1veJceIIsofsub/«f 1 X07
'-value z09S,
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Figure 8-3: The TCRBV repertoire (correaecJ for primer effioency) for the
CD4+CD4SRO+ (memory) and CD4+CD4SRA+ (naive' cells ofsubj6Ct 1X09
r-vBlue '" 0.099
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Figure 8-4: The TCRBV repertoire (a:xrected for primer efficiency) for the
CD4+CD45RO+ (memory) and CD4+CD4SRA+ (naive) cells of subject I X.10
,·vaJue '" 0.681
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Figure 8-5" The TCRBV repertoire (C()rrected for primer efflciency} for the
CD4+CD45RO+ (memory) and CD4+CD4SRA+ (naive) cells 01 subject IX 12.
(·value =0.253
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Figufft 8-6: The TCRBV repertoire {corrected fOr pnmer efficiency' for the
CD4.CD4SRO. (memory, and CD4+CD45RA. (naive) cells of ~"j8Ct , X t 3.
'-value =0.418
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Figure 8-7: The TCRBV repertoire (corrected for primer effiCIency) for the
CD.f+CD4SRO+ (memory) and CD4+CD45RA+ (naive) cells of subject 1 X. '5
,-value =: 0.901
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AgureB-8: The TCRBVrepertoire(~forprimerefFiCiency)forthe

CD4+CD45RO+ (memory) and CD4+ClU5RA+ (naive, ceRs oIsub;ect 1 X.IT
(-value :: ~.029
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Figu~ 8·9: The TCRBJ repettoire (corrected for primer efficiency) tor IhfJ
CD4+CD4SRO+ (memory) and CD4+CD4SRA+ (naive) cells of subject I X. 18.
r-value :0.429
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Figure c...f: The naive T-a!H TCRBJrepeftolres (corrected for prlmmg effioenoes) for
denticaltwins, 2.U.land2.f.12. r..yaJue=O.809.
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Figure C·l: The naive T<eI TCRBJ repertoires (conectedforpt'frrllng eMaencies) for
IdMtk:aI twins, 2. '.2.' and 2.12.2. (-value:= 0.858



F;gure C·3: The naive T<:ell TCRBJ repertoires (r:otTeCtec1 for pnming efficienoes) for
identical Mt'ns. 2.1.3.1 and 2.1.3.2. '-value z 0.942.
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Figure C-4.- The naive T-cell TCRBJ repertoires (correded for pnmmg effiCJeflClesJ for
identical twins. 2.1.4.1 and 2.1.4.2. (-value" 0.890
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Figure e.-.s.: The naive T<eR TCRBJ repertoires (c:onected for pn'mmg etrioenoes) for
ldentica/twins. 2. J 5. f and 2. '.5.2. ,·VBlue '" 0.94S.
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F;gure C-6: The naive T<eO TCRBJ repertoires (conected for pnming efficiencies) for
identical hWis. 2.1.11. J and 2.1.6.2. (-value:: 0.876.
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Figure 0-1. The naive T--ceII TCRBJ repertoires (conected (or ptimi"ng e1l5clenoesJ for
identictJJ twins discotfJant for MS. 3. 1.1 and 3.1 2. (-value" o. 783
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FifJure {)"2: The naive T<eiI TCRBJ repertoires (cexrectt!:d for pnming effioenoesJ for
IC1enfjca/twjns. 3.21 lind 3.2.2. (-value =0.417.
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Figure 0..3: The nai'.le T-ceH TCRBJ repertoires (comtded for priming efficiencies) for
identical twins, 3.3.1 and 3.3.2. '·va/ue" 0.039
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Figure~: The naive T<elf TCRBJ repertoires(~ed for pnming eJ'JbenoesJ for
Identical MitIs, 3.4.1 atwJ 3.4.2. (-value" 0.732.
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Figure 0-5: The naive T-cefI TCRBJ repertoires (COITeCted for primtf'IQ efficiencies) for
idenlicaltwins. 3.5.1 and 3.5.2. r-value =0.312.
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Figure 0-6: The naive T-<:ell TCRBJ repertoires (corrected for pnming efflaenaes) for
identical twins, 3.6.1 and 3.6.2. ,-value "" ~_037
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