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ABSTRACT

T lymphocytes are essential components of the immune system and as such are

continually regulated by a variety of factors. Every step of their development, survival

and function is tightly monitored to ensure their abilty to recognize most foreign agents

and mount adaptive immune responses during pathogenic infections , while remaining

tolerant to self-antigens. Among the many factors that participate in the regulation of T

cell development and function are the cytokines. Cytokines that signal through the

common gamma (Ye) chain and the Janus kinase 3 (Jak3) include IL-

, - , - , -

9, - , and

21 and have been implicated in the regulation of every stage in the life of a T cell.

Therefore, it is not surprising that mutations in the Ye chain or Jak3 lead to a SCID

condition in humans and mice. Specifically, Jak3-deficient mice are characterized by a

reduction in thymic cellularity and dysregulated T cell homeostasis. They have an

expansion of memory-like CD4+ mature T cells and an almost complete absence of

mature CD8+ T cells. By investigating the TCR repertoire of CD4+ T cells in the thymus

and spleen of Jak3- - mice, I deduced that the CD4+ T cell activation and expansion is

TCR-specific and takes place in the periphery of the mice. After crossing Jak3-deficient

mice to Bcl-2 transgenic mice I showed that the developmental block observed in Jak3-

mice could not be rescued by the anti-apoptotic factor, despite the fact that its expression

did increase, slightly, the total numbers of developing thymocytes. The enforced

expression of Bcl-2 was also not sufficient to revert the dysregulation of T cell

homeostasis in Jak3- - mice. Finally, in order to further understand the role played by 

cytokines during T cell function, I investigated the abilty of mature Jak3- - CD8+ T cells



to become activated and differentiate into effector cells in response to a viral infection.

My results indicate that CD8+ T cells are activated and proliferate in response to a viral

infection, but their survival , as well as their ability to proliferate and differentiate into

effector cells are greatly impaired, resulting in the inability of Jak3-deficient mice to

mount a protective response.
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CHAPTER I

INTRODUCTION



A. THE IMMUNE SYSTEM

The immune system is a fascinating and complicated network of many different

cell types, organs and soluble factors that work in conjunction with each other to create a

defense force, capable of attcking virtually every foreign antigen while ignoring self

antigens. Among the most important components of this system are the lymphocytes

which, with the help of antigen presenting cells (APCs), are the conductors of adaptive

immune responses against foreign pathogens. Under normal circumstaces lymphocytes

surive in a naIve state, only altered by infection with foreign pathogens. If lymphocytes

encounter their specific antigen, they become activated and differentiate into effector

cells capable of clearng the infecting pathogen. Once the antigen is cleared, the vast

majority of activated lymphocytes die , leaving a small population of memory cells

capable of recognizing and rapidly eliminating the antigen upon subsequent reinfection.

Given their importance for the proper function of the immune system

lymphocytes need to be tightly regulated thoughout their lifetime. The consequences of

a failure to properly regulate lymphocyte fuction are ilustrated by the occurence of

autoimune disease and allergy, where inappropriate lymphocyte responses are mounted

against self-tissues or innocuous substaces with debilitating effects. To minimize the

chance of such failures, every step of lymphocyte development and fuction requires

transition through a number of checkpoints dependent on a variety of cell surface

receptors, intracellular signaling molecules and soluble factors. Developing lymphocytes

are selected for their abilty to recognize but tolerate self-proteins while maintaining the

potential to respond to a broad repertoire of foreign antigens. Mature, antigen naIve



A. '

lymphocytes that successfully pass these developmental tests leave the primar lymphoid

organs and enter the periphery where they circulate throughout the secondar lymphoid

organs, awaiting encounter with their specific antigens. Their surival as naIve cells in

the periphery, their abilty to circulate throughout the body, and ultimately their

activation following encounter with their cognate antigen are subject to fuer levels of

regulation, mediated both by cell surface and soluble molecules.

Among the many factors that participate in the regulation of lymphocyte

development and function are the cytokines. Cytokines are small soluble proteins

secreted by one cell that can alter the behavior or properties of that same cell or another

cell. Following receptor binding by a specific cytokine, signaling through the receptor

ultimately induces new activities in the cell, such as proliferation, differentiation, or

death. One family of cytokines that is of special importance for the development

survival and function of the immune system is the family that .signals through the

common gama chain (Ye) and the Janus kinase 3 (Jak3); IL-

, - , - , - , -

, and -21.

Although numerous studies have investigated the specific role played by the Yc cytokines

in the immune system, many questions remain unanswered. The overall goal of this

dissertation is to further investigate the importance of y e cytokines for the immune

system, specifically in T cell development, T cell homeostasis, and CD8+ T cell fuction.

l Lymphocyte Development

The development of lymphoid precursor cells into committed B and T cells

proceeds through a series of stages, leading to the rearangement of the antigen receptor
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genes and expression of their protein products, the immunoglobins and the T cell

receptors (TCRs). In addition to the production of antigen recognition structues, T and

B cell precursors at each stage of development must also undergo changes in the

expression of other cell-surface and intracellular proteins (1-4). These changes in gene

expression lead to the proliferation, differentiation and/or death of developing

lymphocytes. To successfully complete development, B and T cell progenitors must pass

through several checkpoints designed to ensure that cells that ultimately develop into

mature functional lymphocytes can distinguish between foreign and self antigens, and

mount appropriate immune responses against foreign pathogens while remaining tolerant

to self proteins (3 , 5 , 6).

In mamals, T cell development takes place in the thymus, where bone marow

stem cells commit to the T cell lineage in response to signals from the thymic

environment (7). Thymocyte development can be simplified into three stages: the

double negative stage (DN), characterized by the absence of the CD4 and CDS

coreceptors, the CD4 and CDS double positive stage (DP), and the CD4 or CD8 single

positive stage (SP) (S-12). Cells become commtted to the T cell lineage at the DN stage;

this commitment is accompanied by proliferation and an upregulation of the survival

factor BcI-2 (13-15). Although DN thymocytes are committed to the T cell lineage, at

this stage they retain the potential to become either a or y T cells (16- 1S), and

rearangement of the y and chain TCR genes commences (19, 20). y T cells represent

a T cell subset whose function is stil not well understood, for the purpose of this

literature review only a T cell development wil be discussed in detail. Cells that



proceed along the al3 TCR pathway first express their rearranged 13 chain at the cell

surface in association with the non-rearanging pre- TCRa chain and the CD3/C proteins

(21 22). The expression of the al3 pre-TCR is the first checkpoint ofT cell development

and it is essential for furher development. Signals received through the pre- TCR

confirm that the thymocyte has produced a functional TCR l3-chain and initiate the

rearrangement of the endogenous a locus, leading to the surface expression on the al3

TCR assembled with CD3/C proteins (3 , 23). Pre- TCR signals also trigger the expression

of the CD4 and CD8 coreceptors, marking the transition to the DP stage (3 , 12 24).

Although DP thymocytes represent the largest lymphoid compartment in the

thymus, most of these cells are destined to die through the processes of positive and

negative selection, which together act to generate a self-restrcted T cell population with a

suffciently diverse repertoire of TCRs to mount appropriate immune responses against a

broad spectrum of foreign pathogens, while eliminating cells that might respond

inappropriately to self tissues (12 25).

The TCR specifically recognizes antigens that have been processed into peptides

presented by major histocompatibilty complex (MHC) molecules on the surface of APCs

(26 27). T cells expressing TCRs that recognize foreign peptides presented by self-MHC

form the basis of a fuctional adaptive immune system. Meanwhile the expression of

TCRs that recognze self peptides is not beneficial to the host and can potentially lead to

autoimmunty (28). Therefore, the ultimate goal of thymocyte development is to select T

cells expressing a TCR with high avidity for non-self peptides presented by self-MHC

molecules while eliminating potential self-reactive T cells (29, 30). The DP stage of



thymocyte development is where self-tolerance is imposed on the developing T cells and

as such, represents a critical checkpoint in the generation of a functional adaptive

immune system. Most of the DP thymocytes that are generated express TCRs that

interact poorly with the self-peptide-self-MHC complexes presented in the thymus, these

cells fail to recognize self MHC with sufficient avidity to receive the necessar surival

signals and wil instead die by neglect (24, 31). Others express TCRs that interact with

self-peptide-self-MHC complexes in the thymus with too high an affinity; these

lymphocytes could cause autoimmunity if they were to enter the periphery and are

therefore kiled via apoptotic mechanisms during negative selection (12). The

thymocytes that express TCRs that have an intermediate affinity for self-MHC (a degree

of affinity that lies between that which results in neglect and that which results in

apoptosis) are positively selected , upregulating the anti-apoptotic protein Bcl-2 and

undergoing the process of T cell lineage commitment whereby expression of either CD4

or CD8 is downegulated, resulting in a progression to either the CD4 or CDS single

positive stage ofT cell development (32-39). This differentiation is also accompanied by

other genetic events that will dictate whether the mature T cell can become a helper, or

cytotoxic effector cell, upon stimulation (12 41).

Every stage of thymocyte development, including the rearangement of the TCR

chains and the survival and differentiation of thymocytes into matue T cells , is tightly

regulated by cell differentiation programs, cell-cell interactions, as well as soluble factors

(42-44). For example, Fine and Krisbeek (45) demonstrated that interactions between

the LF A integrin (on thymocytes) and I CAM - I (on thymic stromal cells or thymocytes)



are important for the maturation of DN thymocytes to the DP stage. As mentioned

before, interactions between the TCR on thymocytes and MHC-peptide complexes on

molecules of the thymic stroma are essential during thymic selection, and only cells

bearing TCRs with the potential to recognize foreign peptides in the context of self-MHC

wil matue into CD4+ or CD8+ SP T cells (46).

Among the soluble factors that contribute to the process of T cell development

cytokines that signal through the Ye chain (11 43) are especially important. For instace

the Yc cytokine IL-7 is required at different stages ofT cell development, supporting early

T cell progenitor survival, initiating TCR-y chain rearrangement, and promoting CD8

thymocyte positive selection (44 , 47, 48). Another Yc cytokine, IL- , is essential for the

development of NK cells in the thymus. The absence of ths cytokine causes a block in

NK cell development, which leads to the absence of mature NK cells (49, 50) (Fig. 1).

The specific role played by the y e chain cytokines during T cell development wil be

fuer described in section C. l of the introduction.



Fig. l Yc cytokines play an important role in lymphocyte development in the thymus

(adapted from (51))

Bone marow stem cells enter the thymus where they commit to the T or NK cell lineage.

NK cells depend on IL- 15 mediated signals to fully develop into mature cells. At the

CD3- CD4- CD8- TN stage of development, TCR gene rearrangements begin, and

committed T cells develop into the aj3 or y6 T cell lineage. Signals mediated though the

IL- 7R are required for the rearangement of the y chain, and thus for the development of

y6 T cells. Throughout different stages of aj3 T cell development, signals mediated by

the Ye chain are required to maintain the survival and proliferation of developing

thymocytes. Nevertheless , aj3 T cells develop in the absence of these signals, though the

total numbers of aj3 thymocytes and SP CD4+ and CD8+ immature T cells are greatly

reduced.
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2 T cell homeostasis

On leaving the thymus, newly matured naIve CD4+ and CD8+ T cells enter the

periphery where they circulate through the secondar lymphoid organs, awaiting

recognition of invading pathogens (52). Following encounter with their specific antigen

T cells become activated, undergoing rapid proliferation and differentiation into matue

effector cells, and migrate out of the secondar lymphoid organs to the tissues where they

eliminate the foreign antigen (52 , 53). NaIve T cells have a limited lifespan, and if they

do not encounter their specific antigen after a defined period of time, wil die (54-56).

This limitation of their lifespan is importt in the maintenance of constant numbers of

lymphocytes in the face of continuous production of naIve T cells by the thymus, a

process termed T cell homeostasis. Both T and B lymphocytes are continually produced

throughout life , either in primar lymphoid organs or by peripheral cell division, but the

total lymphocyte cell number remains constant (57-59). Durng an immune response the

number of specific T cell clones is expanded, but ths expansion is immediately followed

by a contraction, achieved via the apoptosis of activated cells , (60-63). A successful

immune response is also accompanied by the creation of a new small memory T cell

population (64). Therefore, once the infection is cleared the total number of peripheral T

cells returns to homeostatic equilbrium. Maintenance of constant numbers and

proportions of lymphocytes in both the naIve and antigen-experienced memory

comparents is essential to sustain immunocompetence (57).

There is good evidence that lymphocyte numbers are tightly regulated in mice and

humans (7). T cell numbers in the spleen and lymph nodes of different laboratory strains



of mice, as well as wild mice are very consistent at any given age (65). Transgenic mice

that express rearanged TCRs do not have more T cells than normal, even though every

thymocyte could potentially matue into a T cell in the presence of the appropriate MHC

(66). The ratio of CD4+ to CD8+ T cells is also very consistent in any given mouse strain

(66 67). This ratio may change during the course of an immune response, for example

during a viral infection, but it returns to equilibrium once the pathogen is cleared.

Additional confrmation of T cell homeostasis is manifested when normal matue T cells

are transferred into lymphopenic mice, which exhbit an absence of normal numbers of

peripheral T cells (66 , 68 , 69). The transferred T cells divide, increasing the total T cell

numbers and returning to normal WT levels (68-70). This phenomenon, known as

homeostatic proliferation, does not take place when cells are transferred into mice with

normal T cell numbers. Both CD4+ and CD8+ T cells display this phenomenon.

The precise mechansms that regulate peripheral lymphocyte homeostasis, as well

as homeostatic proliferation are not fully understood. However, factors such as cytokines

and cell surface molecules that are known to play vita roles in T cell surival also seem

to be essential for homeostasis and homeostatic proliferation (57, 58 , 68 , 70-75). Under

normal circumstaces naIve T cells do not divide in mature animals, but they do require

exogenous factors to stay alive (66, 76). During their migration through the lymphoid

organs, T cells are exposed to a multitude of soluble and cell-associated proteins that

likely playa role in their survival and homeostasis. The different T lymphocyte

populations (i.e. naIve vs. memory, CD4+ vs. CD8+) depend on different mechansms for

surival, and/or homeostatic proliferation. Several groups have demonstrated that naIve



T cells (both CD4+ and CD8 ) require TCR contact with MHC class II and class I

molecules, respectively, expressing a diversity of self-peptides to survive (69 , 77 , 7S).

Thus, naIve T cells transferred into MHC-deficient mice die rapidly, whereas they

surive for long periods of time when transferred into mice expressing the appropriate

MHC molecules (58 , 71 , 72). Memory T cells, on the other hand, are thought to surive

for long periods in the absence of MHC molecules. This has been demonstrated by

experiments in which memory CD4+ and CD8+ T cells surive almost indefinitely upon

transfer into MHc- hosts (79, SO).

In contrast to their differing dependence on the presence of MHC, both naIve

CD4+ and CDS , as well as memory CDS+ T cells are dependent on specific cytokines to

survive and homeostatically proliferate. Of paricular importance are the y e cytokines

and defects in one or more specific members of ths family may lead to the dysregulation

of naIve T cell surival and T cell homeostasis. Furher details about the specific roles

played by Ye cytokines during T cell homeostasis and homeostatic proliferation wil be

described in section C.

Two hypotheses that have been put forward as mechanisms underlying

lymphocyte homeostasis and homeostatic proliferation are 1) competition between T cells

for access to the finite number of MHC molecules or 2) the limited availability of

cytokines. As mentioned above, homeostatic proliferation only occurs when total T cell

numbers are low (81). The role of cytokines in homeostatic proliferation is supported by

a growig body of evidence (57, 73) (Fig.2).



Fig.2 The Space model ofT cell homeostasis (adapted from (81))

IL-7 and IL-15 are essential for the surival and homeostatic proliferation of T cells.

MHC molecules expressed on APCs are necessary for the survival of naIve T cells.

Therefore, in a lymphopenic environment in which IL-7 and IL- , as well as MHC

molecules are more readily accessible, a limited population of mature T cells may be

induced to homeostatically proliferate, leading to increased numbers of peripheral

lymphocytes. In a normal steady-state environment, MHC molecules, as well as

cytokines, are engaged by the presence of a substantial number of mature T cells.

Transferring a population of matue T cells into this environment does not lead to their

proliferation.
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Several reports have revealed that overexpression of IL-7 increases the size of the T cell

pool and supports homeostatic proliferation (73 , 82, 83). Also in support of this

hypothesis is the observation that there is an inverse correlation between the number of T

cells and the amount of IL-7 in the seru of AIDS patients (84, 85). This observation

would suggest that either T cells take up free IL- 7 or that stromal cells produce more IL-

in response to a decline in the normal numbers of T cells. In addition, the observation

that CD4+ T cells inhibit proliferation of CD8+ T cells in irradiated MHC class-

deficient hosts (55, 86) provides evidence against the availability of MHC/peptide

complexes on APCs causing homeostatic proliferation. However, it is possible that

homeostatic proliferation occurs in the absence of competition for factors in T cell areas,

such as cytokines, chemokies, or other molecules on APCs.

Durng an immune response the total number of lymphocytes is significantly

increased and the CD4:CD8 ratio may also be altered due to the clonal expansion of the

specific responding T cells. However, T cell homeostasis is immediately restored

following the clearance of the pathogen. This restoration is mediated by apoptosis

through activation-induced cell death (87). Therefore, the maintenance of T cell

homeostasis is also dependent on the proper regulation ofT cell death (61 , 62, 66). The

mechansms that regulate ths process are discussed in the following section.

3 T cell-mediated immune responses

Following T cell development in the thymus, mature naive T cells enter the

periphery and circulate between the blood and the T-cell rich regions of secondar



lymphoid organs until they encounter their specific antigen (54-56). During an infection

antigenic peptides are presented to T cells in the context of self MHC molecules by

resident lymphoid APCs that acquire antigen brought to the lymphoid tissue and recent

APC migrants from the site of infection (52, 88-90). T cell stimulation requires two

separate signals (91-94). Signal one is mediated by TCR recognition of its specific self-

MHC-peptide complex on an APC. Signal two, known as the co stimulatory signal, is

mediated by the binding of one or more co stimulatory/adhesion molecules on T cells to

their ligands on APCs (92 , 95 , 96). One of the most important and well defmed T cell

costimulation pathways is between CD28 on T cells and B7- 1/B7-2 on APCs (91 , 92

97). Induction of infamation during an inection causes a dramatic upregulation ofB7-

1 and B7-2 on the APCs. This allows APCs to co stimulate T cells much more effectively

(97). Other co stimulatory molecules have also been described in recent years, for

example PD- , ICOS and OX40, but their precise contribution to T cell stimulation

remains to be clearly determined (98 , 99). CTLA- , a homologue of CD28 expressed by

T cells, also binds to the B7 molecules, but acts as a negative regulator of T cell

activation (100 , 101).

T cell activation is followed by a clonal expansion and a genetic reprograming

that allows T cells to become effector cells (52 , 97 , 102). This phenomenon also leads to

a change in expression of certain cell surface molecules, such as CD44 and CD62L in

mice, which are characteristic markers used to differentiate between naIve, activated and

memory T cell subsets (103). NaIve T cells express low levels of CD44 and high levels

of CD62L , while activated T cells express high levels of CD44 and low levels of CD62L.



Memory cells are also high in CD44 and they mayor may not upregulate the expression

of CD62L (103-105). These changes allow activated T cells to leave the secondar

lymphoid organs and migrate to sites of infection. Upon differentiation into effector

cells, activated T cells also become capable of producing cytokines and other soluble

factors that will mediate the clearance of the infecting pathogen (104 , 106- 108).

In addition to the two signaling pathways initiated by the TCR and CD28, the

production of cytokines and signals received though cytokine receptors are essential for

the production and maintenance of effective imune responses (102, 109- 111). Cytokine

signaling is important for the initial steps of T cell activation, as well as the development

and maintenance of a proper, strong immune response. CD4+ and CD8+ T cells differ in

their specific roles during immune responses. Depending on the natue of the infection

CD4+ T cells may differentiate into either Thl or Th cells, characterized by the secretion

of specific cytokines. These cytokines wil aid and modulate the type of effector

response (112, 113). CD8+ T cells, on the other hand, generally differentiate into

cytotoxic T lymphocytes (CTLs) that help clear pathogens by kiling infected cells. To

accomplish this, CD8+ T cells can express high levels of cytokines, such as IFN-y and

TNF -a , and upregulate the expression of other proteins , such as FasL , perf orin and

granmes that mediate lysis of cells expressing the specific antigen recognzed by that T

cell (114- 116). The activation and differentiation of both CD4+ and CD8+ T cells

determine the resistace or susceptibilty ofthe host to foreign pathogens.

Once the infecting pathogen has been cleared, activated T cell expansion is

quickly followed by a clonal contraction, leaving only a small memory T cell population



that provides lasting immunty against a secondar attack by the same pathogen (52 , 97

102). Activated T cells become sensitive to death via activation-induced cell death

(AICD), following ligation of the TCR with its specific peptide, when the cells are

already in cell cycle (87 , 117, 118). Since apoptosis of activated T cells is extremely

important for restoring T cell homeostasis after an immune response , there are several

mechanisms that can mediate this process. AICD can be mediated by Fas!FasL

interactions, in which expression of FasL on activated T cells induces apoptosis of other

T cells expressing Fas (119, 120). Signaling through Fas leads to the activation of

specific caspases that mediate cellular apoptosis (121 , 122). Several studies have shown

that the Ye cytokine IL-2 plays a critical role in the induction of AICD (123- 125). IL-2 is

involved in regulating T cell immune responses at multiple levels including activation

proliferation and differentiation of T cells (126, 127); however, IL-2 deficient mice do

not present an immunodeficient phenotype, but suffer from T cell lymphoproliferation

(123 , 128, 129). These observations would suggest that perhaps the most importt role

of IL-2 is during the process of T cell death. It has been demonstrated that IL-2 induces

AICD, mainly by the upregulation of FasL expression; thus T cells deficient in IL-

mediated signals fail to upregulate FasL and may be resistat to Fas-induced apoptosis

(63 , 130, 131). However, a new school of thought proposes that the lymphoproliferation

observed in IL- deficient mice is mostly due to the absence of IL- dependent CD25

CD4+ regulatory T cells (132 , 133).

Another cytokine produced by activated T cells is TNF -a , which induces

apoptosis of T cells through the activation of caspases, following binding to its cell



surface receptor (134). Recent reports have brought attention to members of the Bcl-

family as mediators of T cell death (135). Hildeman et al investigated the importce of

one member of this family, Bim, during T cell activation induced cell death. They

discovered that overexpression of Bim, as well as Bad (also a member of the Bcl-

family), resulted in the accelerated death of CD4+ and CD8+ T cells following SEB-

mediated activation. Also, when Bim-deficient mice were injected with SEB , about 80%

of the SEB-reactive T cells in vivo were prevented from undergoing AICD. Given the

discrepancies between these results, which suggest that Fas is dispensable for SEB-

induced AICD and previous results in which Fas appeared to play an essential role

Hildeman et al. suggested that the difference may be a result of the experimental design.

In studies where anmals were injected with superantigen repeatedly, Fas seemed to play

a importt role in AICD, whereas in studies in which animals were injected with a single

does of the superantigen (as was the case in this paricular study) AI CD appeared to be

Fas-independent (135). Another mechanism whereby cytokines contribute to the

contraction of T cell numbers in the terminal stages of an immune response is due to the

withdrawal of growth factors, known as cytokine deprivation death (CDD) (136). CDD

is mainly controlled by members of the Bc1-2 family. Following T cell activation, levels

of Bc1-2 are downregulated, shifting the ratio of anti-apoptotic to pro-apoptotic factors

and leading to the death of unwanted T cells afer an imune response (87).

In summar, to generate a successful immune response that wil clear an

infection; mature naIve T cells must recognize specific antigen in the form of an

MHC/peptide complex, in the context of co stimulatory molecules such as B7-1 and B7-



expressed on the surface of APCs. These activating signals must be accompaned by the

production of specific cytokines, such as IL- , and by subsequent signals through

cytokine receptors. Together, these signals regulate the duration and type of immune

response, triggering the differentiation of CD4+ T cells into Thl or Th2 cells that secrete

different cytokines, while CD8+ T cells will develop into CTLs producing cytokines, such

as IFN-y and TNF-a , and the effector molecules FasL, perf orin, and granmes that wil

mediate the killng of infected cells. Finally, a successful immune response wil also

generate a population of memory T cells to provide life-long immunity against that

specific antigen (137).

Many aspects of the process of lymphocyte development, homeostasis and

fuction are regulated by cytokines, all of which signal through a related set of receptors

(137). The receptors are composed of one to three chains and are associated with one or

more members of the Janus family of protein kinases. This disserttion investigates the

role played by one of its members, Jak , in the proper fuction ofT cell immunty.

B. JAKS AND ST A Ts

The Janus famly of tyrosine kinases is composed of four non-receptor tyrosine

kinases, Jak1 , Jak , Jak3 and Tyk2, that associate with specific chains of different cell

surace cytokine and growt factor receptors (138- 140) (Table. I).



Table I. Cytokine receptors and their specific Jak/STAT mediators

CYTOKINES
Type II cytokines

IFNaj3
IFNy
IL-

JAKs/STATs

Jakl , Tyk2/STATl , 2 , 4(human)
Jak1 , Jak/STATI
Jakl , Tyk2/STAT3

Cytokines whose receptors share 
IL-

, - , - , -

9, -

, -

IL- 13 (uses IL4 Ra not yc)

Jakl , Jak3/STAT5a, b , 6
Jakl , Jak, Tyk2

Cytokines whose receptors share 
IL-

, -

, GM-CSF Jak/STAT5a, b

Cytokines whose receptors share
gp130

IL- , IL- , OSM, CNTF , LIF , CT-
IL- 12 (uses a gp130-related receptor)

JakI , Jak, Tyk2
Jak , Tyk2/STAT4

Cytokines with homodimer receptors
Growt hormone, Prolactin, EPO , TPO Jak/ST A T5a, b



Jaks are large kinases with molecular weights ranging from 120 to 140 KDa. , and

are composed of seven regions of homology termed JH1 through JH7 (138) (Fig.3 A).

The name Janus comes from the mythological Roman god who had two faces, and refers

to the observation that Jaks have two kinase-like domains. The JHl domain is a

fuctional catalytic domain whereas the JH2 domain is a pseudokinase domain whose

fuction is curently debated. Some experiments have suggested that the pseudokinase

domain inhbits Jak activity, while others have suggested that it is actually required for

kiase activity (141- 143). Additional data have indicated that this domain may constitute

a potential docking site for a family of transcription factors known as signal transducers

and activators of transcription, or STAT proteins (142). The exact fuction of the other

five blocks of homology (JH3 through JH7) remains unclear, however, the N-terminal

region has been shown to bind cytokine receptors (144-147). Jaks are essential for

cytokine receptor signaling, as was demonstrated using Jak mutant cell lines that failed to

respond to interferons (IFNs), uness restored with genes encoding different Jaks (148

149). Furhermore, experiments conducted with cytokine receptor-mutat cells that fail

to bind Jaks, and experiments with cells expressing a dominant negative Jak construct

also confrmed the essential role of these kinases in cytokine signaling (150-153).

The STAT family of transcription factors is composed of seven members, ST A T1

through STAT4, STAT5a and STAT5b, and STAT6 (154). All STAT proteins share

functional domains, including a Src-homology 2 (SH2) domain that recognizes

phosphorylated tyro sines on receptor subunts (Fig.3 B).



Fig.3 Structure of JAK and ST AT proteins

Jak proteins are composed of seven regions of homology. The JHI is a functional

catalytic domain, while the JH2 domain is structually similar but fuctionally inactive.

The exact function of the other domains remains unclear. All STAT proteins share

fuctional domains, including a receptor binding SH2 domain, a ST AT DNA domain

and an oligomerization domain. A conserved tyrosine in the oligomerization domain

becomes phosphorylated by activated Jaks, allowing STAT proteins to then form dimers

though the interaction of the SH2 domain of each STAT and the phosphorylated tyrosine

on the other.
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Differences in the SH2 domain of the STAT members determine their cytokine receptor

binding selectivity, because, in addition to recognizing the phosphorylated tyro sines

these domains specifically recognize surounding residues (140, 155). Although a STAT

DNA-binding motif has been defined (TTGNNCAA), the precise composition and

spacing of the sequence determines which of the seven members preferentially binds

(137 , 156).

Cytokine binding to its receptor leads to the homo- or hetero-dimerization of the

receptor s subunits, bringing associated Jaks into close proximity, allowing the Jaks to

auto- and trans-phosphorylate each other, resulting in their full activation (139 , 154, 157).

Once activated, Jaks in turn phosphorylate the cytokine receptor chains, generating

docking sites for the STATs SH2 domains (158 159). Immediately afer STAT binding,

a conserved tyrosine is phosphorylated by the activated Jaks, allowing STAT proteins to

form dimers through interactions between the SH2 domain of one ST AT and the

phosphorylated tyrosine of another (160, 161). Recent reports from Kenneth Murhy

lab have shown that STAT dimers are formed in vivo independent of cytokine receptor-

mediated signals and that these dimers are required for the receptor-driven

phosphorylation and activation of ST A Ts (162). The investigators have suggested that

ths dimerization may facilitate a rapid formation of activate dimers following activation.

In addition, the N-terminal domain of the STAT protein is involved in oligomerization of

STAT dimers to form tetramers, or even highly order oligomers, which may be important

for transcriptional activation (163). Once oligomerized, ST A Ts translocate into the

nucleus where they bind their consensus DNA motifs on target genes (FigA).



Fig.4 The Jak-STAT-mediated cytokine signaling pathway (adapted from (164))

Upon cytokine binding, the receptor subunits are brought in close proximity to each other

allowing for the auto- and trans-phosphorylation of receptor-associated Jak proteins.

Activated Jaks phosphorylate specific sites on the receptor subunits, creating docking

sites for the SH2 domains of STAT molecules. ST A Ts bind to the receptor chains and

are in tu phosphorylated by Jaks. Once phosphorylated, STATs homo- and hetereo-

dimerize and translocate to the nucleus where they bind to promoter sites of genes

required for cell cycle progression and differentiation.
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The activation of ST A Ts is one of the major functions of Jaks, but they also play

other roles in signaling. For example, Jak proteins have been implicated in the activation

of the extracellular signal-regulated kinase subfamily of the mitogen-activated protein

kinases (ERKK) pathway following cytokine binding (164, 165). This activation is

abrogated if mutations are introduced in the Jak-binding domain in several cytokine

receptors, suggesting a link for the activation of the ERKMAPK pathway by cytokines

(166). Therefore Jak proteins seem to function upstream of two signaling pathways, the

ST A T pathway and the ERK/MAPK pathway, which most likely results in the

enhancement of the transcription of genes regulated by STATs and the ERKMAPK-

activated transcription factors (164). Several studies have also demonstrated that Jak

proteins may modulate PI-3 kinase fuction. For example, activation ofPI-3K following

GM-CSF binding to its receptor is abrogated by treating the responding cells with AG-

490, a Jil inhbitor (167, 168).

Negative regulation of the Jak-STAT pathway is mediated by several different

mechanisms. These include the endosomal degradation of Jak/receptor complexes

through receptor-mediated endocytosis, the dominant-negative effects of naturally

occurring STAT proteins, regulation by the CIS/SOCS/SSI family and by tyrosine

phosphatases (155 , 169-173). CIS family members mediate their negative effects by

different mechanisms, which include direct binding to the catalytic domain of Jaks, and

binding to the cytokine receptor, where they may prevent stimulatory signaling coupled

to phosphotyrosine motifs on the receptor (155 , 174, 175). Additionally, since CIS

proteins have short half-lives, they may target activated receptors for degradation (175).



Tyrosine phosphatases containing tandem SH2 domains bind either the cytokine receptor

or the Jaks , leading to their dephosphorylation, leading to reduced activation of the Jak-

STAT pathway (176).

C. JAK 3

Jak3 is unique among the Janus kinases because it is preferentially expressed in

hematopoietic cells, where it constitutively binds to the cytokine receptor Ye chain (150

151 177 178). The group ofcytokines that bind to ths receptor (IL-

, - , - , -

9, -

and -21) plays important roles in different aspects of lymphocyte development

homeostasis and fuction. In 1995 , several groups observed that the absence of Jak3 in

mice led to a phenotype that was virtally identical to the phenotype of mice lacking the

Ye chain (179, 180). Their importance is ilustrated by the discovery that defects in Yc

chain- or Jak3-mediated signaling lead to severe combined immunodeficiency (SCID) in

both humans and mice (179- 182). Interestingly, the absence ofY /Jak3-mediated signals

leads to contrasting defects between mice and humans, revealing differences in cytokine

requirements during lymphocyte development in these two species (183, 184). By

examning the phenotype of mice deficient in single Ye-cytokine or Ye-cytokine receptor

subunts, it has been possible to elucidate which cytokines are important for different

aspects of lymphocyte development, homeostasis, and fuction, as is discussed in the

following sections.



l Jak3/yc signals in lymphocyte development

As mentioned above, signals mediated by the Yc chain cytokines are extremely

importt during lymphocyte development. B cell development in Ye- and Jak3-deficient

mice is arested at the pro- B cell stage, leading to an absence of mature B cells (179

180). This defect is also present in mice that lack IL-7-mediated signals, indicating the

importce ofIL-7 for murne B cell development (185, 186). Interestingly, humans who

lack Ye or Jak3 signals appear to have normal B cell development, suggesting that IL-7 is

not essential and that aYe independent cytokine must be responsible for the production of

mature human B cells (183, 184). In mice, IL-7 regulates transcription and

rearangement of the IgH genes , and signaling through its receptor induces expression of

anti-apoptotic factors, such as Bc1-2 (44, 187).

IL-7-mediated signals are critical for T cell development. The thymi of Ye and

Jak3-deficient mice are extremely reduced in cellularity, with a size about one tenth of

that of a normal thymus. The rate of cell division in double negative and double positive

stages is also diminished (17). Transition between the earliest stage of T cell lineage, the

pro-T cell stage, to the pre-T cell stage is blocked in the absence of IL-7 (Fig. l) (186

188). ye-mediated signals, especially IL-7-mediated signals, induce expression of Bc1-

providing anti-apoptotic signals during development (17). The normal upregulation of

Bc1-2 expression from DN CD44+CD25" to DN CD44 CD25+ and from DP TCR to DP

TCRint
is impaired in ye deficient mice (16, 187). Additionally, DN and CD4+ or CD8

SP thymocytes have a higher frequency of apoptosis in Ye knock-out mice compared to

WT mice, correlating with reduced levels of Bc1-2 expression by these cells (49).



Despite the reduced numbers of developing thymocytes, the individual stages of

al3 T cell development in Ye , Jak3- , and IL- deficient mice seems to take place

normally. The proportions of maturing al3 thymocyte subsets are comparable to WT

mice, suggesting that Jak3/ye-mediated signals are important but not essential for the

development of af3 thymocytes in mice (43 , 179, 189). Deficiencies in these signals in

humans cause a complete arest in af3 thymocyte development, leading to an absence of

matue al3 T cells (184). Several studies, using ye deficient mice have suggested that

yJJak3-mediated signals are not required to negatively select thymocytes expressing self-

reactive TCRs (11 , 16). When ye deficient mice were crossed to the H-Y TCR transgenic

mice, in which all the T cells are specific for the male-specific antigen HY, thymocytes

were negatively selected in male mice (11). Additional experiments, using superantigen

models to study negative selection, also revealed that thymocytes can be negatively

selected in the absence ofYe signals (16).

The Ye cytokines IL-2 and IL-15 may also playa role in the surival ofCD8+ SP

thymocytes during development. Analysis of mice deficient . in SOCS- , which is

expressed by all thymocytes durng the different developmental stages, and fuctions as a

negative regulator of cytokine receptor signaling, revealed that IL-2 and IL- 15 may

influence CD8 thymocyte matuation by inducing the expression of Bel-xL, and cell

proliferation (190).

In contrast to al3 T cell development, mice deficient in Ye chain, Jak3 , or IL-

completely lack y6 T cells, and TCRy chain rearangement is undetected in adult thymi

(191 , 192). The number of y 6 T cells is stil severely reduced in y e deficient mice

I..



expressing a fuctionally rearanged TCR Vy gene. Even after taking into account the

lower levels of thymocyte precursors present in the thymus ofyc
I- mice, yf: T cells were

stil reduced eightfold in Ye- Tg mice relative to y/ Tg mice (191). These results suggest

that the y e cytokine receptor provides essential surival signals, in addition to the signals

required for the rearangement of the TCRy locus. However, high copy transgenic

expression of the y chain in IL-7R knock-out mice led to the production of normal

numbers of yf: T cells, suggesting that signals through the IL- 7 receptor are essential for

the rearrangement of the y chain but not for the survival of yf: T cells (48). The

discrepancy in these results may reflect the importance of another y e cytokine durng yf: T

cell development, or it may be a consequence of the level of expression of the transgenic

gene , since in a low copy y transgene failed to rescue development of these cells in the

IL- - system (48).

The development ofNK cells in yJJak3 knock-out mice is also impaired at very

early stages, also leading to a complete absence of these cells in the periphery. NK cell

development is blocked in mice deficient in IL- , but not in mice deficient in IL- 

mediated signals. Additionally, IL- 15 has been shown to induce NK cell differentiation

from bone marow derived hematopoietic progenitor cells (193 , 194), suggesting that NK

cell development is critically dependent on IL- 15 signals.

2 Jak3/yc signals in T cell homeostasis

The periphery of Jak3- mice is characterized by the absence of Peyer s patches

and nearly undetectable peripheral lymph nodes. Given the low numbers of thymocytes



generated in Jak3- mice, one might expect a reduction in the number of peripheral T

cells. Yet, adult mice (::3 weeks of age) lacking Jak3 present normal numbers of

peripheral a(3 T cells (179- 181). Despite having apparently normal T cell numbers

closer examination reveals that T cell homeostasis is highly dysregulated. Most of the

peripheral T cells are CD4+ and appear to have an activated or memory-like phenotype

characterized by the expression of cell surface markers such as CD44. CD8+ mature T

cells are virtally absent from the periphery and also appear to have an activated or

memory-like phenotype (179). These observations, in conjunction with numerous other

studies using mice deficient in single or double ye dependent cytokines demonstrate, not

only the importance of these cytokines for T cell homeostasis but also the difference in

cytokine requirements for CD4+ and CD8 , as well as naIve and activated/memory T cell

surival in the periphery (57, 73-75).

The surival of both naIve CD4+ and CD8+ T cells is dependent on the interaction

of the TCR with self-MHC-self peptide complexes, as well as signals mediated through

cytokine receptors, especially those that signal though the Ye chain and Jak (57 , 70-

, 75). Several studies have demonstrated that signals mediated by IL-7 but not others

are essential for the surival of naIve CD4+ and CD8+ T cells (Fig.5) (73 , 75).



Fig.5 Requirements for mature T cell survival (adapted from (81))

NaIve CD4+ and CD8+ T cell surival is dependent on signals mediated by the IL- , as

well as interactions between the TCR and self-MHC-self-peptide complexes presented by

APCs. T cell activation is mediated by TCR recognition of antigenic peptides presented

by self-MHC molecules on APCs, in conjunction with secondar signals initiated by

specific interactions between co stimulatory molecules expressed on mature APCs and T

cells. T cell expansion following activation is enhanced by signals through cytokine

receptors, such as IL- , IL- , IL-7R and IL-15R. Signals required for the production

of memory CD4+ and CD8+ T cell populations remain unclear. The surival of CD8

memory T cells is dependent on signals regulated by IL- 15 and IL- 7. The mechansms

that mediate CD4+ memory T cell survival are more controversial , however, recent

reports suggest that memory CD4+ T cell surival is dependent on IL-7-mediated signals.
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In fact, T cells from IL- - mice have a shorter lifespan (56 , 57). However, given the

importce of IL-7 signaling in thymocyte development it is possible that the matue 

cells in these mice are intrinsically defective, leading to their inabilty to surive in the

periphery. This is not a likely explanation since transferring naIve T cells into IL- 

hosts rapidly leads to their disappearance (73). This observation is supported by results

of experiments in which T cell survival was studied using thymectomized B6 mice that

no longer possessed any means of T cell replenishment. The mice were injected with 

IL-7R mAb, blocking interactions between the receptor and IL-7 (75). Under these

conditions, naive T cells were only able to survive for 2 or 3 weeks, as opposed to the

long half life observed in T lymphocytes when the mice were not injected with the mAb

(75). The half life of 2 to 3 weeks was comparable to that observed for T cells in an

MHC-deficient environment (195).

Furermore, when naIve T cells are transferred into T cell-depleted mice injected

with a-IL-7R mAb, homeostatic proliferation is blocked (75). A decreased amount of

Bc1-2 was observed in the T cell comparent of the a-IL-7R treated mice (195). This

was not the case when T cells were injected into IL- - or IL- 15- - T cell depleted hosts

(74). Tan et al showed that naIve T cells canot undergo homeostatic proliferation when

transferred into T cell depleted IL- mice. However, addition of exogenous IL-

restored their ability to proliferate (73). One of the effects of IL-7 is the up-regulation of

Bcl- , although the restoration observed by Tan et al was not achieved when Bc1-

transgenic donor T cells were transferred into IL- mice without the addition of

exogenous IL-7. Therefore , while the upregulation of Bc1-2 may be one mechanism by



which IL-7 mediates the surival of naIve cells, other mechanisms are likely to playa

role as well (73). In contrast to these results, Seddon and Zamoyska showed that

treatment with a-IL-7R mAb during the adoptive transfer of WT T cells into

lymphopenic mice resulted in a considerable reduction of (especially in the CD4+ T cell

population), but did not completely block homeostatic proliferation of WT T cells (196).

They argued that both TCR and IL-7-mediated signals can independently induce

expansion of T cells in a lymphopenic environment. Since total CD4+ or CD8+ T cells

were used in these studies, it is possible that the proliferation observed in the absence of

IL-7 could have been a result of memory CD8+ or CD4+ T cell homeostatic proliferation

which can take place independently of IL- 7.

Finally, in vitro experiments using a system in which T -depleted whole lymphoid

organs were cultued in media and injected with naIve T cells, also support an important

role played by Ye cytokines in T cell homeostasis. Briefly, CFSE-labelled naIve T cells

were injected into the organs and T cell recovery, as well as homeostatic proliferation

were measured after 7 days in cultue. The results from these experiments showed that

supplementing the media with IL- , IL-7 and IL- 15 increased the overall T cell recovery

and enhanced homeostatic proliferation of the donor cells (73). In contrast

supplementing the media with IL- , IL-6 or IL-9 did not have an effect on homeostatic

proliferation. When the cultures were supplemented with a-ye mAb, both the overall T

cell recovery and homeostatic proliferation were significantly reduced. These data

suggest that signals through Jak3/ye are essential for the surival of naive T cells, as well

as homeostatic proliferation (Fig.6).



Fig.6 Requirements for mature T cell homeostatic proliferation (adapted from (81))

Mature T cells proliferate in a T cell depleted environment in order to reestablish normal

T cell numbers. This phenomenon is known as homeostatic proliferation. NaIve CD4

and CD8+ T cells require interactions between the TCR and self-MHC-self peptide

complexes on APCs, as well as IL- -mediated signals. Conversely, homeostatic

proliferation of memory CD4+ and CD8+ T cells appears to be independent ofMHC-TCR

interactions in a lymphopenic environment. CD8+ memory T cells require IL- , and to a

lesser extent, IL-7 signals to homeostatically proliferate. The requirements for CD4

memory T cells are unown, but their abilty to undergo homeostatic proliferation

appears to be independent ofYe cytokines.
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In contrast to naIve T cells, the surival of memory T cells does not appear to be

critically dependent on IL-7 but appears to be regulated by other y e cytokines. In

paricular, IL- 15-mediated signals seem to be essential for the surival of CD8+ memory

T cells (74, 197). Memory CD8+ T cells express high levels of CD122 (IL-2Rj3), a

component of the IL-15 and IL-2 receptors (198). The presence of IL- 15 leads to

selective proliferation of CD8+ memory T cells (198), while mice lacking either the IL-

or IL- 15R have reduced numbers of memory CD8+ T cells (197, 199). Additionally,

experiments using IL-7R or IL-15R knock-out mice and IL-7R/L- 15R double knock-out

mice suggest that IL- I5 signals are necessar for the basal proliferation of memory CD8

T cells, while IL-7 signals are necessar for their surival (200). CD8+ memory T cell

homeostatic proliferation appears to be dependent on similar factors. When CD8+

memory T cells are transferred into T cell depleted IL- 7 deficient mice , they proliferate

normally. This proliferation is somewhat reduced when the cells are transferred into T

cell depleted IL- 15 deficient hosts. However, when CD8+ memory T cells are transferred

into IL-7/IL- 15 deficient mice, homeostatic proliferation is virtally abolished (74, 200).

Therefore, it is not surrising that mice deficient in Jak3- or ye-mediated signals are also

depleted of CD8+ memory T cells. Contrar to these results, several studies using Ye

deficient, as well as other single ye dependent cytokine single knock-out mice had

suggested that activated or memory CD4+ T cells are independent of yJJak3 signals for

survival (74, 75). However, recent reports have shown that deficiencies in IL-7 lead to

the disappearance of resting memory CD4+ T cells and an inabilty to generate memory

cells in lymphoid and non-lymphoid organs (201 , 202). Homeostatic proliferation of



memory CD4 + T cells appears to tae place normally in mice deficient in IL- 7, IL- 15 or

both cytokines (74).

Collectively the data suggest that naIve CD4+ T cells survive poorly in the

absence of ye dependent cytokine signals, whereas activated/memory CD4+ T cell

surival may be less dependent on these cytokines. Contrastingly, CD8+ T cells, both

naIve and memory, are highly dependent on ye dependent cytokine signals and cannot

surive in their absence.

Interestingly, when mice deficient in either Jak3 or Ye chain are crossed to MHC

Class 1- or MHC Class II-restricted TCR transgenic mice, development appears to be

similar between the two models and the thymi of Jak3- or y/- TCR transgenic mice are

extremely reduced in cellularty (17 , 203 , 204). However, unike the straight knock-out

mice Jak3- or 
I- TCR transgenic mice have very low numbers of matue T cells. This

is tre for both CD8+ and CD4 + TCR transgenic models. In addition, most of the T cells

appear to have a naIve phenotype and those that present a memory -like phenotype do not

express the transgenic TCR, but an endogenous a chain (203 , 204). Finally, our lab

designed a mouse model in which Jak3 was expressed under the Lck promoter; T cells in

these mice express Jak3 thoughout development but lose its expression when they enter

the periphery as matue cells (205). Despite the fact that thymocyte development in these

mice was normal, the peripheral phenotype was very similar to that of straight Jak3-

deficient mice. As the mice aged and matue T cells lost Jak3 expression, the cells

presented an activated or memory-like phenotype and the ratio of CD4 to CD8 was

highly elevated.



Given the available data, it is not clear whether the dysregulation in T cell

homeostasis observed in Jak3- or ye deficient mice is a consequence of developmental

defects or a consequence of peripheral activation and proliferation. Also, we do not

know if the phenotype observed in the periphery of these mice may be rescued by

introducing a survival factor to be expressed by developing thymocytes and mature T

cells.

3 Jak3/yc signals in T cell activation

In addition to the importce of /Jak3-mediated signals in the maintenance of T

cell homeostasis, these signals also play an important role in T cell activation

proliferation and differentiation. Although CD4 + CD44 hi T cells from mice deficient in

/Jak3 appear to have an activated or memory phenotype , they respond extremely poorly

to stimulation in vitro. When splenocytes from Jak3-deficient mice were cultued in the

presence of concavalin A, anti-CD3 , anti-CD3 plus anti-CD28 , or PMA plus ionomycin

their proliferation was miimal (179). On average, the responses from both thymocytes

and splenocytes from Jak3- mice were less than 10% the response of wild type control

cells. Additionally, stimulated splenocytes from Jak3-deficient mice secreted less IL-

than wild type cells (179). All of these experiments were conducted using unfractionated

CD4+ T cells from the spleens of adult mice. The total numbers of CD4410w CD4+ T cells

in the periphery of these mice are so minimal that it has previously been impossible to

conduct experiments using naIve CD4+ T cells from straight Jak3 or Yc chain knock-out

mice. Similarly, the total numbers of naIve as well as memory-like CD8+ T cells in the



periphery of Jak3/ye deficient mice are extremely reduced, making it impossible to study

their ability to respond to an antigenic challenge in vivo or in vitro. Thus, the

requirements for these cytokines to initiate , sustain, and contract immune responses are

stil unclear.

a CD4+ T cell activation in the absence ofyc chain cytokine signaling

In tring to elucidate the role played by Yc cytokines in the activation of T cells

Di Santo s group designed experiments in which they compensated for the lack of naIve

CD4+ T cells in the periphery of ye deficient mice by crossing these mice to TCR

transgenic mice (206). The transgenic model used by this group was a CD4+ TCR

specific for the H- Y male antigen. As mentioned before, when Jak3- or ye deficient mice

are crossed to MHC Class I-or Class II -restrcted TCR transgenic mice, their periphery is

characterized by very low numbers of naIve T cells, once more emphasizing the essential

role of Jak3/ye-mediated signals for the survival of these cells, and the absence of

memory-like T cells that populate the periphery of the straight knock-out mice.

However, they were able to pull enough mature thymocytes from Ye- TCR transgenic

mice, as well as y / control thymocytes and adoptively transfer equal numbers of each

phenotypic model into wild type lymphopenic mice. They observed that the 

y/ 

TCR

transgenic (TCR ) cells survived for extended periods of time in the periphery of

alymphoid female mice, while the Ye- TCR+ cells were lost five days afer transfer. When

. TCR+ mice were injected with male CD3E-deficient splenocytes that car the specific

epitope recognized by the transgenic TCR, the CD4 + T cells c10nally expanded to levels



equivalent to that of the 

y/ 

control T cells, with similar kinetics of activation.

Additionally, when a mixtue of 80% y/ and 20% Ye- naIve TCR+ T cells was injected

into the periphery of male alymphoid mice, the extent of proliferation and activation was

similar between the two groups of cells. Finally, in order to investigate the ability ofYe- T

cells to become memory cells, they transferred previously primed Ye+ TCR+ and Ye- TCR

cells into alymphoid female hosts. Both y/ and Ye- T cells persisted for at least 5 weeks

and upon antigenic re-challenge, they both proliferated extensively. Therefore, their data

suggested that signals though the y c chain were necessar for naIve T cell surival but

not for antigen proliferation, or for the maintenance and restimulation of memory CD4+ T

cells (206).

b CD8+ T cell activation in the absence of IL-2-mediated signals

Additional experiments to better understand the role of Ye cytokines during an

immune response have been conducted using mice that are deficient in individual

cytokine or cytokine receptors of the Ye family. The results from these investigations are

somewhat controversial. Some of the studies have concured with the observation that

these deficiencies have relatively minor effects on T cell activation and fuction. Several

in vitro studies indicate that IL-2 is a major T cell growth factor, and that it plays a

critical role in the differentiation of naive T cells into effector cells. Yet, when IL-

deficient mice were infected with vaccinia virus, they were able to generate protective

immunity to the virus, producing both CTL and anti-viral antibody responses (207).

Infection of IL- deficient mice with lymphocytic choriomeningitis virus (LCMV)



resulted in a three-fold reduction of the CDS+ T cell response, but the mice were able to

clear the virs by day 10. This paricular study also demonstrated that, unlike the results

obtained in vivo when CD8+ T cells were stimulated in vitro they were not able to

differentiate into CTLs in the absence ofIL-2. IL-4 could somewhat compensate for the

lack of IL- in vivo but not in vitro. The results suggested that a network of cytokines

other than those tested in vitro, which included IL- , IL-4 and IL- , might playa

compensating role in IL- deficient mice. Concuring with these results, when studies

were performed using an IL-2Rf3- - mouse model, in which both the IL-2 and IL-15 high

affinity-signals are blocked, Yu et al observed that CDS+ T cells were able to induce an

effcient response in vivo, although the magnitude and effector responses were somewhat

impaired (20S). They observed that the amount of IFNy secreted by cells from these

mice in response to a vaccinia infection was markedly reduced, in addition to their

inabilty to elicit a CTL response in vitro due to reduced induction of perf orin and

granzme B. (208). Other studies in which IL- deficient mice were crossed to an

influenza-specific TCR transgenic background suggested that, in the absence of the

cytokine , CDS+ T cells were able to proliferate and develop a blastogenic response, but

Ag-specific cytotoxicity was only detected in animals that were able to produce IL-

(209) .

Somewhat contrasting with these conclusions, additional studies in which IL-

deficient mice were also infected with LCMV suggested that, in the absence of the

cytokine, the expansion of CDS+ T cells following viral infection was dramatically

inhbited (210). The percentages of CD8+ T cells did not increase unless IL-2 was added



during the infection. Further, the production of IFN-y was significantly reduced at the

peak of the immune response in IL- - mice, but the exogenous addition of IL-2 was

enough to restore the ability of these mice to produce normal levels of IFN -y in response

to LCMV (210). Recent studies, using the OT- 1 TCR transgenic model, have suggested

that in the absence of IL- , CD8+ T cells can initiate a specific immune response but they

canot undergo the subsequent proliferative expansion (211). Briefly, OT- + CD8+ T

cells from WT, IL- , or IL-2Ra l- mice were labeled with CFSE and adoptively

transferred into normal mice. The mice were then injected with a VSV -OVA constrct

and the immune response was followed during a time course. Early in the infection the

magnitude of proliferation between the WT and IL- - cells was comparable. However

continued expansion of the IL- - cells was impaired afer the first 3 days of infection

(211). Addition of exogenous IL-2 was enough to sustain the proliferative phase

inhibited in IL- deficient CD8+ T cells. Therefore, it was concluded that the initial

CD8+ T cell division following an immune challenge is IL-2 independent, while the

proliferation subsequent to activation was IL-2 dependent. Similarly, studies in which

IL- 15 knock-out mice were infected with VSV resulted in a reduction oftetramer positive

CD8+ T cells compared to the wild type controls. The reduction was only obvious after

day 6 of infection, demonstrating that IL- 15 was importt in determining the amplitude

of the VSV-specific primary response (212). These mice were also deficient in

generating a substantial portion of antiviral CD8+ memory T cells (212). The percentage

of Ag-specific IL- 15- - CD8+ T cells 15 days after VSV infection was only 40% of the

WT control levels, and 77 days after infection it was only 23%. However, a subset of



long-lived CD8+ memory T cells surived in the absence ofIL-15. One possibility is that

the IL- 15-independent memory T cell population is maintained by IL-7-mediated signals.

C.3.d Activation induced cell death in the absence ofyc cytokine signaling

An important step following T cell activation is the elimination of activated T

cells, once the infection has been cleared. Due to the high percentage of activated CD4+

T cells present in the periphery of yJJak3 deficient mice, Leonard' s group went on to

investigate the ability of these mice to undergo T cell AICD following an immune

response (203). They injected 
l. mice with a super antigen, SEB , and compared the

CD4+ T cell response to that of wild type control mice. Even though y/ V 8 CD4+ T

cells expanded less that those in wild type mice in response to SEB , some expansion was

observed. This suggested that Ye cytokines are required for a full response but also that

independent signals can mediate a certain level of expansion. The SEB-induced

expansion was followed in wild type mice by a deletion of V 
8 CD4+ T cells, but not in

I- mice. These results suggested that clonal deletion is impaired in y /Jak3 deficient

mice. Additionally, they observed that expression of FasL was significantly decreased in

activated y/- CD4+ T cells. However, when activated CD4+ T cells from both 

/. 

and

wild type mice were incubated in the presence of a-Fas Ab, Ye. CD4+ T cells were much

more susceptible to Fas mediated death. Taken together with the accumulation of

activated T cells, the results suggest that yc deficient activated T cells are not deleted by

the Fas-FasL pathway, due to an impaired expression of FasL (203).



Although some studies have been conducted using ye deficient CD4+ T cells, very

little is known about the effect that complete lack of signals mediated by all the y 

cytokines would have in the ability of CD8+ T cells to mount a proper complete immune

response. Due to the lack of viable CD8+ T cells in the absence of Jak3/yc signaling, it

has not been possible to conduct these studies. The first step should be to infect Jak3

deficient mice with a well characterized virus, and compare their response to that of wild

type control mice. However, as mentioned before the numbers of CD8+ T cells present in

the periphery of Jak3- mice are higWy reduced, leading to the likelihood that these mice

do not have enough cells to mount a response, regardless of whether the CD8+ T cells

themselves are capable of responding. Ideally, the same number of wild-type or Jak3

deficient CD8+ T cells should be stimulated, using a specific antigen, following a direct

comparson of both responses over a time course.

D. WORK PRESENTED IN THIS THESIS

The overall goal of my thesis was to obtain fuer knowledge on the role that

cytokines play in the maintenance and fuction of the imune system. More specifically

I investigated the role played by cytokines of the Ye famly in thymocyte development, T

cell homeostasis and CD8+ T cell fuction. Using the Jak3-deficient mice as a model, we

investigated the following aims:

1. Chapter thee: "Two distinct mechansms lead to impaired T cell homeostasis in Janus

Kinase 3- and CTLA- deficient mice . Given the presence of activated CD4+ T cells in

the periphery of Jak-deficient mice , we investigated whether this activation was initiated



by an Ag-mediated mechanism, or was a result of an intrinsic T cell defect, independent

of Ag activation. We compared the Jak3-deficient mouse model to the CTLA- deficient

mouse model that presents a similar dysregulation in T cell homeostasis. Using

spectratype analysis we concluded that the TCR repertoire of Jak3- mice appeared to be

skewed, suggesting that the activation of CD4 T cells observed in the periphery of these

mice was Ag-mediated. Contrar to these results, the TCR repertoire of CTLA- mice

appeared to be highly diverse , suggesting that the activation and proliferation of CD4+ T

cells observed in the periphery of these mice was Ag-independent and may be a result of

a T cell intrsic defect. We conclude that two very similar phenotypes of peripheral T

cell homeostasis dysregulation are clearly derived by distinct mechansms.

2. Chapter four: "T cell defects in Jak3-deficient mice are not rescued by the enforced

expression of Bcl- . In ths chapter we investigate the ability of Bcl- , an antiapoptotic

molecule, to rescue thymocyte development and T cell homeostasis in Jak3-deficient

mice. Previous studies had investigated the role played by Bcl-2 in IL- deficient and Ye

deficient mice, but the results remained highly controversial. In our hands, enforced

expression of Bcl-2 did not rescue the block observed in the development of thymocytes

that lack Jak3/ye-mediated signals. Furthermore, the periphery of these mice was

populated by mostly activated T cells, with a significantly elevated CD4 to CDS ratio.

Enforced expression of Bcl-2 did rescue a significant population of matue naIve CDS T

cells when the mice are crossed to OT - 1 TCR transgenic mice. Therefore we conclude

that Bcl-2 expression does not rescue T cell development or T cell homeostasis in Jak3-



rescue T cell development or T cell homeostasis in Jak3-deficient mice, but can mediate

the survival of a mature T cell population when the mice are in a TCR transgenic

background.

3. Chapter five: "Antiviral immune responses are initiated but not sustained by T cells

lacking Jak3-mediated cytokine signals . In this chapter we investigate the ability of

CD8 T cells to mount an immune response against two different viruses, in the absence of

Jak3-mediated signals. Jak3- and Jak3 control mice were infected with LCMV and

their responses were compared over a time course. Additionally, OT- l +bc1- + CD8+ T

cells with or without Jak3 were specifically activated 
in vitro, and in vivo after being

adoptively transferred into WT congenic mice. The results from both systems are

somewhat consistent and they suggest that CD8+ T cells can initiate a limited immune

response against a viral challenge, but are incapable of sustaning the response or clearng

the infection.



CHAPTER II

MATERIALS AND METHODS



Mice

In chapter III Jak3- and Jak3 mice (179 , 181), CTLA4- and CTLA4 mice

(179), which have been described previously, were used for analysis of TCR repertoire.

Mice were backcrossed to C57BL/I0 or C57BL/6 , respectively, a minimum of four

generations. Jak3- mice and littermate controls were 8-9 weeks of age. CTLA- and

littermate controls were 2 weeks of age. All experiments using Jak3- and CTLA-

mice were conducted using their respectively littermates on the same day. Male

C57BL/6 mice (Jackson laboratories , Bar Harbor, ME) were used for the LCMV

infections. In chapter IV Jak3- mice were crossed to E Bcl- 36 transgenic mice

(C57BL/6-Tg (Bc1-2) 36Wehi) (213) (Jackson laboratories, Bar Harbor, ME). Jak3- bcl-

2+ and Jak3 bc1- + controls, as well as straight Jak3- and Jak3 control mice were all

littermates 6- 10 weeks of age. Jak3- or Jak3 bc1- + mice were crossed to OT- l TCR

transgenic mice (33), kindly donated by Dr. Kenneth Rock' s laboratory. In chapter V

Jak3- or Jak3 bc1- + OT - 1 + mice were used for the adoptive transfer experiments and

infections with the vaccinia-ova constrct. All mice and their controls were littermates 8-

10 weeks of age. Congenic Ly5.2 C57BL/6 (NCI-Frederick, Fort Detrick, MD) 8-

weeks old mice were used as hosts for the adoptive transfer experients. These mice are

genetically identical to C57BL/6 mice except for the Ly5. 1 allele. Jak3- mice

backcrossed to C57BL/6 (Jackson laboratories, Bar Harbor, ME) and Jak3 littermate

control mice or C57BL/6 control mice were used for the LCMV infections. All mice

used for the experiments were maintaned in a specific-pathogen-free facilty.



Antibodies and Flow Cytometry

F or antibody staining experiments, splenocytes were isolated and depleted of red blood

cells. Cells were then stained with the indicated antibodies in HBSS supplemented with

3% FCS for 20 minutes on ice. Samples were analyzed on a Becton Dickinson

ACSCalibur (Becton Dickinson, San Diego, CA) using the Cell Quest softare (Becton

Dickinson). The antibodies used were the following: in chapter III, a-CD44-FITC (clone

IM7), a-CD69-FITC (clone H1.2F3), a-CD4-PE (clone HI29. 19), a-CDS-PerCP (clone

53- 7), a-CDS-FITC (clone 53- 7) (all obtained from Pharingen, San Diego, CA),

and a-CD62L (clone MEL 14), (obtained from e Bioscience, San Diego, CA); in chapter

, biotinylated Abs. (a-CD3 , a-CD4, a-CDS , a-B220, a-Gr- , a-IgM, a-Terl19, a-

Mac1, and a-DX5), streptavidin-cy, a-CD25 (IL-2Ra, p55)- , aCD44 (Ly-24)-FITC

CD8 (Ly-2)-APC, a-CD4- , a-CD62-L (MEL-14)-cy, a-Bcl- bio, a-Va2 (B20. 1)-

, a- S (CMR5-2)-FITC (obtained from Pharmingen, San Diego , CA); in chapter V

CD16/CD32 (Fcg III/II receptor, clone 2.4G2), a-CDS-cy, a-CD4-FITC, a-IFN-

APC, a-IFN- , a-IL- , a-TNF-a-APC, a-IgG1-APC, a-IgG , a-CD45. bio

(obtained from Pharmingen, San Diego, CA) and a-human granme B-PE (obtained

from Caltech Laboratories , Burlingame, CA). In chapter III CD4+ thymocytes were

sorted on a Becton Dickison FACSTAR to 94% purty.

Virus Stocks and Immunization

In chapters III and V, mice were infected with LCMV. LCMV, strain Arstrong,

an RNA virus in the Old World arenavirus family, was propagated in BHK21 baby



-r"

hamster kidney cells (214). 4 X 10 plaque forming unts of the virus were used to infect

mice intraperitoneally. Splenocytes were isolated at different time points after infection.

RNA Extraction and cDNA synthesis

For experiments described in chapter III total RNA was isolated from whole

spleens and thymi using TRIZOL as described by the manufactuer (Life Technologies

Inc. , Grand Island, NY). Briefly, 2 ml of TRIZOL was used for the thymi of Jak3

mice, spleens of Jak3 and Jak3- mice, and spleens of CTLA4 and CTLA4- mice

while 1 ml of TRIZOL was used for the thymi of Jak3- mice, and for 1- 10 x 10 sorted

thymocytes. RNA was resuspended in 10-15 !-l of DEPC water. Total cDNA was

synthesized from an average of 4 !-l of RNA using the Pharmacia Kit (Amersham

Pharacia Biotech Inc. , Piscataway, NJ).

CDR3-Length Spectratyping

A detailed protocol has previously been described (29, 215). Briefly, 3!-l of

cDNA was subjected to PCR amplification using a C primer and one of the V primers.

Eight different V primers; V 16 (C ACT CTG AAA ATC CAA CCC AC), V 14 (AC

GAC CAA TTC ATC CTA AGC AC), V l1 (G CAC TCA ACT CTG AAG ATC CAG

AGC), V 10 (ATC AAG TCT GTA GAG CCG GAG GA), V 8 (CAT TAC TCA TAT

GTC GCT GAC), V 6 (CT CTC ACT GTG ACA TCT GCC C), V 2 (AAG GTG GAG

AGA GAC AA GGA TTC), and V 1 (CAT TAT GAT AA ATG GAG AGA GAT)

(215) were used to analyze splenocyte samples from 5 Jak3- mice and 3 littermate



Jak3 controls. Splenocyte samples from an additional 2 Jak3+ and 2 Jak3- mice, plus

4 CTLA4- and 4 littennate CTLA4- mice , were analyzed with four V primers (V

, V , V 2). The PCR products were subjected to run-off reactions using 6

fluorophore-labeled J primers; J 1.1 (XAC TGT GAG TCT GGT TCC TTT ACC), J 1.2

(X AAG CCT GGT CCC TGA GCC GAA G), J 1 (XGT GAG TCG TGT TCC TGG

TCC GAA G), J 1.3 (XCT TCC TTC TCC AAA ATA GAG C) J 1.4 (XGA CAG CTT

GGT TCC ATG ACC G), and J 1.5 (XG AGT CCC CTC TCC AA AAG CG) (215),

synthesized by Applied Biosystems Inc. , Foster City, CA. The products were loaded

onto a 4.57% acrylamide sequencing gel and the results were analyzed on an automated

DNA sequencer using GeneScan software (Perkin-Elmer Applied Biosystems

Emeryvile, CA).

Generation of dendritic cells for in vitro stimulations

For chapter V bone marow was isolated from femurs of C57BL/6 mice and

subjected to red blood cell lysis. The cells were resuspended at 7x106 cells per plate in

15 mL of media (10% FCS, IX PSQ, IX j3me , 2.5mM HEPES) containing 150 g GM-

CSF and 75 g IL-4. The cells were incubated ay 37 for 8 days. On day 8, dendritic

cells were collected from plates and resuspended at 1.0XI0 cells in 300uL of 10% FCS

media containing different concentrations of SIINFEKL peptide. The cells were

incubated for 45 min. at 37 Cells were washed with 2% FCS HBSS (without

fMg l and then incubated with mytomicin c (50 g/mL) for 45 min. at 37 . Cells



were washed with 10% FCS media and resuspended at 5.0xl0 cells/mL. 100!-L

(5.0xl0 cells) were used per well in 96 well plate.

Purification of CD8+ T cells

For chapter V , single cell suspensions from spleens of Jak3 or Jak3- bc1- 0T-

1 + littermate mice were prepared. After red blood cell lysis, CDS+ cells were positively

selected by incubation with a-CDS (Ly2) coated microbeads (Miltenyi Biotec) followed

by passage through a LS+ columns according to manufacturer s protocol (Miltenyi

Biotec, Aubur, CA. Purfied cells were used for in vivo and in vitro experiments. For 

vivo experiments, purified CD8+ T cells were pooled and labeled with CFSE. A sample of

the positive fractions was stained with a-Va2 and a-CDS to test for purty. CD8+ T

cells were resuspended in sterile IX PBS at 1.2X10 cells/mL. For in vitro experiments

purfied CDS+ T cells were pooled and resuspended in RPMI 1640 (Gibco) supplemented

with 10% fetal calf serum (Hyc1one , Logan, UT), 2mM L-glutamine, 100U penicilin

100!-g/mL streptomycin, 10mM HEPES , and 50 !-M j3-ME. A sample of each positive

fraction was stained with a-CDS and a-Va2 Abs. and checked for purty. CDS+ T cells

were labeled with CFSE. The cells were resuspended at 5.0xl0 CD8+ Va2+ cells/mL in

10% FCS media.

CFSE labeling

Purified CD8+ Va2+ T cells were labeled with CFSE using a protocol previously

described (216). Briefly, the purified cells were suspended in HBSS at 2.5 X 107 cells/ml



and incubated in 2 M CFSE (Molecular Probes , Eugene, OR) solution for 15 min at

C. Afer incubation, donor cells were washed twice with HBSS and resuspended in

either IX PBS (adoptive transfers) or 10% RPMI media (in vitro stimulations).

In vitro Proliferation Assays

For stimulations, 5.0 X 10 purified CD8+ Va2+ cells were incubated with

SIINFEKL peptide plus 5.0 X 10 mitomycin-treated dendritic cells in a volume of

200!AL for 24 or 48 hours. For a control, cells were also stimulated with PMA (Sigma;

5ng/mL) and Ionomycin (Calbiochem; 375ng/mL). 3 (H) thymidine (NEN, Boston

MA) was added at l!ACi/well and incubated for an additional 20 hours at 37 . The plates

were harvested on a Tomtec harvester 96 and 3 (H) thymidine incorporation was

quantified on a Perkin Elmer trilux microbeta counter.

Adoptive transfers

Purified CD8+ Va2+ T cells from Jak3 or Jak3- bcl- 0T - 1 + mice were labeled

with CFSE as described above. 2.5xl06 CD8+ Va2+ cells were injected intravenously

into congenic Ly5.2 C57BL/6 mice.

vaccinia-ova injections

24 hours after the injection of CD8+ Va2+ T cells, host congenic mice were

injected with 1.0xl0? PFUs of a vaccinia-ova constrct intravenously. The vaccinia-ova

ii..



construct, kindly donated by Dr. Kenneth Rock' s laboratory, has previously been

described (217)

Intracellular cytokine staining

In chapter IV , single cell suspensions from total thymocytes and splenocytes from

Jak3 , Jak3- Jak3 "bcl- + and Jak3- bcl-2+ mice were prepared. After lysis of red

blood cells, all cells were stained for 20 minutes on ice, fixed for 20 minutes

permeabilzed and stained intracellularly with a-BcI- bio Ab according to the

CytofixiCytoperm TM kit protocol (Pharmingen). Cells were immediately analyzed by

flow cytometry on a BD FACSCalibur. In chapter V, single cell suspensions of the

spleens from congenic mice injected with the Jak3 or Jak3- bcl- 0T- + cells and with

or without the Vac-QV A construct were generated. After RBC lysis 2.0xl06 splenocytes

were incubated with or without PMA (10ng/mL) and Ionomycin (400ng/mL) in the

presence of Golgi plug for 5 hours at 37 . After incubation the cells were washed and

stained for 20 minutes, fixed, then permeabilzed and stained with a-IFN- APC, and a-

IL- , or a-IgG-APC, or a-IgG-PE according to the CytofixicytopermTM kit protocol

(Pharmingen). Cells were immediately analyzed by flow cytometry. For the LCMV

infection, DO , D3 , D5 , D8 , D14 or one month after LCMV infection of Jak3 or Jak3-

mice, splenocytes were isolated and single cell suspensions were generated. Total

splenocytes were incubated in 96 well plates at 2.0 X 10 cells/well in a 100!-L volume.

The cells were incubated with 5!-M synthetic peptide, and 0.2!-L Golgi Plug

(Pharingen) for 5 hours at 37 . All cells were stained for 20 minutes, fixed for 20

...
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minutes, and permeabilzed and stained intracellularly with a-IFN- APC, a-IL- , a-

TNF-a-APC or a-IFN- PE. Cells were also stained with isotype control Abs. according

to the Cytofix/cytoperm TM kit protocol (Pharmingen). Peptides used here have been

previously described (218 , 219). They include NP396-04 (FQPQNGQFI), gp33-41

(KA VYNF A TC), NP205- 212 (YTVKYPNL), GP61-

(GLNGPDIYKGVYQFKSVEFD). They were purchased from American Peptide

(Sunyvale, CA) at 90% HPLC purty.

Tetramer Staining

Peptide-loaded H- and H- tetramers were prepared as previously described.

For staining, cells were first blocked against non-specific binding with a-FeR Ab.

Samples were washed and then co-stained with the indicated peptide-loaded tetramer and

anti-CDS for 1 hr at 4 C. Samples were then washed twce and fixed with Cytofix

solution (BD PharMingen). Cells were immediately analyzed by flow cytometr.

Virus Titrations

Infectious LCMV was quantified by plaque assay, as previously described (220).

Briefly, spleens were ground in RPMI and centrifuged for 20 minutes to pellet off cell

debris. The samples were frozen at - . One day before the assay 1.0 X 10 Vero cells

were plated in 35-mm wells in 6-well dishes (Costar, Cambridge , MA). The plates were

incubated at 37 C and used the following day for the assay when the cell monolayers

were confluent. The medium was removed and titrations of infected spleen samples



previously frozen down were added to the cells (0.2 ml vo1.). After adsorption for 90 min

at 37 , the cells were overlaid with 4 ml of a 1:1 mixture of 0.8% Seakem agarose

(FMC Corporation, Rockland, ME) in EMEM (Gibco Laboratories, Grand Island, NY)

supplemented with 5% heat-inactivated fetal calf serum, antibiotics, and L-glutamine.

The plates were incubated for 5 d at 37 C and then overlaid with 2.0 ml of a 1:1 mix of

8% agarose and EMEM complete , containing 15 L of 1 % neutral red (Gibco

Laboratories) per mL of mix. Plaques were counted the following day.



CHAPTER III

TWO DISTINCT MECHANISMS LEAD TO

IMPAIRED T CELL HOMEOSTASIS IN JANUS

KINASE 3- AND CTLA- DEFICIENT MICE



A. INTRODUCTION

One of the most fascinating aspects of the immune system is the maintenance of T

cell homeostasis. T cell development in the thymus continues thoughout life, generating

new matue naIve T cells, with a highly diverse TCR repertoire. Despite this continual

export of new lymphocytes from the thymus, in the absence of infectious agents

peripheral T cell numbers are maintained at a constat, tightly regulated level. When

CD4+ and CD8+ T cells encounter their specific antigen in the periphery, they become

activated and proliferate as they differentiate into effector cells (52, 97, 102). This

dramatic expansion in the number of antigen-specific T cells is essential for a successful

immune response. However, to maitain constant T cell numbers this expansion must be

immediately followed by the specific contraction of activated T cells, accompaned by

the emergence of a small memory T cell population. Therefore, under normal

circumstaces, the peripheral T cell comparent of healthy mice is comprised of at least

three different subsets of T cells; recent thymic emigrants, resident naIve T cells, which

are maintained in constat numbers, with a constant CD4+ to CD8+ T cell ratio, and a

population of antigen experienced memory T cells.

The maintenance of these T cell populations is crucial for the adequate fuction of

the immune system, and dysregulations in lymphoid homeostasis may lead to the

inabilty of the system to mount fuctional immune responses and could, under certain

circumstances, lead to death. Mice deficient in Jak3 or CTLA-4 are among the most

dramatic examples of T cell homeostatic dysregulation. These two models wil be

discussed is more detal in ths chapter.
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Given the importce of lymphoid homeostasis, many studies have attempted to

define the factors that contribute to homeostatic regulation. It has been established that

each of the different peripheral lymphocyte populations are independently regulated and

are dependent on different factors to maintain their homeostatic state. It has also been

shown that in the absence of normal peripheral T cell numbers, matue naIve CD4+ and

CD8+ T cells wil proliferate until normal T levels are restored. Following this process

known as homeostatic proliferation, T cells acquire an activated/memory-like phenotype

characterized by the upregulation of CD44. Although it is unclear exactly what triggers

this proliferation, it is known that different mechanisms support the proliferation of the

different populations (naIve CD4+ and CD8 , and memory CD4+ and CD8

Among the factors that contribute to the maintenance of T cell homeostasis are

cytokines, and of special importance are the cytokines that signal though the Ye chain.

Several studies have demonstrated that signals mediated by IL- 7 but not others, are

essential for the surival of naIve CD4+ and CD8+ T cells. In fact T cdls from IL-

mice have been found to have a shortened lifespan, and when normal naIve T cells are

transferred into IL- hosts they also disappear rapidly (56, 57, 73). In addition, naive T

cells transferred into T cell depleted mice in the presence of a- IL-7Rmb, or transferred

into T cell depleted IL- mice, canot undergo homeostatic proliferation, (75), but

addition of exogenous IL-7 restores their abilty to proliferate (73). The role of cytokines

in maintaining homeostasis of naIve T cells is also supported by 
in vitro data. The

surival of naIve T cells, and their ability to undergo homeostatic proliferation was

increased by supplementing culture medium with IL- , IL-7 and IL- , while culturng
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naIve T cells in the presence of mAbs specific for the Ye chain, decreased their surival

rate dramatically (73). The dependence of naIve T cells on IL-7 for surival may be

mediated by Bcl-2 induction, as has been suggested by both in vitro and in vivo studies

(221-223).

The survival of memory T cells appears to be regulated by different cytokines.

Signals mediated through IL- 15 (also aYe cytokine) and to a lesser extent IL- 7, appear to

be essential for the surival of CD8+ memory T cells (74, 197, 200). The factors that

mediate the surival of CD4 memory T cells, including cytokines , are not well defmed.

Several reports had previously suggested that their survival was independent of y /Jak3

signals (74, 75), but more recent studies suggest that they may actually require IL-

mediated signals to surive (201 202).

l Jak3- - and CTLA- - mouse models of dysregulated T cell homeostasis

In recent years, the generation of mouse lines with specific genetic deficiencies

have provided some insights into the regulation of T cell homeostasis. Two such models

of dysregulated T cell homeostasis are mice deficient in Jak3 , and mice lacking the T cell

co stimulatory molecule, CTLA-4. Mice deficient for either Jak3 or CTLA-4 present a

similar phenotype characterized by an apparently poly clonal expansion of the peripheral

T cells. However, it is not known whether similar mechanism(s) are responsible for ths

expansion. Understanding the basis of the phenotype observed in these animals would

provide importt insights into the roles of Jak3 and CTLA-4 in T cell homeostasis.



Jak3 is preferentially expressed in hematopoietic cells, where it is associated with

the cytokine receptor common y-chain (Ye), a component of the receptors for IL-

, - , -

, and -15 (224). Deficiencies in Jak3 lead to severe combined immunodeficiency

(SCID) condition in humans and mice. Specifically, Jak3- mice are characterized by a

block in B , NK, and y() T cell development(179, 180, 189, 191 , 193). Although there is a

reduction in the cellularity of the thymus, aj3 thymocyte development appears to progress

normally. Despite this Jak3- mice have plentifu numbers of peripheral T cells, but they

are predominantly CD4 , with a virtal absence of matue CD8+ T cells. Furher, these

cells resemble activated and/or memory cells in that they are large and express surface

markers (CD44 \ CD25 , CD69) characteristic of prior activation (179- 181 , 204). These

T cells expand in the periphery, leading to an increase in overall T cell numbers.

Interestingly, when TCR transgenic mice are crossed with 
Jak3- mice, the peripheral T

cell pool is dramatically reduced in numbers and the cells remain phenotypically naIve

(CD44 , CD25 , CD69 ) (204, 225).

CTLA-4 is a CD28 homologue that acts as a negative regulator of T cell

activation. Interaction of CTLA-4 with its ligands, B7- 1 and B7-2 (CD80 and CD86),

inhbits T cell proliferation and reduces TCR and CD28 signaling during T cell activation

(101). Unlike the Jak3- - mice CTLA- mice have normal thymocyte numbers and

development (226), yet the peripheral T cell phenotype of the two mouse strains is

remarkably similar. Peripheral CTLA- T cells are predominantly CD4+, and virtally

all of them express activation markers (CD44 , CD25 , CD69). Furermore, the mice die

at about three weeks of age due to a lymphoproliferative disorder (179, 227). In contrast

;.&



to the findings with Jak3- TCR transgenic mice, this disease process can be delayed, but

not prevented, by introducing an MHC class II-restricted TCR transgene into the CTLA-

mice (228 229).

There are at least two possible models that can explain why peripheral CD4+ T

cells appear activated in Jak3- and CTLA- deficient mice, based on whether the T cell

activation is dependent on the presence of antigen. In the antigen-independent model T

cells would become activated because they lack necessar signals that are required to

maintain a naIve state. Without those signals, T cells would become activated

nonspecifically. In the antigen-dependent model T cell activation would require signals

mediated by the TCR in response to a specific self- or environmental-antigen. In this

model, only the T cells that receive a TCR signal would become activated. To better

understand the mechanisms underlying the T cell activation/expansion and loss of

homeostasis in both Jak3- and CTLA- mice, we wanted to invest gate whether T cell

activation was Ag-dependent or Ag-independent. As mentioned before, both Jak3- and

deficient mice have been crossed to a variety of MHC class-I- and MHC class-II-

dependent TCR transgenic mice. In these models, the mice are not exposed to the

specific antigens. For example Jak3- mice crossed to OT- l TCR transgenic mice do not

car the ovalbumin peptide that would be recognized by the receptor. Since Jak3

deficient TCR transgenic mice do not present the population of activated expanded T

cells observed in the straight Jak3 deficient mice, I hypothesized that the activation and

expansion of T cells in these mice is dependent on antigen- or specific TCR-mediated

activation. In contrast, when mice deficient in CTLA-4 were crossed to MHC class-



specific TCR transgenic mice , the activation and expansion of the CD4+ T cell population

was delayed but not blocked. This observation led us to hypothesize that the activation

and expansion of T cells in CTLA- mice may be independent of antigen-mediated

activation.

2 Spectratyping; an experimental system to investigate TCR repertoires

One way to investigate whether the CD4+ T cell expansion observed in both

mouse models is dependent on the presence of antigen is to analyze the diversity of the

peripheral TCR repertoires in each mouse line. If specific antigen recognition is required

for the activation and expansion of the peripheral T cells, this would be reflected in the

form of a skewed TCR repertoire. Conversely, a diverse and unbiased TCR repertoire 

vivo would indicate that polyc1onal T cell activation occurs independent of specific

antigen. The TCR repertoire can be analyzed by determining the TCR -chain gene

complexity. The j3-chain is composed of the V, D , J, and C regions that are encoded by

different gene segments and rearanged to form the fmal product. The diversity observed

between different TCR sequences results not only from the different combinatorial

possibilties of V , D, and J gene elements but is additionally enhanced by the removal of

bases from the V, D and J segments , as well as the random addition of N nuc1eotides at

the junctions between the V , D and J segments during rearangement. The VDJ

junctional region of the TCR, known as the complementary determining region 3

(CDR3), is the most variable par of the TCR and is thought to be largely responsible for

determining the fine peptide specificity and recognition area of the TCR. Due to the



trcation ofthe gene segments as well as the random DNA elongations that occur during

TCR gene recombination, the CDR3 regions of T cells bearing TCR with any give VDJ

combination will contain different amino acid sequences and more importantly different

lengths. Taking advantage of this paricular featue of the TCR gene rearangement by

analyzing the CDR3 length distribution for a specific VDJ combination, provides a

powerful way of studying the TCR repertoire diversity (230, 231). Gorski's group

developed a technique called spectratyping which is based on V family specific PCR of

the CDR3 region, followed by the resolution of the PCR products by length. A diverse

TCR repertoire is indicated by a Gaussian distrbution of CDR3 lengts, for a given V

combination, while a skewed repertoire, such as that seen followig antigen specific T

cell expansion, is indicated by the preferential accumulation of T cells bearg a CDR3 of

one paricular length, observed as a single peak, for a given V combination (Fig.

(230 , 231).

I demonstrate that the TCR repertoire of the Jak3- CD4+ T cells is skewed

suggesting that the T cell activation and expansion of peripheral T cells in unanpulated

Jak3- mice is antigen-driven. In contrast, the TCR repertoire of activated peripheral T

cells from CTLA4- mice ex vivo remains diverse and unbiased, comparable to that seen

in wild type animals. These results demonstrate that the genesis of the T cell expansion

in Jak3- - and CTLA- mice is distinct, and suggest a unique role for each of these

molecules in the regulation of T cell homeostasis. Furter, our results suggest that the

repertoire skewing is imposed in the periphery and not durng thymic development.



Fig.7 CDR3length spectratype analysis

Spectratype analysis is a technique based on Vj3 specific PCR amplification. It takes

advantage of the CDR3 size diversity that results following VDJ recombination. Due to

the removal of bases from the V and J segments, as well as the random addition of N

nuc1eotides at the junctions between the V , D and J segments, the size of this region is

quite diverse for a given VDJ combination. Total cDNA is synthesized from isolated

RNA of a specific organ, such as the spleen. Using a variety of Vj3 primers and a

constant Cj3 primer, the recombined region for each paricular Vj3-Cj3 combination is

amplified. This amplification is followed by PCR ru off reactions using fluorescently

labeled Jj3 priers. The resulting products are ru on an acrylimide sequencing gel and

the bands are resolved as a series of peaks, each of which represents a given CDR3 length

for the specific Vj3-Jj3 combination. A diverse TCR repertoire is indicated by a Gaussian

distrbution of CDRJ lengths, for a given Vj3-Jj3 combination, while a skewed repertoire

is indicated by the preferential expression of a CDR3 , observed as a single peak that

represents one paricular CDR3 lengt, for a give Vj3-Jj3 combination.
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B. RESULTS

1 Dysregulation of homeostatic proliferation in Jak3- and CTLA-4 deficient mice

Jak3 and CTLA-4 are two unrelated proteins that fuction in different pathways

during T cell activation; however mice deficient in either of these proteins possess

peripheral T cells with a similar phenotype. In both mouse strains, peripheral T cells are

large and express high levels of activation markers, such as CD69 and CD44 (Fig.8).

They also express high levels of CD25 , low levels of CD62- (179), and a large

percentage of them are proliferating in vivo, as shown by 5-bromo-2' -deoxyuridine

(BrdU) incorporation assays (204 226). Additionally, both mouse strains present mostly

CD4+ T cells while the percentage and numbers of CD8+ T cells are highly reduced. The

natue of the T cell activation is not well understood in either model.



Fig.8 Activated/memory-like T cells populate the periphery of Jak3- and CTL-

mice

Splenocytes were stained with Abs to CD4 plus a panel of activation markers.

Histograms show the expression of CD44 and CD62L on gated CD4+ populations. Thin

lines represent heterozygous controls and thick lines represent 
Jak3- (left panels) or

CTLA- (right panels).
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One possibility is that negative selection is defective in these mice, leading to the

matuation of self-reactive T cells. However, experimental evidence in both mouse lines

suggests that this is an unikely explanation (142, 226, 232). Di Santo s group used Ye

deficient mice in the HY system to study the abilty of these mice to delete self-reactive

CD8+ thymocytes. They found that negative selection of self-reactive CD8+ T cells in the

male background was not reduced in the absence of the Ye chain (11). Additional

experiments were conducted using superantigen-induced deletion as a model for negative

selection. The results suggested that the y e chain was not required for the superantigen-

induced deletion of specific T cells. Finally, using DO I 0 TCR transgenic mice

Nakajima et al observed that Ag-induced deletion of DP thymocytes took place normally

in the absence of the y e chain, when the thymocytes were exposed to their specific Ag.

but not to a control peptide (203). Chambers et al analyzed thymocyte development in

CTLA- mice and observed that early thymic differentiation proceeded normally

though every checkpoint (226). Additionally, Waterhouse et al analyzed positive and

negative selection in these mice using the HY system, in which TCR+ thymocytes are

negatively selected in male H-2b mice and positively selected in female H-2b mice.

When CTLA- deficient mice were crossed to the HY TCR transgenic background,

positive selection proceeded normally, in female mice. The proportions of DP and SP

thymocytes were comparable between the 
CTLA- and control mice. Similarly, the

proportions of DP and SP cells, as well as the numbers of thymocytes were similar

between the CTLA- + and CTLA-4- mice (232). These results suggest that lack of

CTLA-4 does not inbit positive or negative selection.



There are two alternative possibilities for the dysregulated peripheral T cell

activation in Jak3- and CTLA- mice. First, peripheral T cells may expand normally in

response to foreign antigens, but have a defect in undergoing activation-induced cell

death. A second possibilty is that peripheral T cells are being activated by recognition of

self-MHC/self-peptide complexes or environmental antigens bound to self-MHC that

normally provide surival signals. In order to distinguish between these two possibilties

I analyzed the TCR repertoire of peripheral T cells from Jil- and CTLA- mice using

the CDR3 spectratyping technque (215).

2 Mature CD4+ T cells from Jak3-deficient mice present a severely skewed TCR

repertoire, while mature CD4+ T cells from CTLA-4 present a normal diverse TCR

repertoire

The CDR3 spectratyping technique (215) was chosen because it allows one to

examine the length distribution of the most varable par of the TCR, the CDR3 region

which is importt in conferrng fine peptide specificity of the TCR. Measuring changes

in CDR3 lengt is therefore a more specific means of assessing antigen-mediated changes

in T cell repertoire than simply looking at the representation of cells bearng different

TCR V elements. In addition, CDR3 spectratyping allows for the bulk analysis of the

CDR3 region of multiple V combinations, without the need for time-consuming

sequencing of individual TCRs. For this technique, total cDNA is amplified by PCR

using a C -specific prier and individual V primers. The PCR products are then used as

templates in elongation reactions using several fluorescently-labeled J -specific primers.



The resulting run-off reactions are displayed as a spectru of size peaks for each CDR3

region. In naIve T cells CDR3 lengths are distributed as a Gaussian cure. An increase

in a given peak within the spectru indicates preferential expansion of a paricular T cell

clone. As previously established, CDR3 spectratyping provides an exquisitely sensitive

means of assessing the heterogeneity of the TCR repertoire in a given population of T

cells (215).

To examine the heterogeneity of TCR repertoires in the Jak3- - and CTLA-

mice , CDR3 spectratyping was performed on splenocytes using combinations of primers

for eight different Vj3s and six Jj3s (see materials and methods). Representative data is

shown in Fig.9 A for three Vj3s in combination with three Jj3s. Splenocytes from Jak3

and CTLA4 littermate control mice display a Gaussian distribution, typical of a diverse

and unbiased TCR repertoire (29, 215). This diversity was observed with all

combinations of Vj3s and Jj3s examined (Fig.9 A and data not shown). Interestingly, the

same diverse repertoire is observed in splenocytes from 
CTLA4- mice, and was even

observed in T cells from CTLA- mice with extremely advanced lymphoproliferation

Fig.9 A and data not shown). Conversely, CDR3 spectratype analysis of splenocytes

from Jak3- mice shows a skewed phenotype. The magnitude of skewing appears to be

biologically relevant, as it is comparable in magnitude to the skewing observed at the

peak of the CTL response to an LCMV infection (day 8), using a primer specific for

Vj38.1 (Fig.9 B and (29)).



Jr-"

Fig. Jak3- but not CTLA- peripheral T cells show a skewed TCR repertoire

A) Total RNA was extracted from Jak3 and Jak3- (8- 10 wk of age), CTLA- and

CTLA- (2 wk of age) splenocytes, and subjected to spectratype analysis as described

in Materials and Methods. A representative example of the data from two mice of each

genotype is displayed for three V , each analyzed with three J s. Row I (Jak3 and

CTLA- and row 4 (Jak3-1- 
and CTLA- are littermate controls, while row 2 (Jak3+

and CTLA-

") 

and row 3 (Jak3- and CTLA- are littermate controls. B) Total RNA

was extracted from naive and day 8 LCMV -infected C57BL/6 splenocytes and subjected

to spectratype analysis using a V8. 1-specific in combination with different Jj3 specific

pruers.
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To confrm this initial observation, these experiments were repeated with a total

of five Jak3 mice , seven Jak3- mice , four CTLA- mice and four CTLA- mice

each analyzed with four Vj3 primers coupled with six Jj3 primers. Of these, three of the

Jak3 and five of the Jak3- mice were analyzed with primers specific for an additional

four Vj3s in combination with six Jj3s. In all cases, the data supported the initial

observation that peripheral T cells from Jak3- mice have a profoundly skewed TCR

repertoire, whereas peripheral T cells from the other three groups tested, including the

CTLA- mice exhibited a normal, diverse and unbiased repertoire (data not shown).

These data strongly support the idea of antigen-dependent activation and expansion of

Jak3- T cells, as only a limited number of T cell clones appears to be expanded in these

mice. In contrast, the activation and expansion of CTLA- T cells appears to occur by

an antigen-independent mechanism, as an unlimited number of T cell clones is expanding

in the absence of CTLA-4. Interestingly, skewing of the CDR3 region was detected in

the Jak3- T cells despite the fact that there was no detectable skewing of the TCR

repertoire as assessed by Vj3 and Va usage determined by flow cytometr (233).

3 In contrast to peripheral mature T cells, immature CD4+ T cells present a

diverse TCR repertoire in the thymus of Jak3-deficient mice

To address the possibility that skewing of the TCR repertoire in JakT mice is

occuring durng thymic selection, rather than as a result of peripheral T cell activation

and expansion, I examined the TCR repertoire of Jak3- thymocytes. CDR3 spectratype

analysis was performed using total thymocytes from Jak3- and Jak3 - mice. As can be



seen in Fig. l 0 A, thymocytes from Jak3- mice show the typical Gaussian distribution of

a diverse TCR repertoire , whereas splenocytes show a highly skewed repertoire. To

fuher confrm that the skewing observed in the peripheral T cell comparent was not

imposed during negative selection, and to eliminate the potential contribution of

unselected DP thymocytes, I also examined the TCR repertoire of purified CD4+ single

positive thymocytes from Jak3- and control (Jak3 mice. Both the Jak3 and the JakT

1- CD4+ single positive thymocytes exhibited a diverse and unbiased TCR repertoire

(Fig. l0 A and 3 B), demonstrating that the skewing observed in the TCR repertoire of

peripheral Jak3- T cells does not occur as a result of altered positive or negative

selection in the thymus.



Fig. 10 The TCR repertoire skewing in Jak3- mice occurs in the periphery, not in

the thymus

A) Total RNA was isolated from Jak+ - and Jak3- (8-9 wk of age) thymi and spleens

and subjected to spectratype analysis. A representative example of the data for two mice

of each genotype is displayed for thee V j3 , each analyzed with three J s. The first Jak+

and the second Jak3- are littermate controls while the second Jak3 and the first Jak3-

are littermate controls. B) Total RNA was extracted from sorted CD4+ thymocytes from

Jak3 and Jak3- thymi and subjected to spectratype analysis. A representative example

of the data for two V j3s, each analyzed with thee J , is shown.
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C. DISCUSSION

Deficiencies in both Jak3 and CTLA-4 lead to a profound dysregulation in T cell

homeostasis. Jak3-deficient and CTLA- deficient mice are characterized by the

development of peripheral activated/memory-like CD4+ T cells. In both cases, the

majority of matue T cells are CD4+ and have upregulated the activation marker CD44.

Previous studies have suggested that thymocyte development, as well as positive and

negative selection take place relatively normally in both models; therefore, the defect in T

cell homeostasis is likely to tae place following entr into the periphery. Despite these

similarities, the data presented suggest that the defect in T cell homeostasis and the

development of activated/memory-like CD4+ T cells observed in the periphery of Jak3-

and CTLA- mice are produced by different mechansms. The sprectatyping analysis

clearly shows that the CD4+ T cells in the periphery of mice deficient in Jak3 have a

restricted TCR repertoire. The skewed TCR repertoire is not apparent in the thymus of

Jak3- mice, suggesting that the skewing takes place afer the T cells enter the periphery.

These observations indicate that only a limited number of T cell clones proliferate and

populate the periphery of Jak3- mice , suggestive of an Ag-mediated activation of these

cells. Contrar to these results, the spectratyping analysis reveals that the CD4+ T cells in

mice deficient in CTLA-4 present a normal, diverse repertoire, indicating that a

polyclonal population fills the periphery of CTLA- mice. These observations suggest

that CD4+ T cells become activated nonspecifically, in an Ag-independent fashion.

These results , together with our previous studies of Jak3- TCR transgenic mice

in which I saw that T cells do not proliferate or become activated in the absence of the



specific Ag, suggest the following model. Jak3- a!3TCR+ thymocytes undergo normal

positive and negative selection in the thymus and migrate to the periphery as resting

naIve T cells. Once in the periphery, naive Jak3- T cells are susceptible to apoptosis

due to the lack of IL-7 signaling in the absence of Jak3. However, other mechanisms

may also playa role. A fraction of newly developed Jak3- T cells encounter specific

antigens in the periphery, and these cells get activated and expand. Once activated, the

Jak3- CD4+ T cells wil become independent ofIL-7 for survival, and will accumulate in

the periphery. This accumulation may be due to the absence of IL-2R-mediated

upregulation of FasL, necessar for activation-induced cell death. Consistent with this

hypothesis, Nakajima et al have previously shown that Ye signaling is essential for the

deletion of activated peripheral CD4+ T cells , most likely by inducing FasL expression

(142 , 234). Alternatively, the accumulation of CD4+ CD44+ T cells may be due to

homeostatic proliferation of these cells. Unlike naIve CD4+ T cells, memory CD4

CD44+ T cells do not require Ye cytokines to surive or homeostatically proliferate in a T

cell depleted environment. Since the thymus cellularity of Jak3-deficient mice is greatly

reduced, the numbers of T cells entering the periphery are highly reduced, compared to

normal mice. Therefore , activated/memory CD4+ T cells may have the space and/or

necessar factors required to proliferate and repopulate the periphery. In contrast to

memory CD4+ T cells, both naive and memory CD8+ T cells require Ye cytokines to

surive and homeostatically proliferate. Several reports have demonstrated that naIve

CD4+ and CD8+ T cells cannot surive in the absence of IL- 7 signals, while CD8+

memory T cells require IL- 15 and to a lesser extent IL- 7 signals. The same requirements

,,,



appear to be necessar for homeostatic proliferation of these cells in vivo. It is not clear

what cytokines or factors contribute to the surival and proliferation of memory CD4+ T

cells, but it is clear that Ye cytokies are not required. Therefore, in the absence of Jak3/ye

signals, only CD4+ T cells that receive a TCR signal and become memory-like are able to

surive and proliferate as matue T cells.

Similar to the Jak3-deficient mice CTLA- animals do not appear to have

defects in aj3TCR+ thymocyte selection, and single positive thymocytes emigrate to the

periphery as matue naIve T cells (226). However, almost immediately upon enterig the

periphery, CTLA- T cells become activated (226). The subsequent accumulation of

these T cells in the periphery does not appear to be due to a defect in apoptosis (227

235). Instead, we have proposed that CTLA- T cells can become activated as a result

of some of the TCR/MHC interactions necessary for peripheral T cell

surival/homeostasis (18, 27, 28). Further, as CTLA-4-mediated inhbition is more

profound in previously activated T cells, compared to naIve T cells (101 , 228), the

absence of CTLA-4 would be magnified upon re-stimulation of the CTLA- T cells 

vivo. This model predicts that exogenous antigens would not be necessar for activation

of CTLA- T cells, and that there should be no skewing of the TCR repertoire. The

results presented here support this model. Also consistent with this model is the

observation that CD4+ T cells become activated in 2Ma l- mice in the absence of

CTLA-4 (Chambers CA, unpublished observation).

In sumar, these CDR3 spectratype results demonstrate that the expansion of T

cells observed in Jak3- mice does not occur during thymic development, but instead



takes place in the periphery of the mice and involves a restricted number of T cell clones.

In contrast, the expansion ofT cells in the periphery ofCTLA4- mice does not appear to

be restricted to a limited number ofT cell clones, as the diversity of the TCR repertoire in

CTLA- mice is comparable to unimmunized wild type mice. Therefore, two very

similar phenotypes of peripheral T cell activation and expansion are clearly derived by

distinct mechansms.
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CHAPTER IV

T CELL DEFECTS IN JAK- DEFICIENT

MICE ARE NOT RESCUED BY THE

ENFORCED EXPRESSION OF BCL-



A. INTRODUCTION

Adaptive imunty is dependent on the proper fuction of mature lymphocytes.

This requires a balance between the host response to foreign antigens and

unesponsiveness to self-antigens. T cells undergo a process of development by which

they acquire unique surface receptors that determine not only which lymphocytes

successfully mature, but also the abilty of mature lymphocytes to recognize foreign

antigens and mount appropriate immune responses (12). Proper T cell development is

therefore crucial for the fuction of the immune system. The thymus provides a unique

combination of cellular interactions, cytokines , and chemokines that mediate the

proliferation and differentiation ofthymocytes into fuctional T cells (44 236). The first

thymocyte precursors are termed triple negative cells (CD3-CD4-CD8-) and are

subdivided into TN1- TN4 based on their expression of CD44 and CD25 (8- 10). The fIrst

precursor group, TNl , is classified as CD44 CD25- kit IL-7Ra- and it depends on many

cytokines for survival (20, 237). The next group, TN2, is characterized by 

upregulation of the IL- 7Ra chain, CD25 and the pre- TCRa chain. These cells also

undergo substatial expansion, mediated by the tyrosine kinase receptor c-kit and the Ye

chain-dependent cytokine IL-7. The thymi of c-kit/Ye double mutant mice , but not c-kit

or y c single mutants are alymphoid, and TCR gene rearangements in these thymi are

undetectable (238). In the followig stage, TN3 , expression of CD44 and c-kit, as well as

IL- 7Ra are downegulated, and the cells begin to rearange their TCR genes. At this

point the cells commit to the T cell lineage (20 239). The Notch- l receptor is essential

for ths commitment (240). Rearangement of the chain leads to its association with the



pre- Ta chain and CD3 subunits, and subsequently to the surface expression of the pre-

TCR (21 , 241 , 242). Signaling through this receptor triggers the differentiation of

thymocytes into double positive (CD4+ CD8+) cells (243 , 244). Durng this stage the

TCR-a chain is rearanged and expression of the mature CD3-TCRaf3 complex is first

detected. Thymocytes then undergo positive and negative selection, which result in the

survival and differentiation of thymocytes that can recognize peptide in the context of

self-MHC but do not have too strong an avidity for self-peptide-self-MHC complexes

(19, 245).

l The Yc cytokine IL-7 plays a non-redundant role in thymocyte development

The y e chain family of cytokines is extremely important for the development

maintenance and function of murine lymphocytes (43 , 47- , 224, 238). Surprisingly,

although IL- , IL- , IL- , IL- , IL- , and IL-21 share the Ye chai, IL-7 plays a non-

redundant role in thymocyte development (185). The lymphopenia observed in Ye chain-

and Jak3-deficient mice, is very similar to that observed in IL-7R-deficient mice (43 , 49

189). The thymi of the thee mouse models are extremely reduced in cellularty, about 1-

10% that of a normal thymus. Development of yb T cells is completely blocked

whereas, despite very reduced numbers, development of af3 T cells seems relatively

normal in the absence of Ye, Jak3 or IL-7R signaling. One major difference observed

between the Jak3/ye deficient and the IL-7R-decifient mice is the absence ofNK cells in

the former models (193, 194). IL- , also a member of the Ye chain family, is essential



for the development and survival of NK cells. Signaling through this cytokine is

unaffected in IL- mice.

2 IL-7 induced Bcl-2 expression mediates the survival of specific thymocyte

populations during T cell development

The antiapoptotic protein Bcl-2 also plays an essential role during T cell

development in the thymus. Bcl-2 inhbits some, but not all forms of stimuli that lead to

apoptosis (246). Its expression is tightly regulated in thymocytes throughout

development; it is upregulated in TN thymocytes, downegulated in DP thymocytes and

upregulated again, following selection, in matue naIve T cells (15 , 17). Thymocyte

development is initially normal in Bcl-2 deficient mice, but about 6 weeks of age all

thymocytes and peripheral T cells in these mice become severely sensitive to apoptotic

signals. Since deficiencies in Bcl-2 result in the death of the mice a few weeks after

birth, a detailed analysis of lymphopoiesis in the absence of Bcl-2 has been very difficult

(14) . However, clear similarities between Bcl- 2-deficient and IL- 7 -deficient mice, in

terms of defects durng lymphoid development, have been described (247). In order to

better understand the relationship between Bcl-2 and IL- , Yon Freeden-Jeffry et al

analyzed TN cells from IL- mice by looking at the expression of Bcl- , levels of

apoptosis and cell cycle progression (187). They observed that crossing IL-7 knock-out

mice to RAG knock-out mice led to the development of thymi almost completely devoid

of thymocytes, indicating that IL-7 signaling was needed for the surival of thymocytes

prior to TCR rearangement. They also observed that IL-7 signaling was necessar for
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expression of BcI-2 in the TN2 , TN3 and TN4 populations, and that a decrease in the

expression of BcI-2 resulted in increased apoptosis of these cell subsets. Additionally,

IL- 7 -deficient TN thymocytes showed significantly fewer cells undergoing cell-cycle

progression. Finally, when IL-7 -deficient thymocytes were incubated in vitro in the

presence of recombinant IL- , BcI-2 expression was induced, and the cells were 95%

more viable than in the absence of the cytokine (187).

3 Effect of the enforced expression of Bcl-2 during T cell development in the

absence of IL-7- and yc-mediated signals

Given these results, several groups went on to investigate whether constitutive

expression of Bc1-2 could rescue the defects observed in thymocyte development in IL-

and ye deficient mice. Irving Weissman s group conducted experiments in which

thymocytes from MHC-deficient mice were adoptively transferred into the thymi of WT

MHC mice, either in the presence or absence of neutralizing IL-7Ra Ab (A7R34)

(248). They observed that, in the presence of A7R34, neither DN nor DP thymocytes

were able to undergo positive selection and become SP cells, whereas both DN and DP

thymocytes underwent positive selection and became SP cells in the absence of the

neutralizing Ab. However, when they injected thymocytes from MHC EI- -bcl-

transgenic mice (these mice express human BcI-2 in cells of the T and B cell lineage

under the EI- promoter), into MHC thymi, they observed that A 7R34 did not block

their differentiation into SP cells. Therefore , they concluded that IL- 7 -mediated signals

are necessar to maintain the viability of DN and DP thymocytes, in order for them to



differentiate into mature T cells (248). Furhermore, by crossing IL-7Ra l- mice to Efl-

bcl-2 transgenic mice they were able to parially restore T cell development. The Efl-bcl-

2 IL-7Ra thymus exhibited a 10-fold increase in the number ofthymocytes compared to

that seen in IL- 7Ra 
1- mice , and the CD4 to CD8 ratio of SP thymocytes was comparable

to that of a normal thymus. The expression of BcI-2 signficantly restored the generation

of all matuational stages of development. Additionally, there was a 7-fold increase in

the numbers ofT cells seen in the blood and an II-fold increase in T cell numbers in the

spleen of these mice, resulting in a partial restoration of peripheral T cell numbers.

Finally, they observed that mature T cells from the IL-7Ra l- Efl-bcl-2 mice responded

significantly better to concanavalin A or CD3 plus CD28 stimulation than IL-7Ra l- T

cells, and almost as well as WT cells, though there was variabilty in these results.

Maraskovsky et al observed even more striking results when they used the same system.

By crossing the IL-7Ra l- mice to the Efl-bcl-2 transgenic mice, they rescued thymocyte

numbers to normal developmental levels (249).

Weissman s group also crossed 
I- mice to Efl-bcl-2 transgenic mice and to

transgenic mice that express BcI-2 under the H-2K promoter (18). Whereas expression of

the Efl-bcl-2 transgene was observed in 85% of CD3+ T cells, the expression of H-2K-

bcl-2 was found in all blood leukocytes. In these studies, they observed that the absolute

number of thymocytes, as well as the number of thymocytes that have recently received

positive selection signals (CD69 ), were increased in both 
I- Efl-bcl-2 transgenic mice

(20% of WT levels) and 
I- 2K-bcl-2 mice (50% of WT levels). The investigators

concluded that the more efficient restoration observed in the H-2K-bcl-2 transgenic mice



may have been due to the fact that the H-2K promoter is expressed in virtually all

thymocytes whereas the E bcl-2 trans gene is not expressed in early thymic precursors

(CD3-CD25- kitl.

In contrast to these results, Rodewald et al observed that the E bcl-2 transgene

was expressed in the CD3-CD25- kit precursors and fuer, that it protected these cells

from growth factor withdrawal-induced apoptosis in vitro (250). When they analyzed the

thymus cellularty of adult yc deficient and ye deficient E bcl-2 transgenic mice, they

observed that there was a wide range of cell numbers in both mouse models that spread

over two logs. Furermore, when comparing Ye- and ye bcl- + mice, they concluded that

neither the range, nor the mean values of thymocytes numbers were significantly

different between the two groups, and both were considerably reduced compared to WT

mice. Rodewald and colleagues went on to analyze the distribution of TN thymocytes in

, ye deficient, and yc deficient E bcl-2 transgenic mice, to determine whether the

developmental block observed in ye deficient mice (arested at the transition from the

TN2 (CD44+CD25 ) to the TN3 (CD44-CD25l stage) had been reversed in the presence

of Bcl- , without affecting the overall thymocyte numbers. Whle the distrbution of TN

precursors in WT mice was normal (11% TN2 63% TN3 , and 21 % TN4), the

distribution of TN precursors in ye bcl- + displayed the same block observed in Ye

deficient mice (60% TN2 37% TN3 , and 1% TN4). They argued that if the

developmental block observed in the y/-deficient mice had been rescued, the percentage

of TN2 would have decreased while the percentage of TN3 and, most importtly, TN4



would have increased. They concluded that enforced expression of Bcl-2 does not rescue

thymocyte development in the absence ofYe chain signaling (250).

Finally, Leonard' s group investigated the effect of enforced expression of Bcl-2 in

deficient mice, with or without a transgenic TCR (17). They used a Bcl-2 transgene

driven by the Lck promoter and saw that in these transgenic mice over 99% of the

thymocytes expressed Bcl-2. When these mice were crossed to the y/- mice, the tota

numbers ofthymocytes were increased about 4-fold compared to the non- transgenic 

mice, but the thymic cellularty was stil only 12% of that in WT mice. The percentage

of CDS+ thymocytes also increased in ye bcl- + transgenic mice, normalizing the CD4 to

CDS ratio. However, the presence of Bcl-2 did not rescue the defect in cell cycle

progression observed in 
I- thymocytes. Next, they investigated the thymic and splenic

cellularity of ye deficient mice crossed to DO 10 TCR transgenic mice in different MHC

backgrounds. The DOlO TCR exhibits higher affinity for I- than I- and more

thymocytes are usually detected in H-2d/ mice than in H-2d/ mice, due to negative

selection in the H- d/ background. This was also tre in the absence of the Ye chain.

Although there was an increase in the tota numbers ofthymocytes upon crossing the 

mice to the DOI0+ mice in the H- background, the numbers were stil reduced

compared to the Ye+ D010+ control mice. Additionally, the total numbers of splenocytes

in the y/- DOIO+ H- , and especially in the H- d/ mice were highly reduced compared

to the non transgenic ye deficient mice. When they investigated thymocyte development

in y/- D010+ H- d/ mice , in the presence of Bcl- , they observed that Bcl-2 increased

the number of thymocytes compared to DO 10+ y e deficient mice, but the numbers were



stil highly reduced compared to WT D010+ mice. BcI-2 expression also increased the

percentage and numbers of splenic DO I 0 TCR transgenic cells in y /- mice. This

increase in thymocyte and splenocyte numbers was noticeable in the H-
d/ background

but not in the H- background. Leonard's group concluded that the importce ofBcI-

2 may be dependent on the TCR-MHC affnity (17).

4 From the thymus to the periphery; the role of the Yc chain in T cell homeostasis

Following development in the thymus, matue T cells enter the periphery where

they circulate from the blood to the secondar lymphoid organs, sureying the body for

infecting pathogens (52). Unless they encounter their specific antigen, matue T cells

surive in the periphery for a limited period of time , as naIve cells (54-56). The numbers

of peripheral T cells , the ratio of naIve , activated and memory cells, as well as the ratio

between CD4+ and CD8+ T cells are tightly controlled to achieve a desirable state of

homeostasis, which is crucial for the immune system (57, 59, 66, 67, 251). The

regulation of T cell homeostasis is dependent on signals mediated by cell-surface

molecules and soluble molecules.

The absence of Ye cytokine signaling leads to a dramatic dysregulation in T cell

homeostasis (73- 252). Specifically, the small thymi in Jak3-deficient and ye deficient

mice produce reduced numbers of peripheral T cells; however, peripheral T cell numbers

in these mice achieve normal levels by three weeks of age (179- 181). The vast majority

of these peripheral T cells are CD4+ and present an activated or memory phenotype

characterized by the increased expression of CD44 and the downegulation of CD62L.



IL- and IL- mice have reduced numbers of peripheral T cells, confirming the

important role played by this cytokine in T cell homeostasis (56, 57). Furhermore , the

levels of Bcl-2 in mature CD44 CD4+ and CD8+ T cells from Ye- and Jak3-deficient

mice are highly reduced (187), indicating that expression of Bc1-2 is mediated, to an

extent, by ye dependent signals. As discussed above, whether or not enforced expression

of Bc1-2 can rescue mature naIve CD4+ and CD8+ T cells, in the absence of yJJak3-

mediated signals, appears to be controversial.

Due to the conficting results and the possibilty that Bcl-2 expression may rescue

a population of naIve T cells that lack Jak3/ye-mediated signals, I decided to cross the

Jak3-deficient mice to the Efl-bcl-2 transgenic mice. I investigated thymocyte

development, as well as peripheral homeostasis in Jak3- bc1-2 transgenic mice. I did not

observe a significant rescue in thymocyte development or naIve T cell survival.

Additionally, I crossed the Jak3- bc1-2 transgenic mice to the OT- l transgenic mice and

detected the rescue of a naIve CD8+ OT - 1 + T cell population in the spleens of these mice.

The results are discussed below.

B. RESULTS

1 Enforced expression of Bcl-2 does not rescue the developmental defect observed

in Jak3-deficient thymi

I crossed Jak3- mice to Efl-bc1-2 transgenic mice to obtain Jak3- bc1- + and

Jak3 bcl- + control mice. Upon dissecting the mice , I immediately noticed that the

thymi of Jak3- bc1- + mice were extremely reduced in size, compared to the Jak3+ or the



Jak bc1- + control thymi. In fact, the size of the thymi was not much bigger than that

of nontransgenic Jak3- mice. Furthermore, Jak3- bc1- + mice, like Jak3- - and unlike

Jak - mice, did not have visible lymph nodes. The size of the spleen, as has previously

been observed in Jak3- mice, was highly varable between individual mice.

I analyzed the expression of Bc1-2 in total thymocytes, CD4+ and CD8+ matue T

cells. As previously reported Jak3- mice presented reduced levels of endogenous Bcl-

both in thymocytes and naive mature peripheral T cells compared to Jak3+ - control

littermates (Fig. Il). Both thymocytes and mature T cells from Jak3- bcl- + mice had

higher levels of human Bc1-2 expression compared to Jak3- littermates. The levels of

human Bcl-2 expression observed in Jak3+ "bc1- + and Jak3- bc1- + mice were

comparable (Fig. ll).



Fig.ll Expression of Bcl-2 in Jak3- and Jak3- bcl- transgenic mice

Single cell suspensions from whole thymi and whole spleens were stained with CD4

CD8 and CD44 mAbs for surface expression of the molecules, fixed and permeabilized

for intracellular staining of either mouse or human Bc1-2. The first thee to panel depict

the expression of mouse Bc1-2 by different thymocyte populations from Jak3- and Jak+

mice, the four top panel depicts expression of human Bc1-2 from Jak3- and Jak3- Dc1-

+ mice , and the fift top panel depicts expression of human Bc1-2 between Jak3- bc1-

and Jak3 bc1- + mice. The middle row of panels depicts the expression of endogenous

mouse Bc1-2 from Jak3- and Jak3 mice. The bottom row of panels depicts the

expression of human Bc1-2 from Jak3- and Jak3- bc1-2+ mice.
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As mentioned above, the size of the thymus was stil very small in Jak3- mice

that expressed Bc1-2. There was a significant increase in the total numbers ofthymocytes

compared to the nontransgenic Jak3-deficient mice, but the levels were stil reduced

compared to the heterozygous mice (Fig. 12 A). A detailed analysis of thymocyte

development, examining the expression of CD44 and CD2S in lineage marker (CD3

CD4, CD8 , B220 , Ter119, Mac 1 , Gr- , DXS)-negative thymocytes, revealed that Bc1-

expression did not rescue the Jak3- developmental defect. As previously described

Jak3- mice presented a developmental block between the TN2 (CD44 CD2S ) and the

TN3 (CD44-CD2S ) stages, and had very few TN4 (CD44-CD2S-) thymocytes compared

to Jak3 mice (Fig. 12 B). The same was tre for Jak3- "bc1-2+ mice. The percentage of

TN2 thymocytes was elevated compared to Jak3 mice , while the percentages of TN3

and especially TN4 thymocytes appeared reduced (Fig. 12 B). These results concur with

the observations reported by Rodewald et al upon investigation of TN thymocyte

development in Ye bc1- + transgenic mice.
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Fig.12 Enforced expression of Bcl-2 leads to increased thymocyte numbers but does

not rescue the developmental defect in Jak3- - mice

Single cell suspensions of thymi from Jak3 , Jak3- Jak3 "bcl- , and Jak- bcl- + mice

were prepared, A) total thymocytes counted and stained with Abs for CD4 and CDS. The

red lines represent the mean value of each sample. B) Populations of TN thymocytes

were investigated by gating out other cell populations through staining with CD3, CD4

CD8 , B220, Ter119 , Mac 1 , Gr- , DX5 Abs and examning CD25 and CD44 expression

on the negative population. The numbers in each quadrant represent the percentage of

each cell population within the TN population.
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2 Enforced expression of Bcl-2 does not rescue the defect in T cell homeostasis

observed in Jak3-deficient mice

Next, I analyzed the total numbers and activation state of peripheral mature T

cells. As reported before, the absence of Jak3/Ye-mediated signals leads to an elevated

CD4 to CD8 ratio and to the almost complete absence of CD8+ mature T cells in the

periphery of the mice. Surival of matue T cells is dependent on signals mediated by the

IL-7R, which, among other possible effects, may lead to the upregulation of Bcl-2. When

Maraskovsky et al crossed the IL 
mice to the Ef--bc1-2 transgenic mice they reported

that enforced expression of Bc1-2 resulted in a complete rescue of peripheral T cell

numbers. I also investigated whether enforced expression of Bc1-2 could rescue the

surival of naIve CD4+ and CD8+ T cells in Jak3-deficient mice.

In our system, expression of Bc1-2 led to an increase in the percentage and total

numbers ofCD8+ T cells in the spleen of Jak3- bc1- + mice (Fig. 13 A, B , C). However

these results varied considerably from mouse to mouse. The overall effect (accounting

for all Jak3- "bc1- + mice analyzed, n=lO), was an increase in the percentage of peripheral

CD8+ T cells in Jak3- bc1- + of about 2-fold compared to Jak3- mice (Fig.13 B). In

terms of total CD8+ T cell numbers, the presence of Bc1-2 increased the mean from 2. 18 x

in Jak3- mice to 6.38 x 10 in Jak3- bcl- + mice, compared to 7.5 x 10 and 1.34 x

in Jak3 and Jak3+ bc1- + mice respectively (Fig. 13 C). The percentage of matue

CD4+ T cells in Jak3- "bc1- + mice remained relatively constant compared to 
Jak3- mice

and was elevated compared to 
Jak3 and Jak3 bc1- + mice. The total CD4+ T cell

numbers were slightly elevated in Jak3- bc1- + mice. The percentages and total numbers
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of both CD4+ and CD8+ peripheral T cells remained relatively constant in Jak3 bc1-

mice compared to Jak3 control mice (Fig. 13 A, B , C).
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Fig.13 Slight increase in the percentage and total numbers of CD8+ T cells in Jak3-

bcl-2+ mice

Total splenocytes from Jak3 (n= 3), Jak3 bcl- + (n= 7), Jak3- (n= 6 ), and Jak3- ocl-

+ (n= 10) were counted and stained for CD4 and CD8 expression. A) An example of the

CD4 vs CD8 analysis for each genotypic model is depicted. B) The percentage of CD4

and CD8+ T cells in the spleen of each mouse was calculated, and the averages of all the

mice analyzed for each phenotypic group, as well as the standad deviations, are depicted.

C) CD4+ and CD8+ total T cell numbers were calculated for each mouse. The red lines

depict the average CD4+ or CD8+ T cell numbers for each genotypic group.
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In addition to the dysregulation in total T cell numbers, the majority of T cells

present in the periphery of Jak3/Yc deficient mice have an activated or memory-like

phenotype. This may be due to the fact that memory CD4+ T cells can surive better in

the absence of Ye cytokine signals, while both naIve CD4+ and CD8+ T cells, as well as

memory CD8+ T cells are more dependent on y /Jak3-mediated signals to surive. Even

if memory CD4+ T cells are dying in the absence ofIL-7-mediated signals, naIve CD4+ T

cells in Jak3- mice may be constantly receiving activation signals, due to the lack of

regulatory CD2S+ T cells and defects in FasL upregulation, resulting in their

proliferation, populating most of the periphery. NaIve CD4+ and CD8+ T cells from

Jak3-deficient mice have low levels of Bcl-2 expression compared to Jak3 control

mice. Therefore, I investigated whether the enforced expression of Bcl-2 resulted in the

rescue of naIve CD4+ and/or CD8+ T cells in the periphery of Jak3-deficient mice.

I stained splenocytes from Jak3 Jak3 bc1- Jak3- and Jak3- bcl- + mice for

the activation markers CD44 and CD62-L. Upon activation, T cells upregulate CD44 and

downegulate CD62-L. As expected, the majority of matue CD4+ and CD8+ peripheral

T cells from Jak3 mice presented a naIve phenotype characterized by the lack of CD44

and the expression of CD62-L. Only about 20%-30% of CD4+ T cells presented an

activated/memory-like phenotype (Fig. 14 A). The enforced expression of Bcl-2 in Jak3

mice did not have a significant effect in the percentage of memory-like CD4+ or CD8+ T

cells that populate the periphery of the mice (Fig. 14 A, B). Contrar to these results,

Jak3- mice had elevated percentages of memory-like T cells in the periphery. About

60% of the CD4+ T cells were CD44 (Fig.14 A). The CD44 staining usually appears as
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a broad distribution rather than a clear division between high and low. Most of the Jak3-

CD4+ T cells were CD44 or CD44 int and very few were CD44 . About 90% of

peripheral CD4+ T cells in these mice expressed low levels of CD62-L. Similar results

were observed with CD8+ T cells (Fig. 14 B). Although, the staining of these cells was

not as clear, due to the very reduced numbers present in the spleens of Jak3- mice.

When I analyzed the Jak3- bcl- + mice I was surrised to see that the percentages of

activated T cells, both CD4+ and CD8+ T cells were very similar to those of the

nontransgenic Jak3- mice (Fig. I4 A, B). The vast majority of matue CD4+ and CD8+ T

cells presented an activated phenotype. There was a slight increase in the percentage of

CD8+ naive T cells, but overall more than 60% of the Bcl-2 transgenic Jak3- CD8+ cells

were CD44 CD-62L
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Fig.14 Enforced expression of Bcl-2 does not rescue the survival of naive T cells in

the periphery of Jak3- - mice

Total splenocytes from Jak3 Jak3 bcl- Jak3- and Jak3- bcl- + were stained with a-

CD4 , a-CDS and for activation markers with a-CD44 and a-CD62-L. An example of

the F ACS analysis for each phenotypic mouse model is depicted for both CD44 and

CD62-L staining. A) The average percentages of gated naIve CD4+ T cells for all the

mice analyzed in each genotypic group, as well as the stadard deviations for each group

of animals, are depicted in the graphs. The CD44 staining did not show a clear

differentiation between CD44 positive and negative populations. The graph shows the

percentage of CD4 + CD44 
hi T cells and does not include the CD4 + CD44 int cells that are

present in the F ACS raw data. B) Similar analysis was done for the CD8+ T cells of each

genotypic group. The staining in Jak3- mice is not as clear due to the low numbers of

CDS+ T cells in the periphery of these mice
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3 Enforced expression of Bcl-2 can rescue a population of naive CD8+ mature T

cells in Jak3-deficient OT-l transgenic mice

In previous studies Leonard' s group had reported that enforced expression ofBcl-

2 could rescue a substantial population of mature CD4+ T cells in TCR transgenic Ye

deficient mice. Jak3- and y/ mice have been crossed to several MHC-class I and MHC-

class II restrcted TCR transgenic mice, and in every case total the numbers of transgenic

TCR+ matue T cells are greatly reduced, compared to the numbers seen in transgenic

TCR+ WT mice. In their report, Leonard' s group observed that the Bcl-2 expression

could only rescue mature T cells when the TCR had a high affinity for self-MHC. The

DOlO TCR has a high affnity for H-
d/ and when yc I- DOlO bcl- + mice were crossed

into this background, expression of Bcl- 2 led to the production of a substatial population

of mature DOIO+ TCR+ CD4+ T cells in the periphery of these mice. In the H- d!d

background, for which the DOlO TCR has a low affinity, ye bcl- DOIO+ mice had very

few peripheral T cells, similar to the yc DOlO bcl-2" mice.

I decided to analyze the effect of enforced expression of Bcl-2 in Jak3-deficient

mice that expressed an MHC-class I restricted TCR transgenic line. I chose the OT-

TCR, which recognizes the SIINFEKL peptide of the ovalbumin protein bound to K

When nontransgenic Jak- mice were crossed to OT- + mice, the numbers of peripheral

CD8+ TCR+ T cells were low and very reduced compared to Jak3 OT- + mice (Fig.15

A). However, crossing the Jak3- OT- + mice to the E!l-bcl-2 transgenic mice I observed

a large OT - I + CD8+ mature T cell population (Fig. 15 A). The percentage and total

numbers of CD8+ T cells in Jak3- OT- bc1- + mice were reduced compared to both
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Jak

+/-

0T- bcl-2- or bcl- , but they were significantly higher than those observed in

Jak3- OT- bcl-2- mice (data not shown). Furermore , the expression ofCD44 (Fig.

B) and CD62L (data not shown) revealed that a majority of the CD8+ TCR+ T cells in the

spleen of Jak- OT- bcl- + mice had a naIve phenotype. This discovery was especially

exciting as it provided me with a large population of matue naIve CD8+ T cells that were

deficient in Jak3 , and whose specificity was known. This mouse model presented me

with the opportunity to investigate the abilty of CD8+ T cells to mount an immune

response in the absence ofYe cytokine signals.
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Fig.15 Enforced expression of Bcl-2 rescues a naive population TCR+ CD8+ T cells

Jak3- and Jak3- bc1- + mice were crossed to OT- l TCR transgenic mice. The resulting

Jak3 bcl- 0T- + mice were intercrossed to obtain Jak3- bc1- 0T- + and littermate

control Jak3 bc1- 0T- + mice , as well as Jak3- OT- mice and littermate control

Jak3 OT- control mice. Mice of the four different phenotypes were sacrificed and

their spleens stained for CDS , Va-2 (expressed by the OT - I TCR) and the activation

marker CD44. A) The percentages of OT - 1 + (Va2 ) cells within the CD8+ population are

depicted within the F ACS plot, the percentages of TCR + CD8+ cells in the spleen of each

mouse phenotype are depicted in parenthesis outside the F ACS plot. B) The numbers

depict the expression of CD44 in Va- + CDS+ gated T cells.
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C. DISCUSSION

Signals downstream of the Ye chain and Jak3 are extremely important for the

development of lymphocytes. In mice, the absence of Ye cytokines leads to the arest of

B-cell development at the pro-B cell stage. Likewise

, y

T cells and NK cells do not

matue in the thymus of mice lacking Ye- or Jak3-mediated signals. Mouse models in

which single Ye cytokines have been eliminated have provided me with some insight on

the specific cytokine/s that playa role during each stage of development, in each

lymphocyte subset. IL-7 appears to play an essential role in T cell development. The

developmental defects observed in the thymi of IL- - and 
I- 

or Jak3- - are very

similar. They all have small thymi with extremely reduced cellularity. While the

development of y T cells is completely blocked in the thymus, a thymocytes, though

reduced in cellularity, appear to develop normally as demonstrated by the presence of

normal proportions of thymocyte populations at the different developmental stages.

In order to better understand the defect observed in thymic development in the

absence ofIL-7-mediated signals, IL-7R-deficient mice were crossed to Bcl-2 transgenic

mice that express Bcl-2 under the E promoter. Using ths model, Weissman s group

observed that the number of thymocytes were increased 10- fold compared to the IL- 7Ra

1- mice, makg the cellularty about 20% that of a normal thymus (248). Maraskovsky et

al saw an even more profound rescue in thymocyte numbers, to practically normal levels

using the same experimental system (249). The reasons behind the discrepancy, in terms

of the levels of rescue obtained by each group, have not been elucidated. Both groups

however, claimed that enforced expression of Bcl-2 was enough to rescue the
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developmental defect observed in mice deficient for IL-7-mediated signals. Crossing Ye

deficient mice to different Bcl-2 transgenic mouse models has also generated conficting

results. Weissman s group saw the most strkig rescue in thymocyte development when

y/- mice were crossed to transgenic mice that expressed Bc1-2 under the H-2K promoter

(18). The total numbers ofthymocytes in these mice were 50% those of the WT control

mice. Contrastingly, Rodewald et al saw a very small rescue when they crossed 
I- mice

to transgenic mice that express Bc1-2 under the E!J promoter, and likewise, Leonard'

group saw a very limited rescue in thymocyte development when they crossed 

I- mice

to transgenic mice that express Bc1-2 under the Lck promoter (17, 250). When I crossed

Jak3- mice, which are phenotypically identical to ye deficient mice, to transgenic mice

that express Bcl-2 under the E!J promoter, I also saw a very limited rescue in thymocyte

development. Despite the argument that the E!J promoter may not be expressed in the

earliest thymocyte precursors, Rodewald et al showed that enforced expression of Bc1-

under this promoter could rescue WT thymocytes from dying 
in vitro from cytokine

withdrawal apoptosis (18 250). Additionally, O'Reily et al had previously shown that

under the E!J promoter, Bc1-2 was expressed in all TN populations (TNI-TN4) and its

expression promoted the survival of pro- T cells incubated in the absence of added

cytokines (253). Furher, using the Lck promoter to drive the expression of Bc1-

Leonard' s group also failed to see a significant rescue in thymocyte development (17).

When I analyzed the TN stages of development I detected that the block observed

in ye deficient and Jak3-deficient mice, between the TN2 and TN3 stages, was not

bypassed by the enforced expression of Bcl- These results suggest that the
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developmental block observed in Jak3- mice could not be rescue by Bc1-2 alone. These

results are consistent with Rodewald' s results upon analysis of the same developmental

populations. Weissman s group failed to analyze the TN stages of development in either

the Ell, or the H-2K promoter systems. Therefore, it is possible that the changes

observed by ths group upon enforced expression of Bc1-2 simply resulted in the surival

of more thymocytes, instead of an actu rescue in thymocyte development.

These previous studies have also reported controversial results about the abilty of

Bc1-2 to rescue peripheral T cell numbers in the absence of ye-mediated signals.

Weissman s group reported a 3-fold increase (to 20% of WT mice), using the Ell

promoter, and a 10-fold increase (to 50%), using the H-2K promoter in the blood of Bc1-

transgenic 

y/ 

mice, somewhat restoring the numbers of peripheral T cells to normal

levels. Furhermore they reported that the CD4 to CDS ratio, which appears elevated in

l- mice, was restored to normal. The authors did not report any results on the activation

status of mature T cells found in the periphery of these mice. When I looked at the

periphery I observed that the total numbers were varable from mouse to mouse, both in

nontransgenic Jak3- and Jak3- bc1- + mice. The percentage and numbers of CD4+ T

cells were comparable between Jak3- and Jak3- bc1-2 mice, and most of them presented

an activated or memory-like phenotype. The percentage and numbers of CDS+ T cells

was increased about 2-fold by the enforced expression of Bcl-2 compared to Jak3- mice.

However, neither the percentage nor the total number of mature CD8+ T cells ever

increased to WT levels. Most CDS+ matue T cells in both animal models presented an

activated/memory phenotype. As observed in 
Jak3- and y/- mice, the percentage of
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CD4+ T cell was higher in both Jak3- - and Jak3- bcl- + mice compared to WT control

mice.

Due to the small size of the thymus in the Jak3- - and Jak3- bcl- + mice, the input

of immature T cells into the periphery of these mice is very limited. Additionally, naIve

T cells require IL-7 and memory CD8+ T cells require IL- 15 in order to surive. Bcl-

may be one of the factors that contribute to the surival of matue cells, but other surival

or cell cycle factors may also play an importt role. For example, Bcl-xL was found to

mediate the surival of developing CD8+ T cells in the thymus (190). Alternatively, it is

possible that, due to the small number of matue cells entering the periphery, a fraction of

T cells may be undergoing homeostatic proliferation, leading to the accumulation of

memory-like T cells in these mice, preventing any accumulation of naIve cells that would

otherwise surive under the enforced expression of Bcl-2. Memory-like CD4+ T cells do

not require Jak3/Ye-mediated signals to survive for long periods of time
, or to

homeostatically proliferate. Therefore, if a small fraction of matue CD4+ T cells receive

an activation signal, not only will they be able to surive in the absence of Ye cytokines

but they should also be able to homeostatically proliferate, populating the majority of the

periphery. Furermore, the lack ofIL-2R signaling in activated/memory CD4+ T cells in

these mice may prevent them from undergoing FasL-mediated AICD. In contrast, CD8

T cells require IL- 15- and to a lesser extent IL-7-mediated signals to survive and

homeostatically proliferate. I therefore reasoned that, in the absence of matue T cells

that may undergo this activation-induced or homeostatic proliferation, naIve T cells may

be able to accumulate in the periphery of Jak3- bcl- + mice.
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In order to do this, I decided to cross these mice to a TCR transgenic mouse. 

chose the OT - 1 transgenic system. The OT - I mice had already been crossed to straight

Jak3- mice in our lab. Analysis of Jak3- OT- + mice revealed that the thymi were

greatly reduced in cellularity, and that the numbers of peripheral T cells were extremely

low. Most of the peripheral T cells that expressed the OT - 1 trans gene were naIve

whereas T cells that expressed endogenous a chains appear to have a memory-like

phenotype. However, the T cell numbers were highly reduced compared to Jak3- mice

(204). When I crossed the OT- l mice to the EIl-bcl-2 transgenic mice I observed that the

thymi were stil greatly reduced in cellularity but that the percentage and numbers of OT-

1 +CD8+ T cells in the periphery of Jak3- OT 1 +bc1- + mice were considerably higher than

those observed in the Jak3- OT 1 + mice. The percentage and numbers were sti110wer

than the OT - Jak3 control mice , but there was a significant population of matue 

cells that also appeared to have a naIve phenotype. I reasoned that, in the absence of

endogenous CD4+ T cells that could proliferate and populate the periphery, matue CD8

T cells that expressed Bc1-2 were able to accumulate in these mice. Additionally, the

OT- l TCR is known to have high affinity for self-MHC-self-peptide complexes that may

have permitted these cells to surive in the presence of an anti-apoptotic factor. 

particular importance was the fact that this system provided me with a population 

CD8+ naIve T cells of known specificity to investigate the abilty of Jak3-deficient CD8+

T cells to mount immune responses. Because of the lower numbers of CD8+ T cells

present in the periphery of Jak3-deficient and Jak3-deficient TCR transgenic mice

experiments of this type were not previously possible.
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In sumar, I have demonstrated that enforced expression of Bc1-2 using the Et-

promoter canot rescue the block observed in Jak3-deficient thymocyte maturation

between the TN2 and TN3 stages of development. Bc1-2 expression does not rescue

thymocyte numbers to normal levels. Additionally Bc1-2 does not rescue the T cell

homeostasis defect observed in the periphery of mice deficient in Jak3-mediated signals.

Jak3- bcl- , like Jak3- mice, have an elevated CD4 to CDS ratio, the percentage and

numbers of CDS T cells are reduced, and most of the matue T cells (CD4+ and CD8

appear to have an activated/memory phenotype. This may be due to the selective

survival of activated or homeostatically expanded CD4+ CD44+ T cells that are

independent of Jak3/Yc-mediated signals. However, in the absence of CD4+ T cells that

could receive a TCR-mediated signal to expand, Bc1-2 can rescue a significant CDS

TCR transgenic matue T cell population.
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CHAPTER V

ANTIVIRAL IMMUNE RESPONSES ARE

INITIATED BUT NOT SUSTAINED BY T

CELLS LACKING JAK 3-MEDIATED

CYTOKINE SIGNALS
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A. INTRODUCTION

1 Yc cytokines play an important role during CD8+ T cell activation

T cell activation is a fascinating and tightly controlled mechanism that protects us

against innumerable pathogens in an incredibly efficient manner. The diverse TCR

repertoire expressed by mature CD4+ and CDS+ T cells in mammals, allows them to

recognize most any infecting pathogen throughout the lifetime of the organism. Signals

initiated upon the binding of a TCR with its specific self-MHC-peptide complex, in

addition to signals mediated by costimulatory molecules expressed by T cells, lead to T

cell activation and differentiation into effector cells, and the initiation of an adaptive

immune response (91 94-96). Only a small population ofT cells expresses the TCRs

that can recognize a given imunogen, however, due to the clonal expansion that follows

T cell activation, the restricted number of specific T cell clones is enough to create an

effective immune response , which results in the clearance of the infeGtion (52 , 97 , 102). T

cell activation and expansion is followed by the apoptosis of most of the activated T cells

and the formation of a small memory T cell population, restoring the homeostatic state

characteristic of an infection-free environment (52 , 96).

In addition to the TCR-mediated and costimulatory signals , other pathways

which include the production of cytokines and signals though their receptors, also play

importt roles during T cell activation (10S-110). The famly of cytokines that signals

though the cytokine receptor common gama chain, i.e., IL-

, - , - , - , -

, and -

are of paricular importance (209-211). However precise and controlled, the system is

sometimes faulty and under certain circumstance may lead to inefficient responses that
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lead to the incomplete clearance of an immune challenge , or effcient responses against

self-molecules that lead to auto-immunty. Understading the many facets that contribute

to the creation of T cell immunity is essential for our knowledge of basic immunology as

well as the development of vaccines and immunoregulatory agents.

Despite their importance, the function ofy /Jak3-dependent cytokine signals in T

cell activation, proliferation and differentiation has been difficult to discern. Functional

cytokine redundancy, together with their essential role in T cell surival , has made it

extremely difficult to assess their fuction during T cell activation and differentiation.

Additionally, mice lacking Yc or Jak3 have virtally no peripheral CD8+ T cells. This

lack of peripheral CD8+ T cells is also observed when Ye or Jak3-deficient mice are

crossed to appropriate TCR transgenic lines (203 204). Therefore, a common approach

has been to study mice that are deficient in individual cytokine or cytokine receptors of

the Ye family. The results remain controversial. Some of the studies have reported that

deficiencies in one or two of these cytokines have relatively minor effects on T cell

activation and fuction. For example, it is widely accepted that IL-2 is a major T cell

growt factor, and that it plays a critical role in the differentiation of naIve T cells into

effector cells. Yet, when IL- deficient mice were infected with LCMV or vaccinia, they

were able to generate protective immunty to both viruses, producing both CTL and anti-

viral antibody responses (207). IL-4-mediated signals were shown to compensate for the

lack of IL- , suggesting that other cytokines might playa compensating role in IL-

deficient mice, exemplifying the difficulties in determining the precise fuction of

cytokine signals for productive immune responses. Additional studies using mice
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deficient in IL-2 and IL- 15 receptor signals (IL-2Rj3- ) also suggested that the two

cytokines are dispensable for T cell-mediated immune responses but that the magnitude

and effector response is sometimes impaired (20S). The amount of IFN-y secreted by

cells from IL-2RW - mice in response to a vaccinia infection was markedly reduced, in

addition to their inabilty to elicit a CTL response in vitro due to reduced induction of

perf orin and granme B (20S).

In contrast, Cousens et al reported that the absence of IL-2 led to a dramatic

inhbition of CD8+ T cell expansion following LCMV infection (210). The percentages

of CDS+ T cells did not increase uness IL-2 was added durng the infection. Furer, the

production of IFN -y was significantly reduced at the peak of the immune response in IL-

mice (210). Recent studies, using the OT- l TCR transgenic model, have suggested

that in the absence ofIL- , CDS+ T cells can initiate a specific immune response , but they

canot undergo the subsequent proliferative expansion observed in wild type mice (211).

Finally, infection of IL-15 knock-out mice with VSV resulted in a reduction in the

number of tetramer positive CDS+ T cells compared to the wild type controls. The

decrease was only obvious after day 6 of infection, suggesting that IL-I5 was important

in determining the amplitude of the VSV -specific primar response (212). These mice

were also deficient in generating a substatial portion of antiviral CDS+ memory T cells

(212).

Overall, the requirements for Ye cytokines during CD8+ T cell responses remain

controversial and our knowledge has derived solely from experiments focused on

individual cytokines or cytokine receptors. In this chapter I describe studies I have
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conducted in order to better understad the role that cytokines of the Yc chain play durng

CD8+ T cell-mediated immune responses.

Experimental systems of T cell activation

In order to gain an understading of T cell mediated immune responses, different

experimental systems have been developed, allowing me to follow infections 
in vivo and

to help me elucidate the many factors that play importt roles during T cell responses.

One of these systems, arguably one that has given us the most knowledge of CD8+ T cell

immunity, is the lymphocytic choriomeningitis virus (LCMV) infection of mice (254).

Infection of C57BL/6 mice with the Arstrong strain of LCMV leads to the production

of type I interferons during the early stages of virus replication, which initiates the

activation ofNK cells. After the first few days of infection specific CD4+ and CD8+ T

cells beginto expand and peak in numbers about 8 to 9 days post infection (255 , 256).

CD8+ T cells differentiate into effector CTLs capable of controllng the viral titers that

begin to decline even before the peak of the CD4-mediated T helper response (257).

CTLs contan granmes and perf orin, which are essential for the successful development

of an LCMV acute response (258 , 259). These cells also secrete antiviral cytokines, IFN-

y and TNF-a , and express FasL, which allows the cells to lyse Fas-expressing infected

targets (119, 254). A very important advantage of the LCMV system is that

immunodominant and sub dominant LCMV epitopes have been defined for both CD4

and CD8+ specific T cells (218, 219 , 260-262). Following virus clearance activated T

cells become sensitive to apoptosis and their numbers decline, leaving the host in a
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steady-state of T cell homeostasis with a stable memory population that wil provide

lifelong immunty to the virus (263 , 264).

Another essential system for the understading of T cell mediated immunty is the

adoptive transfer of TCR transgenic T cells into host mice (52, 97). As mentioned

before, a very small number of T cells recognize a given pathogen under normal

circumstances. The numbers are so low that they are impossible to detect in the

periphery of a healthy naIve mouse. On the other hand, the numbers of specific T cells in

the periphery of a TCR transgenic mouse are too high to be physiologically relevant.

Therefore , it has been very difficult to follow a specific population of T cells from their

naIve state under normal circumstaces, to their activated state upon antigen challenge, to

their apoptosis and the formation of a memory population. The solution to this problem is

the adoptive transfer of TCR transgenic T cells into congenic normal recipients. This

system takes advantage of the existence of T cells from TCR transgenic mice that are

specific for a known MHC-peptide complex. By tang a small number of these T cells

from the secondar lymphoid organs of the transgenic mice, and transferring them i.

into a congenic non- TCR transgenic host, the cells can be followed before, durng and

after the injection of the specific antigen into the naIve host (52). Using ths system, the

population of TCR transgenic T cells in the naIve host is large enough to be detected with

anti-c1onotypic Abs, but small enough to behave in a physiological maner. The host

mice can then be injected with the antigen that is specifically recognized by the

transgenic TCR and the imune response can be followed in a time course.
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I have taen advantage of both the LCMV and the adoptive transfer systems to

study the importance of Yc cytokines during the initiation and development of a CD8+ T

cell mediated immune response. I have infected Jak3-deficient mice that lack all 

cytokine-mediated signals with LCMV and studied their abilty to mount and appropriate

immune response, and clear the virus. Jak3-deficient mice have very reduced numbers of

mature CD8+ T cells and their TCR repertoire may be skewed, as I saw was the case for

CD4+ T cells (265), thus it is possible that these mice lack LCMV specific T cells.

Therefore, if I were to observe a defect in the ability of these mice to mount an

appropriate immune response , it could be due to the absence of specific T cells and not to

the inability of those T cells to respond to an antigenic challenge. Consequently, I have

designed experiments in which the same number of TCR transgenic CD8+ T cells, from

mice that express or lack Jak3, are stimulated by their specific antigen under similar

conditions, both in vitro and in vivo. These experiments directly address the ability of

Jak3-deficient CD8+ T cells to mount an imune response. As described in the previous

chapter, when Jak3 deficient mice are crossed to OT- l transgenic mice, the numbers of

peripheral CD8+ T cells are extremely small, definitely not large enough to conduct

appropriate studies. However, when the Jak3- OT- + mice are crossed to Bcl-

transgenic mice, a distinct population of naIve CD8+ T cells that express the transgenic

TCR is rescued in the spleen of these mice. This model has allowed me to conduct

adoptive transfer experiments, as well as in vitro activation experiments. Remarkably,

the data from the two independent systems are consistent, and demonstrate that y /Jak3-
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dependent cytokine signals are required to maintain, but not to initiate, anti-viral immune

responses.

B. RESULTS

Jak3- mice can mount a weak and non-protective CD8+ T cell response to

LCMV infection

To evaluate Jak3 signaling during a CD8+ T cell response, I examined the ability

of Jak3- mice to respond in vivo against a viral challenge. As a first approach, I chose to

infect Jak3- and control (Jak3 mice with LCMV. In wild type mice, LCMV infection

elicits a robust CD8+ T cell response that is first evident at day 5 after infection, peaks at

day 8-9, and then declines (255 256). There are several advantages to utilizing this well-

characterized system. First, viral clearance of the Armstrong strain of LCMV is

dependent on CD8+ T cell fuction alone , and does not require help from CD4+ T cells;

thus, anti-viral CD8+ T responses can be assessed without confounding effects caused by

potentially impaired CD4+ T cell responses in Jak3- mice (266, 267). In addition, the

immunodominant LCMV -specific CD8+ T cell epitopes in C57BL/6 mice have been

identified, thus providing a means to examine both the frequency and the function of

responding cells (218 219 260-262). Finally, at their peak, virus-specific CD8+ T cells

represent ::80% of the total CD8+ T cell pool, resulting from a ::1000- fold expansion in

virs-specific cells (268). This dramatic expansion observed in wild type mice increased

the likelihood that I might observe a response, even a severely diminished one, in Jak3-

mIce.
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Several aspects of the response to LCMV were examined, including the ability of

the CD8+ and CD4+ T cells to become activated, to proliferate, and to produce IFN-y in

response to re-stimulation ex vivo. As shown in Figure 16 A, splenocytes from

unnfected Jak3- mice (day 0) have an increased proportion ofCD4+ T cells compared to

controls, but relatively few CD8+ T cells. Furhermore, most of the CD8+ T cells in the

Jak- - mice have an activated/memory cell phenotype, as indicated by their high surface

expression of CD44 (Fig. 16 B). Mice were then infected with LCMV (Strain

Arstrong), and responses were examined on days 3 , 5 , and 8 following infection. For

the Jak3+ mice , the sequence of events followed the expected pattern. At day 3 , there

was a noticeable reduction in the percentage of CD8+ T cells in the spleen that are

CD44 , an attrition that has been attributed to the effects of type I interferons , as

previously described (269). By day 5 following infection, the percentage of CD8+ T cells

in the Jak3 were slightly reduced compared to day 0, but the total numbers of CD8+ T

cells were increased by fold (data not shown). At the peak of the immune response

(day 8), the percentage and total number of CD8+ T cells in Jak3 mice was extremely

high ( 15-fold increase in absolute cell numbers over day 0) and nearly all of the cells

had an activated phenotype (Fig.16 A, B).

In contrast, only a very modest or no response was observed in Jak3- mice

following LCMV infection. Only 40% of the anmals (n=24) were able to mount a CD8

T cell response as measured by CD8+ T cell expansion and IFN-y production. Figure 16

shows a representative example of the mice that responded to the virus. The percentage

of CD8+ T cells in the spleen did not increase significantly, but at day 5 and 8 post-
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infection a clear population of CD8+ cells was visible, in contrast to the profiles seen in

non- infected Jak3- mice. Ths population was not visible in the mice that did not present

a CD8+ effector T cell population (data not shown). Furhermore, by day 5 post-

infection, there was a detectable increase in the absolute numbers of 
Jak3- CD8+ T cells

fold over day 0). No fuher increase in CD8+ T cell numbers occured between day

5 and day 8 post-infection, even in the responding Jak3- mice , a time at which the most

dramatic expansion in wild type anti-viral CD8+ T cells is observed. Finally, there was

little change in the percent of CD44 
hi CD8

+ T cells in Jak3- mice over the course of the

viral infection. Together, these data indicate that y /Jak3-dependent cytokine signals are

not absolutely required for CD8+ T cell proliferation in response to infection, but that the

magnitude of the proliferative response is greatly diminished in their absence.
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Fig. 16 Limited Jak3- - CD8+ T cell proliferation in response to LCMV infection

Jak3- and Jak3 control mice were injected i.p. with 4.0 x 10 PFUs of LCMV

Arstrong. Spleens from infected, as well as uninfected control mice, were isolated at

different time points following LCMV infection. A) Splenocytes were counted and

stained with CD4 and CD8 , as well as B) the activation markers CD44 and CD62-L (data

not shown) mAbs. The numbers represent A) percent of CD4 and CD8 T cells in spleen

or B) percent of activated (CD44 ) CD8+ T cells at each given timepoint. The F ACS

plots are representative ofn=6 mice for day 3 and 5 , and n=24 for day 0 and 8.
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To address the fuctional capabilties of Jak3- - CD8+ T cells, I examined IFN-

production by CD8+ T cells in response to specific LCMV peptides. For these

experiments, I used LCMV NP-396 and GP- , both immunodominant peptides , as well

as NP-205, a subdominant peptide, and stimulated freshly isolated splenocytes from

LCMV -infected mice. Intracellular cytokine staining for IFN -y, TNF -a and IL- 2 was

performed after a 5 hour ex vivo incubation. As shown in Figure 16 A, no significant

cytokine response was observed before day 5 post-infection by Jak3 CD8+ T cells. At

day 5 4% of the Jak3 CD8+ T cells produced IFN-y in response to NP-396 and 1.4%

in response to NP-205. In contrast Jak3- CD8+ T cells did not produce any detectable

IFN-y at this time point, even though there was a clear expansion in total CD8+ T cell

numbers in these mice. By day 8 post-infection 15% of the Jak3 CD8+ T cells were

producing IFN-y in response to the dominant peptide and 4% in response to the

subdominant peptide. At ths time point, only 5% of Jak3- CD8+ T cells made IFN-

in response to NP-396 and 1.4% in response to NP-205. Furermore, the amount of

IFN-y secreted by the Jak3-deficient CD8+ T cells at this time point was significantly

reduced compared to the amount secreted by the WT cells, as determined by the mean

fluorescent intensities (Fig. 17 B). The CD8+ T cell responses to GP-33 stimulation were

similar, if not greater than those obtained in response to NP- 396 (data not shown). Jak3

CD8+ T cells produced small amounts of IL-2 at these time points, consistent with

previously published data (270). Similar to IFN-y, the amount ofIL-2 produced by Jak3-

1- CD8+ T cells was inhibited compared to Jak3 control T cells (data not shown). In

contrast to Jak3 T cells Jak3- CD8+ cells did not produce TNF-a in response to any 
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the peptides tested (Fig. I7 C). This phenomenon has been observed in mice chronically

infected with LCMV. CD8+ T cells progressively lose their effector function in a

hierarchical fashion (270). The abilty to produce TNF-a was one of the first fuctions to

be compromised, along with IL-2 production and target lysis. IFN-y production was most

resistat to fuctional exhaustion in this system (270). Finally, the abilty of CD8+ T cells

to produce granme B was severely inhibited in Jak3- - mice (data not shown), a finding

consistent with impaired cytotoxicity.
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Fig. 17 Jak3- - CD8+ T cells produce low levels of IFN-y and no TNF -a production in

response to LCMV

Eight days after LCMV infection, total splenocytes from Jak3- and control Jak3 mice

were restimulated for 5 hours ex vivo with 5 M synthetic peptides, LCMV NP396 (A),

NP205 , or GP33 (data not shown) at different timepoints following LCMV infection.

Production of IFN-y (A), TNF-a (C) and IL-2 (data not shown) by CD8+ T cells was

measured by intracellular cytokine staining (materials and methods). Each sample was

also stained with isotype control Abs. (data not shown). The numbers represent the

percent of CD8+ T cells making IFN-y (A) or TNF-a (C). B) The mean fluorescent

intensities ofIFN-y production were measured for all samples and the average is depicted

as a red line. The Jak3- results are representative of mice that were able to mount a

CD8+ T cell-mediated effector response ( 40% of all mice investigated). The Jak3

mice are representative of all mice investigated whose responses were always consistent.
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To examine the effectiveness of the CD8+ T cell response to LCMV, I

investigated whether Jak3- mice could eliminate the virus from their spleens. As shown

in Table II Jak3 control mice have high titers of LCMV in their spleens at day 3 post-

infection, but have eradicated the virus by day 8 following infection. In contrast Jak3-

mice are unable to mount a protective immune response to LCMV , and have increased

titers of LCMV at day 8 compared to day 3 post- infection. Surrisingly, Jak3- mice

presented lower viral titers during the early phase of the infection, suggesting that the

abilty of the virus to infect taget cells was impaired in the Jak3-deficient environment.

Type I interferons, IFN-a and -13, have been shown to inhbit unlimited viral replication

upon LCMV infection (271). Therefore, the decreased levels of viral titers observed in

the Jak3- - mice may be due to higher levels of type I interferons in these mice. This

hypothesis was not investigated, but recent observations from Joonsoo Kang s group

indicate that defects in the ST AT 5 signaling pathway may lead to dysregulated signaling

through STAT 1 , which is required for type I interferon receptor signaling. I also

examined spleens from mice one month after LCMV infection and observed that 
Jak3-

mice stil caried high titers of the virus. Thus, the CD8+ T cell response observed in

Jak3- mice is either not suffciently potent, or not rapid enough to clear the LCMV from

the periphery.
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Table II Jak3-deficient mice are not able to clear an LCM virus infection

Viral titers were calculated at different time points following LCMV infection by plaque

assay analysis of spleens from infected and unnfected mice, as described in the materials

and methods. The viral titers for 2-4 Jak3- - or Jak3 control mice, at each timepoint

were calculated. The table shows the average of PFU/mL per spleen of each mouse

genotype at the specific times following LCMV infection.
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In an effort to determine why only a fraction of Jak3- mice (40%) made a CD8

T cell response to LCMV infection, albeit a limited one, I examined the capabilty of

CD4+ T cells to become activated in response to LCMV. Even though CD8+ T cells from

WT mice can mount a fuctional response in the absence of CD4+ T cell help, I reasoned

that Jak3- CD8+ T cells may be more dependent on this help. As mentioned above, the

percentage of CD4+ T cells in Jak3-deficient mice are highly elevated compared to wild

type control mice. During the course of the immune response, the percentage of Jak3

CD4+ T cells remained fairly constant, with elevated total numbers at the peak of the

response. Likewise, the percentages of Jak3- CD4+ T cells remained constant, but in

contrast to the WT control mice, the total numbers also remained unchanged. I examed

IFN-y and TNF-a production by CD4+ T cells, using an MHC-class-II dominant epitope

GP-61. Between day 12 and day 14, the peak of the CD4 immune response, freshly

isolated cells from infected Jak3- and Jak+ cells were restimulated with the epitope 

vitro for five hours. CD4+ T cells from WT mice made a significant amount of IFN-

5 %) (Fig. 18 A). Most of these cells also produced TNF-a (Fig. 18 B). CD4+ T cells

from Jak3-deficient mice were able to produce IFN-

y (

8%), but the percentage of

responding cells, as well as the amount of cytokine produced were reduced compared to

the control mice (Fig. 18 A and B). Similarly to CD8+ T cells, responding CD4+ T cells

did not produce TNF -a in response to LCMV (Fig. 18 C).
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Fig. 18 Jak3- - CD4+ T cells produce low levels of IFN-y and no TNF -Q in response to

LCMV

Total splenocytes from Jak3- and control Jak3 mice were restimulated for 5 hours 

vivo with 5!JM synthetic peptide, LCMV GP61 at different timepoints following LCMV

infection. Production of IFN-y (A), TNF-a (C) and IL-2 (data not shown) by CD4+ T

cells was measured by intracellular cytokine staining (materials and methods). Each

sample was also stained with isotype control Abs. (data not shown). The numbers

represent the percent of CD4+ T cells making IFN-y (A) or TNF-a (C). B) The mean

fluorescent intensities ofIFN-y production were measured for all samples and the average

is depicted as a red line. The Jak3- results are representative of mice that were able to

mount a CD4+ T cell-mediated effector response ( 80% of all mice investigated, n=12).

The Jak3 mice are representative of all mice investigated whose responses where

always consistent.
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2 Constitutive Bcl-2 expression restores the naive CD8+ T cell compartment 

OT-1 TCR transgenic Jak3- - mice

One concern about the experiments described above is the possibility that the poor

anti-viral response by Jak3- CD8+ T cells is due to a greatly reduced TCR repertoire in

Jak3- mice. For instance, our previous studies have shown that peripheral CD4+ T cells

in Jak3- mice have a highly skewed TCR repertoire not representative of the diversity of

receptor specificities found in wild type mice (265). Should this be the case Jak3- mice

might display an impaired anti-viral response due to greatly reduced numbers of LCMV-

specific CD8+ T cells, and not because the cells are fuctionally impaired.

To circumvent this concern, I generated mice with normal numbers of peripheral

CD8+ T cells in the absence of Jak3. As described in chapter IV , by crossing Jak3- bc1-

transgenic mice to the OT -1 TCR transgenic line I was able to generate mice that had

large numbers of peripheral CD8+ T cells expressing the OT - 1 TCR (Fig. I5). In fact

Jak3- bc1-2 transgenic OT - 1 + mice had comparable numbers of peripheral CD8+ T cells

as control Jak OT- + mice; fuermore, the Va2+ CD8+ T cells in all of these mice

were virtally all CD44

3 Jak3- OT- bcl-2 transgenic CD8+ T cells are activated efficiently 
in vitro, but

proliferate poorly

The naive CD8+ T cells from these Jak3- OT- bc1-2 transgenic mice provided an

opportunity to assess T cell survival, activation, proliferation, and cytokine production

responses for CD8+ T cells lacking all yJJak3-dependent cytokine signals. In a first

147



series of experiments , I examined T cell responses in vitro, following stimulation of

purified CD8+ T cells from Jak3- OT - 1 +bc1- + or Jak3 OT 1 +bc1- + control mice with

dendritic cells (DCs) loaded with the ovalbumin peptide , SIINFEKL. After 48 hours

cells were pulsed with 3H-thymidine, and proliferative responses were assessed. 

shown in Figure 19 A, CD8+ T cells from Jak3- bc1- 0T- + mice did proliferate in

response to the ovalbumin peptide with a dose response similar to the control Jak3 bc1-

0T- + cells. However, the magntude of the proliferative response by the Jak3- T cells

was greatly reduced, and only reached a maximum of 25% that of the controls. A

comparable response was also observed to the pharacological agents, PMA plus

ionomycin. Nonetheless, these data demonstrate the remarkable finding that naIve CD8

T cells completely lacking all y /Jak3-dependent cytokine signals can mount a modest

proliferative response. This finding is in direct contrast to that seen with peripheral T

cells from non-transgenic Jak3- mice , which are completely non-responsive to mitogenic

stimulation in vitro.

I also assessed the activation status of Jak3- bc1- 0T - 1 + CD8+ T cells stimulated

in vitro with antigen plus APCs. 48 hours following stimulation, the cells were isolated

and stained with antibodies to CD8 and CD44. Figure 19 B shows the percentage of

CD44 CD8+ T cells from Jak3- bc1- 0T- + and control Jak3 bc1- 0T- + mice.

Interestingly, the Jak3- cells were activated as efficiently as the control CD8+ T cells

and showed a comparable peptide dose response curve. These data indicate that naIve

CD8+ T cells can be activated in the absence of all yJJak3-dependent cytokine signals.
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The discrepancy between the proliferative response and the activation status of

Jak3- bc1- 0T - 1 + CD8+ T cells following in vitro stimulation prompted me to examine

the survival properties of these cells following in vitro cultue. In spite of the constitutive

expression of Bc1- , JakT - T cells show markedly reduced survival after 48 hours in

culture compared to control T cells (Fig. 19 C). This impaired survival was observed

regardless of the peptide concentration used to stimulate the T cells, and was independent

of the extent of T cell proliferation seen at each condition.
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Fig. 19 CD8+ T cell activation results in reduced proliferation and increased

apoptosis in the absence of Jak3/yc-mediated signals

U sing bone marrow derived dendritic cells pulsed with different concentrations of

SIINFEKL peptide , the same number of CD8 0T - 1 +bcl- + cells from Jak3- or Jak3

control mice were stimulated in vitro for 48 hours. As controls, the same number of

CD8 0T - 1 +bcl-2+ T cells from each mouse genotype was stimulated in the presence of

non-pulsed DCs. A) 24 hours post stimulation I Ci/well 3 (H)-thymidine was added to

some of the cultures and the amount of CD8+ T cell proliferation was determined by

thymidine incorporation -20 hours later (-48 hour incubation total). B) The activation

status of cultured CD8+ T cells was determined by CD44 and CD62-L (data not shown)

expression. C) The percentage of cells undergoing apoptosis was determined by staining

cells with PI and anexin V.
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Finally, I investigated the ability of Jak3-deficient OT - 1 +bcl- + T cells to make

IFN-y in response to antigenic stimulation in vitro. Positively selected CD8+ T cells from

Jak3- or Jak3 OT- bc1- + mice were incubated in the presence of SIINFEKL-pulsed

congenic WT splenocytes for 48 hours. Golgi plug was added during the last five hours

of the incubation, and IFN-y production was measured by intracellular cytokie staining.

A moderate percentage of the Jak3 control CD8+ T cells was able to make significant

amounts of IFN-y by this time point ( 12% of the CD8+ T cells) (Fig.20). In contrast

only a very limited percentage of the Jak3- CD8+ T cells in these cultues was able to

produce IFN-y in response to the peptide stimulation, and the percentage of Jak3- CD8+

T cells remaining in the culture were reduced compared to the Jak3 control cells

(Fig.20).
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Fig.20 Reduced levels of CD8+ IFN-y effector cells and IFN-y production 
in vitro, 

the absence of Jak3

The same number of Va2+ CDS+ T cells from Jak3 or Jak3- bc1- 0T- + mice were

stimulated in vitro by SIINFEKL-pulsed congenic splenocytes. As a negative control, the

same number of Va2 CDS+ T cells from each genotype were incubated in the presence of

congenic splenocytes that had not been pulsed with the peptide. Golgi plug was added to

all the wells afer 40 hours of incubation at 37 . Five hours later, the cells were stained

for surface markers (CD4, CDS , CD45.2) and then intracellularly stained for IFN-y or an

isotype control Ab. The left panels depict the Jak3+ CD8+ T cells, the right panels depict

Jak3- CDS+ T cells that were incubated in the presence of splenocytes alone (top) or

SIINFEKL-pulsed splenocytes (bottom).
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4 Adoptively- transferred Jak3- bcl- 0T- + CDS+ T cells expand and differentiate

in response to viral infection

The presence of large numbers of naIve CD8+ T cells of known antigenic

specificity in Jak3- bcl- 0T- + mice also provided an opportty to assess the in vivo

capabilities of these T cells. To utilize a system as physiologically-relevant as possible, I

took advantage of vaccinia virs recombinants that had been engineered to express the

chicken ovalbumin protein (vaccina-ova). Thus, after inection of mice, virs-infected

cells will express and present the ovalbumin antigen containg the OT - I-specific epitope

(SIINFEKL). To assess the responsiveness of Jak3- CD8+ T cells , I used an adoptive

tranfer protocol, where 2.5 x 10 purified CD8+ T cells (see materials and methods) from

Jak3- "bcl- 0T- 1+ or Jak3 "bcl- 0T- + mice were introduced into congenic (C57BL/6-

CD45.1l recipients one day prior to vaccinia-ova infection. This strategy provided an

importt advantage, in that CD4+ and CD8+ T cells in the host would be present to

generate a wild tye imune response to vaccina virs, thus providing any CD4+ T cell

help or other importt accessory fuctions.

Following adoptive transfer and infection with vaccinia-ova, the activation

expansion, and differentiation of the transferred OT + CD8+ T cells was assessed at days

, 5 , and 8 post-infection (Fig.21). Day 0 represents the mice that were injected with

cells but not infected with the vaccina-ova constrct. These mice were analyzed 72

hours followig adoptive transfer of the OT + T cells. At ths timepoint, a very small

population of OT- + T cells (CD45.2l are visible in mice receiving Jak3 "bcl- 0T-

cells (Fig.21 A). These cells are predominantly CD44 , as expected (Fig.21 B). The
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transferred Jak3- bc1- 0T- + cells are more diffcult to detect at ths timepoint, perhaps

due to their dimshed surival properties. Followig vaccinia-ova inection, a response

by the tranferred T cells is first visible at day 6. In mice receiving Jak3 oc1- 0T - I +

cells, the OT - 1 + T cells represent:; 3% of splenocytes at day 6 post-infection, a 30-40-

fold expansion from the staring population. Expansion of the transferred Jak- oc1-

0T - 1 + cell population was also visible at this timepoint, although the proporton of

Jak3- T cells was substantially less than that for the control cells. As expected, both

Jak3 and Jak- populations of expanded OT - 1 + cells were CD44 at day 6. Given the

reduced numbers of CD8 Jak3- T cells stil present 3 days post cell transfer, it is

possible that the decreased accumulation of activated Jak- CD8+ T cells observed at the

peak of the response is due to the limted staing Jak3- T cell population, and not to an

inability of these cells to proliferate. By day 9 post-infection, the OT- + CD8+ T cells in

both sets of anals were reduced in percentage compared to the peak at day 6, and the

cells remaing were all CD44 hi

To assess the differentiation status of the activated OT - I + CD8+ T cells in the

vaccinia-ova-infected mice, I examined their abilty to produce IFN-y upon ex vivo

stimulation with PMA plus ionomycin. As shown in Figure 21 C, a comparable

proportion of the transferred Jak3 and Jak3- T cells are capable of producing IFN-y at

days 6 and 9 post-inection. As another measure of the fuctional response of the

transferred T cells to the virus infection, I also examined proliferation in vivo. For ths

analysis, the purified CD8+ T cells from the Jak- ocl- 0T- + and the Jak3 ocl- 0T-

1 + mice were labeled with the fluorescent dye, CFSE, prior to adoptive transfer. As can
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be seen in Fig.21 D, the transferred cells, wherever visible, remain CFSE-high (i.e.

undivided) at day 0 and day 2 post-infection. By day 6 post-inection, all detectable

transferred OT -1 + T cells are completely CFSE-negative. These fidings indicate that the

T cell proliferation is occurg between day 2 and day 5 post-inection, and that both the

Jil- and the Jak3 cells are undergoing maximum rounds of cell division.

Nonetheless, tranfer of the identical number of OT - 1 + T cells from the two donor strais

results in a substtially reduced accumulation of Jak3- CD8+ T cells. This conclusion

indicates a profound defect in surival by activated Jak3- CD8+ T cells, even in the

presence of high levels of the pro-surval factor, Bcl-

159



Fig.21) Reduced accumulation of Jak3- - CD8+ T cells during an in vivo immune

response

5 X 10 CFSE-labelled CD8 T cells from Jak3 or Jak3- OT- c1- + mice were

injected Lv. into congenic (CD45. 1) mice. 24 hours later all mice, except for the

unected control mice, were injected with 1.0xl0
7 PFUs 

ofa vaccinia-ova constrct. 

day 3 post cell-transfer and day 2 post vaccinia-ova injection the spleens from unnfected

and 2-day infected mice were isolated. The abilty of transferred cells to surive

proliferate and respond to the antigenic challenge was analyzed. Similarly, 6 and 9 days

following the vaccinia-ova injection, spleens from infected mice were isolated and the

transferred cells investigated. A) The percentage of CD8+ transferred T cells was

calculated by CD45.2 mAb staing, at the different timepoints. B) Their activation

status was analyzed by gating on CD8+ T cells and analyzing CD44 expression. C) Their

ability to differentiate into effector cells was investigated by analyzing the production of

IFN-y following ex vivo restimulation for five hours. D) The abilty of transferred CD8

T cells to proliferate was investigated by exainng the amount of CFSE dilution.
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C. DISCUSSION

Cytokines of the y /Jak3-dependent family are known to playa critical role in the

maintenance of T cell homeostasis. IL- 7 is important for T cell development, as well as

for the surival of naIve CD4+ and CD8+ T cells, while IL- 15 is involved in the

proliferation and thus in the maintenance of memory CD8+ T cells. The role ofIL-2 has

been more diffcult to establish, as various studies have demonstrated defects in both the

proliferation of CD4+ and CD8+ T cells, as well as in activation induced cell death in the

absence of IL-2 receptor signaling. Given these diverse and crucial roles for yJJak3-

dependent cytokines, together with the knowledge that Ye- or Jak3-deficient humans have

a fatal severe combined immunodeficiency disease (SCID), it was always assumed that

these cytokine signals would be essential for all T cell fuction.

It has been paricularly diffcult to address the role of yJJak3-dependent cytokine

signals for CD8+ T cell function, as mice lacking these cytokine signals have severe

deficiencies in peripheral CD8 T cell numbers. A previous study was successful in

examining the antigen-specific responsiveness of ye deficient CD4+ T cells, and

concluded, surrisingly, that these T cells were nearly normal for proliferation

differentiation, and effector cytokine production following 
in vivo activation. However

no comparable study has yet been performed on Yc- or Jil-deficient CD8+ T cells.

I examined the ability of Jak3- CD8+ T cells to respond to viral infections using

two independent systems. The first utilzed intact Jak3- mice infected with LCMV, and

took advantage of the immense magnitude of the CD8+ T cell response to this virus, in

addition to the wealth of useful reagents for characterizing LCMV -specific T cell
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responses. As a second system, I utilized TCR transgenic Jak3- naIve CD8+ T cells

expressing a receptor for chicken ovalbumin, and stabilzed this cell population with

constitutive expression of the Bcl-2 gene. These ovalbumin-specific T cells were then

adoptively-transferred into wild type hosts, which were then infected with a recombinant

vaccinia virus expressing chicken ovalbumin. An advantage of this latter system is that

the T cell population under study is much more comparable between 
Jak3- and Jak3

and in addition, the transferred cells are responding to the virus in the context of an intact

wild type host immune system.

In spite of the differences inherent in the two systems, both in the natue of the

pathogens and in the differences in the responding cell populations, the results I obtained

were generally consistent. However, I did observe a lack of consistency in the ability of

intact Jak3- mice to respond to LCMV infections. Specifically, only 40% of the mice I

examined were able to mount a CD8+ effector T cell response to LCMV , as measured by

proliferation and IFN-y production. Since Jak3- mice have extremely reduced numbers

of matue CD8+ T cells, and their TCR repertoire is likely to be skewed, it is possible that

the inability of some of these mice to respond to LCMV results from a low proportion or

total absence ofLCMV specific T cell clones in these individuals. Furter, the response

generated by the Jak3- mice that could produce an LCMV-specific CD8+ T cell effector

population was extremely impaired, and ultimately, insufficient to clear the virus. Since

in this system it is impossible to track the starting population of LCMV -specific

precursor cells in mice prior to infection, it is difficult to determine the relative expansion

of virus-specific CD8+ T cells in Jak3- - mice versus controls. Finally, mice deficient in
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Jak3/Ye-mediated signals lack NK cells and have reduced levels of CD8+ DCs (Wallace

, unpublished data). Therefore, the activation of the innate ar of the imune system

and consequent activation of the adaptive system may be impaired in these mice, which

may result in the inability of CD8+ T cells to become functional CTLs. Thus, the precise

nature of the defect in generating a protective CD8+ T cell response to LCMV in Jak3-

mice canot be deduced from these experiments.

For this reason, I turned to a second system where it was possible to ensure

comparable numbers and surface phenotype (i. , CD44 ) of the staring populations of

antigen-specific CD8+ T cells. Using the OT- l adoptive transfer system, I was able to

carefully assess the surival, activation, expansion, and differentiation of Jak3- CD8+ T

cells while they were activated in a WT environment. These experiments demonstrated

that, on a per cell basis, Jak3- - CD8+ T cells became activated, proliferated, and

differentiated into cytokine-producing effector cells with comparable efficiency to

control CD8+ T cells in response to antigenic stimulation 
in vivo. In spite of this, the

overall accumulation of antigen-specific 
Jak3- CD8+ T cells was markedly reduced,

averaging only 10% compared to Jak3 cells. This striking defect is particularly

significant, as identical numbers ofOT- + CD8+ T cells were transferred from Jak- and

Jak3 donors; thus, in this case, the issue of precursor frequencies and/or absolute cell

numbers prior to infection canot be a factor. In general , these results are in agreement

with recent reports that suggest that IL-2- and IL-15-deficient CD8+ T cells are activated

and can proliferate in response to a specific Ag but they canot undergo the subsequent

proliferative expansion and accumulation observed in WT mice by the peak of the
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immune response (211 , 212). Our results suggest that the reduction in CD8+ T cell

responses is greater in the absence of all Ye cytokine signals, probably due to the absence

of cytokines that may, in previous studies, have provided compensatory fuctions. For

example , recent reports have shown that IL-21 can enhance in vitro T cell responses to

alloantigen during a primary stimulation, resulting in the generation of more potent

effector T cells (272). However, since the levels of Jak3- CD8+ T cells in uninfected

mice were significantly reduced 3 days after their adoptive transfers, it is also possible

that CD8+ T cell proliferation was not as impaired but that the 
Jak3- T cells were not

able to surive and thus become activated and proliferate in response to the antigenic

challenge, which was inficted 24 hours after the transfer of the cells into the congenic

hosts.

A second striking aspect of these fmdings is the fact that 
Jak- CD8+ T cells fail

to surive and accumulate in spite of their constitutive expression of Bc1-2. It is unlikely

that constitutive expression of Bcl-2 altered the fuctional responsiveness of the CD8+ T

cells in our experiments. Previous studies have shown that enforced expression of Bc1-

leads to normal activation and subsequent deletion of activated T cells (117). 
Instead,

these data strongly suggest that cytokine signals are responsible for multiple aspects of

cell surival that is independent of Bc1-2 up-regulation. It is also possible that, in the

presence of competing Jak3 T cells in a WT environment Jak3- CD8+ T cells were

more prone to apoptosis due to the lack of surival signals mediated though the IL- 7 and

IL-15 receptors. A comparison of the gene expression profies of Jak3- CD8 cl-
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transgenic versus Jak3 -cD8+bc1-2 transgenic cells may provide information on the

identity of these additional factors.

The results from our in vitro stimulation experiments with CD8+ Jak- OT- bc1-

+ T cells were highly consistent with the data obtained from the 
in vivo infection models.

Across the entire peptide dose-response tested, the proliferative response of Jak3- T cells

was clearly detectable, but was markedly reduced compared to control cells. The fact

that the Jak3- T cells proliferate at all following antigen stimulation is quite surrising,

as these cells are incapable of responding to any of the known T cell growth factors. One

possibility is that a few rounds of cell division following TCR/CD28 stimulation is

cytokine-independent, as has previously been reported (JI170). In this study, however

CD8+ T cells underwent 3-4 rounds of division without requiring cytokine signals, but

then failed to differentiate into cytokine-producing effector cells. In our hands in vitro

TCR stimulation of Jak3- - CD8+ T cells was able to induce differentiation of IFN-

producing cells, however the numbers of responding T cells were reduced and the amount

of cytokie produced was also severely impaired compared to WT CD8+ T cells.

Overall, our results suggest that CD8+ T cells can become activated and are able

to undergo several rounds of proliferation, while differentiating into IFN-y producing

cells in the absence ofYe cytokine signals. However, their ability to expand and mount a

strong effector fuctional response is highly impaired. In the absence of Jak3/ye-mediated

signals, CD8+ T cells lose their effector functionality, such as their abilty to produce

TNF -a or granme B , they are more susceptible to apoptosis than WT cells, and their

response is not sufficient to clear a viral infection.
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CHAPTER VI

DISCUSSION
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From the earliest stages of development and throughout life, a properly

functioning immune system is essential for the health and survival of all mamals.

Failure of the immune system to protect the organism from infection, and inappropriate

reactions of the system against the organism s own tissues result in chronic disease,

immunodeficiencies, autoimmunity, and even death. Understanding the factors that

regulate the proper fuction of the immune system is essential for the development of the

necessar tools that will prevent and cure diseases and immune related disorders.

The development of adaptive immune responses is critical for the successful

clearance of most pathogenic infections. The effector cells of the adaptive immune

system, B and T lymphocytes are characterized by the expression of a highly diverse

antigen receptor repertoire capable of recognizing virtually any foreign pathogen (I , 2 , 4

, 7). This diversity is generated though the random recombination of large familes 

antigen receptors genes during lymphocyte development. However this diversity must

be also tempered by the need to distinguish between self and non-self, to avoid

inappropriate imune reactions against self-tissues. The abilty of lymphocytes to do

ths is one of the most fascinating aspects of the immune system and complex regulatory

mechansms are required to establish and maintain this state (19, 20, 24, 28, 29). Every

stage of lymphocyte development, surival and fuction is therefore regulated not only

by whether a lymphocyte expresses an appropriate antigen receptor, but also by the

context in which it recognizes that antigen. More specifically, by the presence of self-

MHC and co stimulatory molecules, and by the cytokine milieu in which it receives these

signals (66 , 71- , 92- , 109, 110, 112 , 196, 197 202).
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For T lymphocytes, cytokines that signals though the Ye chain, playa prominent

role in regulating almost every phase of their life cycle; from their development in the

thymus, through steady state survival of mature lymphocytes, to their capacity to

circulate thoughout the body in search of infecting agents, and finally in the initiation

and resolution of specific immune responses (74 , 75 , 179- 181 , 183 , 185 , 189, 196, 197

200-203 206-208 210-212).

Signaling though Ye depends unquely on the Jak kiase (150 , 151 , 177-181). A

great deal of our understanding of the role of these cytokines in T cell immunty comes

from analysis of Jak3-deficient mice. Ths chapter discuses the insights these studies have

provided into the importance of the Ye chain cytokines in T cell development, T cell

homeostasis and T cell fuction.

T cell development takes place in the thymus where stem cells from the bone

marow commit to the T cell lineage in response to signals from the thymic environment

(7). In the absence of Ye- or Jak3-mediated signals overall thymus cellularity is greatly

reduced (16, 17, 179- 181), and there is a complete block in the development ofy T cells

NK and NKT cells. By comparison with mouse strains deficient in individual cytokines

or cytokine receptors, the cytokines responsible for certain aspects of the y e
/Jak3

deficiency phenotype have been determined. For example IL-7 is absolutely required for

T cell differentiation, while the absence of IL- 15 signaling appears to be solely

responsible for the lack of NK and NKT cells (191-194). The role of individual 

cytokines in aB T cell differentiation is less clear. While aB T cells are reduced in
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number in Jak3- and yc deficient mice , parly due to a block at the TN2 (CD44+ CD25

to the TN3 (CD44- CD25 ) transition, at least some T cells progress though all stages of

thymocyte development and become matue CD4+ and CD8+ T lymphocytes (43, 179,

180 , 189). This phenotype is in some respects consistent with that of mice deficient in

IL-7 alone, which also have greatly reduced thymocyte numbers suggesting that IL-

plays a non-redundant role in early thymocyte expansion (185, 186).

One well-known fuction of IL-7 is the upregulation of the anti-apoptotic factor

Bcl-2 (17 , 187). Given the reduction in thymic cellularity that results from the absence of

IL- 7 signaling, several studies have investigated whether this aspect of the thymic defect

in yc deficient mice may be rescued by the enforced expression of Bcl-2. To do this, IL-

deficient as well as ye deficient mice have been crossed to Bcl-2 transgenic mice that

express BcI-2 under the control of different promoters. However, these investigations

have produced conficting results; whereas some groups claimed that Bcl-2 expression

was sufcient to rescue the developmental defect in both IL-7 and ye deficient mice (18,

248 , 249), other groups claimed that Bcl-2 expression merely resulted in a limited

increase of thymocytes numbers, and did not correct the block observed in the

development of thymocyte progenitors in these mice (17 250). In an attempt to clarify

these findings, I investigated the development ofthymocytes in Jak3-deficient mice that

expressed Bcl-2 under the E promoter. Consistent with Rodewald et al (250), I

observed that even though there was a slight increase in thymocyte numbers in Bcl-

expressing Jak3-deficient mice, progression from the TN2 to the TN3 stages of

development was not rescued by the enforced expression of Bcl-2. Therefore, it appears
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that BcI-2 is necessar for the survival of thymocytes, and its expression leads to an

augmentation of thymocyte numbers in Jak3/Ye deficient mice. However, since Bcl-

expression alone is not sufficient to rescue the developmental block between the TN2 and

TN3 stages, either additional IL-7-mediated effects, or fuctions mediated by other Ye

cytokines are required for the proper development of progenitor cells in mice.

Since it has been demonstrated that BcI-2 expressed under the H-2K promoter

caused the generation of increased thymocyte numbers compared with Bcl-2 expressed

under the Ell promoter, it is possible that the failure to rescue the block in development

may have been due to the inabilty of the Ell promoter to drive expression of BcI-2 in

early progenitors. However, two independent studies demonstrated that, under the Ell

promoter, Bcl-2 was expressed in all TN stages of development and that its expression

led to the in vitro survival of these cell populations in the absence of cytokines (250

253). Furermore, analysis of Bc1-2 expression in the absence ofIL-7 revealed that Bcl-

2 expression at the TNI (CD44+ CD25") stage was independent ofIL-7 (187). Because

the studies conducted using the H-2K promoter did not include an analysis of the TN

stages of development, we do not know whether the higher number of thymocytes

observed in ths system was simply due to a greater accumulation of thymocytes or an

actual rescue in the developmental block. Therefore , while it remains possible that the

block in thymocyte development can be overcome if Bc1-2 is expressed by even earlier

progenitors or at a higher concentration than that achieved by the Ell-mediated

expression in our model system, I would argue that the level ofIL- induced expression

of Bcl-2 is more consistent with our model, and therefore either that IL-7 mediates
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fuctions other than regulating BcI- , or that other Yc cytokines are involved in regulating

the TN2 to TN3 checkpoint.

As mentioned above, some aj3 thymocytes are able to undergo every step of

development and matue into CD4+ and CDS+ T cells in Jak3- and yc deficient mice (179-

181), such that total numbers of mature T cells appear to be normal. However, the

majority of these peripheral T cells are CD4+ and appear to have an activated or memory-

like phenotype, characterized by the upregulation of CD44 and the downegulation 

CD62-L (179). Thus, normal T cell homeostasis is highly dysregulated in these mice in

terms of both the CD4 to CDS ratio, as well as the naIve to memory T cell ratio. In the

absence of Ye cytokine signals, naIve CD4+ and CD8 , as well as memory-like CDS+ T

cells appear to be virtally absent from the periphery. This is perhaps not unexpected as

several reports have demonstrated that IL- 7 is necessary, not only for the surival but

also for the homeostatic proliferation of naIve T cells (57 , 73- , 212), while both IL-

and IL-7 are essential for the survival and homeostatic proliferation of CDS+ memory T

cells (74 , 197 , 199, 200). In contrast, both the surival and homeostatic proliferation of

memory CD4+ T cells have been shown to be independent of Ye cytokines (74, 75).

However, recent reports suggest that the surival of memory CD4+ T cells is somewhat

dependent on IL-7-mediated signals (201 202).

The expansion and activation of CD4+ T cells observed in Jak3-deficient mice

could in theory be a result of developmental defects, TCR-dependent activation defects

or some other TCR-independent T cell intrinsic defect. Several previous reports suggest

that negative selection during thymocyte development takes place normally in mice
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deficient in ye-mediated signals (11, 16). The restoration of Jak3 expression in Jak3-

thymocytes by introducing a Jak3 trans gene under the control of the Lck proximal

promoter further discounts a developmental defect as the underlying cause of the

disruption of normal peripheral homeostasis (205). These mice, which express Jak3 only

in the thymus, generate normal numbers of thymocytes, but lose Jak3 expression in the

peripheral T cells; despite this, the peripheral T cell comparent recapitulates that of

non-transgenic Jak- - mice and is characterized by the expansion of matue memory-like

CD4+ T cells.

These findings suggest that expansion of CD4+ T cells most likely takes place

after export from the thymus, but there remains the problem of whether this peripheral

CD4+ T cell activation and expansion is dependent on TCR specificity, or represents a

cell intrinsic defect. Crossing Jak3- or ye deficient mice to MHC class 1- or class II-

specific TCR transgenic mice resulted in a significant reduction in peripheral T cell

numbers. TCR+ T cells in these mouse models appeared to have a naIve phenotype

suggesting that TCR-specific signals were required for the activation and expansion of

mature T cells in Jak3- and 
I- mice. I therefore hypothesized that if CD4+ T cell

expansion was TCR-specific, only specific T cell clones would populate the periphery of

Jak3- mice. I investigated this theory using CDR3 spectratype analysis to examine the

CD4+ TCR repertoire in the periphery and thymus of Jak3-deficient mice. I observed that

the TCR repertoire of CD4+ peripheral T cells in Jak3- mice was significantly skewed

compared to that of Jak3 control CD4+ T cells. Ths skewig was not observed in Jak3-

1- thymocytes, suggesting that the preferential expansion of certain CD4+ T cell clones
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took place in the periphery of Jak3-deficient mice and that the activation and expansion

of matue T cells in these mice is dependent on the specificity of the TCR.

T cell homeostasis dysregulation in Jak3-deficient mice

From the results described above, I propose the following model to explain the

dysregulation in T cell homeostasis characteristic of mice deficient in Jak3/Ye
-mediated

signals. Durng development, a very low number of precursor DN thymocytes begin to

rearange the TCR chain, committing to the a T cell lineage. Small numbers of these

cells proceed through every stage of thymic development and are normally selected into

mature SP CD4+ and CD8+ T cells. The reduced numbers of CD8+ T cells in Jak3-

deficient mice maybe initiated at the CD8+ SP thymocyte stage as these cells have been

shown to be more dependent on BcI-2 and Bcl-xL (induced by IL-7 and IL- 15) for their

surival (190) (Fig.22).

Having completed development and entered the periphery where they circulate to

secondar lymphoid organs, mature naIve CD4+ and CD8+ T cells normally require

signals mediated though the IL-7R in order to surive. Therefore , most naIve Jak3-

CD4+ and CD8+ T cells, lacking the abilty to receive IL-7 signals, wil die shortly after

entering the periphery. However, certin Jak3- T cell clones may be rescued from ths

fate if they receive stronger TCR signals, through recognition of self-peptides or

environmental Ags found in the gut flora that might compensate for the lack of IL- 

signals. The Ag-driven activation and expansion of these cells would effectively rescue

them from their dependence on IL-7 surival. Ag-driven activation of CD4+ T cells in
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Jak3- mice could be exacerbated by the lack of CD2S CD4+ regulatory T cells. A few

studies have suggested that the T cell expansion and autoimmunity observed in IL-

deficient mice can be reverted by the adoptive transfer of CD2S+ CD4+ regulatory T cells.

Development of these regulatory T cells is dependent on IL- , and thus they are absent in

IL- deficient mice (132 , 133). Whether or not Jak3-deficient mice have CD2S+ CD4

regulatory T cells has not been elucidated, but recent data from our lab suggests that Jak3-

1- mice are deficient in these cells. Additionally, the reduced numbers of thymocytes

generated in Jak3- mice results in a significantly decreased rate of thymic export into the

periphery in Jak3- compared to WT mice. This means that emerging Jak3- lymphocytes

enter an essentially empty immune comparment. The presence of this "space" may

trigger homeostatic proliferation of the CD4 CD44 memory-like T cells, bringing the

total numbers of T cells to normal levels to fill the available space, comparable to the

expansion seen when small numbers of normal T cells transferred .into a lymphopenic

environment. Cells that have undergone homeostatic proliferation have been shown to

survive for longer periods of time in the absence of Ye cytokine signals. Furermore

activated or memory-like CD4+ T cells in these mice may not be able to undergo AICD

under certain circumstances, due to a defect in IL-2-mediated FasL expression. Even if

memory CD4+ T cells canot surive for long periods of time, their death may be masked

by their continuous proliferation due to the reasons discussed above. In fact Jak3-

matue T cells exhibit higher levels of proliferation and higher levels of apoptosis in vivo

(273). Surprisingly, despite the similarities observed during thymic development

between Jak3- and IL- deficient mice, IL- deficient mice do not present the peripheral
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CD4+ T cell expansion characteristic of Jak3- - mice. In theory, the periphery of these

mice should provide the necessar space for T cells to undergo homeostatic proliferation

therefore , factors other than lymphopenia are required for the activation and expansion of

CD4+ T cells in Jak3-deficient mice. Since the development of CD4+ CD25+ regulatory

T cells appears to be dependent on IL-2 alone, it is possible that IL- deficient mice stil

produce enough levels of these cells, resulting in the regulation of peripheral T cell

activation. Additionally, IL-7 -deficient T cells should not be defective in their ability to

upregulate FasL , which may also contribute to the regulation of T cell activation.

Finally, the environment resulting from the lack of Jak3 may be more conducive to T cell

activation than the IL- deficient environment. For example, Jak3- mice may produce

elevated levels of type I interferons which could lead to the activation of APCs and thus

to the activation and expansion of T cells. In support of this hypothesis I observed that

the LCMV titers during the early phase of the infection were lower in Jak3- mice

compared to Jak3 - control mice, this could be a result of higher levels of type I

interferons. Furthermore, recent observations by Joonsoo Kang s group suggest that

signals mediated through the ST A Tl pathway may be dysregulated in the absence of

STAT5 signals.

Memory CD8+ T cells are dependent on signals mediated through the IL- 15 and

IL-7 receptors to survive and homeostatically proliferate. Consequently, these cells

would also fail to surive in Jak3-deficient mice. In contrast, CD4+ memory T cells are

capable of undergoing homeostatic proliferation in the absence ofyc cytokines and only

their surival appears to be parly dependent on IL- 7.
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Consistent with this model, the periphery of Jak3-deficient mice is characterized

by an almost complete absence of CD8+ T cells and practically normal numbers of CD4

T cells , most of which present an activated or memory-like phenotype. In contrast, the

periphery of Jak3 mice is characterized by the presence of normal numbers of CD4

and CD8+ naIve T cells, a constat ratio of CD4 to CDS T cells (-2:1), and a constant

ratio of naIve (-75-80%) to memory T cells (-15-20%).
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Fig.22 Dysregulated T cell homeostasis in Jak3- mice

A model for the dysregulation in T cell homeostasis observed in Jak3-deficient mice

compared to WT mice is depicted in the following pages and was discussed in the

previous pages. The first page of the model describes T cell homeostasis in a WT mice.

The second page describes my model for the dysregulated homeostasis characteristic of

Jak3- mice.
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T cell homeostasis dysregulation in Bcl-2 expressing Jak3-deficient mice

From the results obtained upon analysis of Jak3- bcl- + mice I propose the

following model for the homeostasis defect observed in these mice. The enforced

expression of Bcl-2 does not rescue the developmental defect in the absence of

Jak3/Ycmediated signals and total thymocyte numbers are greatly reduced in Jak3- bc1-

mice. Consequently, the total numbers of CD4 and CDS matue T cells circulating in the

periphery of these mice are stil very reduced compared to WT mice. Bcl-2 may assist in

the surival of naIve T cells in this system, but the levels of Bcl-2 may not be sufficient

or additional actors may be required for the survival of naIve T cells. 
Additionally,

engagement of TCRs from certain T cell clones with self- or foreign-peptide-MHC

complexes wil result in their activation, as in WT mice which present a significant

percentage of memory-like CD4+ and CD8+ T cells under normal, pathogen-free

circumstances. Additionally, if these mice are deficient in CD2S+ CD4+ regulatory T

cells, the activation and proliferation of mature T cells wil be highly dysregulated.

Finally, due to the reduced numbers of matue peripheral T cells in Jak3- bc1- + mice

CD4+ CD44 T cells wil undergo homeostatic proliferation, thus becoming the most

prominent T cell population in the periphery of these mice. The numbers of naIve CD4

and CDS+ T cells , as well as the numbers of memory CDS+ T cells higher in Jak3- bcl-

than Jak3- mice. This may be a consequence of the enforced expression of Bcl- , since

IL-7 signals that promote naIve T cell survival would normally upregulate Bcl-2 in

mature naIve T cells. Nevertheless, additional mechanisms other than Bcl-2 expression

are probably required for the surival of matue T cells (Fig.23).
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Fig.23 Dysregulated T cell homeostasis in Jak3- bcl- mice

This figure depicts the model described in the previous page , of dysregulated T cell

homeostasis in the periphery of Jak3-deficient mice that express BcI-2 under the Ell

promoter.
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Cytokines are key players in the development of adaptive immune responses

controllng the type, the intensity and the kinetics of a response by specifically inducing

or inhibiting the activation, proliferation and differentiation of immune cells (112, 113

274, 275). Cytokines of the Ye family play important roles in all aspects of T cell

activation, proliferation, effector fuction and memory production. However, due to the

severe developmental defects that result from the absence of ye-mediated signals, it has

been extremely difficult to study their role in T cell activation and effector cell

differentiation. A few years ago, Di Santo s group observed that y/- TCR transgenic

CD4+ T cells were able to respond to a specific Ag stimulation and proliferate to the same

levels and with the same kinetics as WT control cells. They also observed that

transferring already pried y/ TCR+ CD4+ T cells into alymphoid mice resulted in their

abilty to respond to antigenic re-challenge 
and to surive for at least 5 weeks. Therefore

they concluded that ye-mediated signals were required for the surival of naIve CD4+ T

cells but not for antigen proliferation or for the maintenance and restimulation of memory

CD4+ T cells (206). However, recent results suggest that both the production and

surival of memory CD4+ T cells may, at least in par, be dependent on signals mediated

though the Ye chain (201 , 202).

Since Ye- and Jak3-deficient mice have extremely reduced numbers of mature

CD8+ T cells. Therefore, studying the role of yc cytokine signals in CD8+ T cell

activation has been paricularly challenging. Most previous analyses of Yc cytokine

involvement in CD8+ T cell activation has been conducted using mouse models deficient

in only one or two cytokines from the family. However, these results remain
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controversial. Whle it is agreed that IL-2 or IL-15 is essential for mounting a CD8+ T

cell response , the degree to which their absence affects the full development of effector

function remains contentious. Whereas some reports suggest that neither cytokine 

required for the full CD8+ T cell differentiation, others have argued that IL-2 and IL-

determine the intensity of the response and are necessary for full differentiation of

effector CTLs. Of all the Ye cytokines, IL-2 and IL-15 are the most likely candidates to

act as mediators ofT cell activation, but IL- , IL-7 and IL-21 may play an accessory role

and may even compensate, in the absence of the former cytokines. The role played by

other Ye cytokines, such as IL-9, in T cell activation has not been fuly investigated. In

order to circumvent possible cytokine redundancies and fuer elucidate the role played

by all Ye cytokines during T cell activation, I investigated the ability of Jak3-deficient

mice to mount a specific CD8+ T cell response to viral infection.

To ths end I infected Jak3-deficient mice with LCMV, a broadly studied model

of infection that results in a massive and well characterized CD8+ T cell response.

Interestingly, only 40% of the Jak3- mice challenged with LCMV were able to mount a

significant CD8+ T cell response. Furtermore Jak3- CD8+ T cells that did initiate a

response failed to expand and their effector fuction was greatly impaired.

There are several possible explanations for the inabilty of a major proportion of

Jak3- mice to mount a visible CD8+ T cell response upon LCMV infection, but the most

likely explanation is the reduced availability of LCMV specific T cell clones. As

previously discussed Jak3- mice have highly reduced numbers of CD8+ T cells. Furer

these cells most likely tu over extremely rapidly due to their inability to surive in the
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absence of IL-7 and IL- 15 signals. Therefore, it is possible that the abilty of Jak3-

deficient mice to respond to LCMV depends largely on the frequency (or total absence)

of LCMV -specific T cell clones available in the limited CD8+ TCR repertoire present at

the time of infection. Nevertheless, it is important to note that some Jak3- mice were

able to make a measurable response to LCMV , indicating that even though these

responses were highly impaired and insufficient to clear the virus, Ye signals are not

absolutely required for the initial activation of CD8+ T cells. These results are in

agreement with recent reports suggesting a role for IL-2 and IL-I5 during the expansion

phase of CD8+ T cell mediated viral responses but not during the initial activation (211

212). The defects in Jak-deficient mice are much more severe than those obtained with

IL-2 and IL- I5-deficient mice, most likely due to the absence ofIL- , IL-4 and IL-21.

Specially IL-21 has recently been shown to improve CD8+ T cell responses by enhancing

their ability to lyse taget cells and produce IFN-y (272 276).

Interestingly, the impaired function of LCMV -specific Jak3 
1- cells is

reminscent of the phenotype of activated CD8+ T cells durg a chronic inection. In two

different models of chronic viral infections with LCMV, perf orin knock-out mice and

WT mice infected with LCMV clone 13 , CD8+ T cells underwent a hierarchical loss of

fuctionality similar to what I observe in LCMV -infected Jak3-deficient mice (270).

Activated Jak3- CD8+ T cells make IFN-y but are incapable of making TNF-a or

granme B. This prevents them from properly lysing target cells. Similarly, while IL-

and TNF-a production, as well as cell-mediated cytotoxicity were highly impaired during

chronic infection, IFN -y production was more resistat.
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The inability of CD8+ T cells in Jak3- mice to mount a successful CD8+ T cell

response is unlikely to be solely the direct result of the complete absence of Jak3/ye

mediated signals in CD8+ T cells themselves. Alternatively, or additionally, factors other

than the CD8+ T cell intrnsic defects could infuence the ability of Jak3-deficient mice to

generate a robust CTL response. Firstly, the initiation of an innate response against the

virus may have been impaired in Jak3- mice. In paricular, the lack of matue NK cells

has the ability to influence the generation of CTL responses at a number of levels.

Durng cert viral infections, NK cells may limit the viral load by producing cytokies

such as IFN-y and TNF that inhbit viral replication and by direct lysis of infected cells

(274, 277). Lysis of infected cells may also contribute to the uptake of Ag. by DCs.

Additionally, they produce chemokines that result in the recruitment of DCs and other

immune cells, including activated CD8+ T cells, to the site of infection (274 , 277)

However, recent reports have shown that IL- 15- and IL- 15R-deficient mice, which also

lack NK cells, can make potent primar responses to LCMV, suggesting that the absence

of NK cells alone should not preclude the induction of an immune response.

Nevertheless, this possibilty could be addressed in future experiments by adoptively

transferring WT CD8+ T cells into Jak3-deficient mice and investigating their ability to

become activated and clear a viral infection, such as LCMV.

In addition, the loss of CD8+ DCs in adult Jak3- mice (Wallace ME, unpublished

data) could influence the ability of these mice to develop fuctional CTLs. CD8+ DCs

are major producers ofIL- , a cytokine known to promote type I immune responses and

induce IFN-y production (278). However, recent reports suggest that IL- 12-deficient
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DCs can successfully prime CD8+ T cell effector fuction, as measured by cytotoxicity

and IFN-y production in vivo (279). Therefore, the lack of CD8+ DCs in Jak3-deficient

mice may be of limited importce. One way to directly test ths possibilty would be by

injecting WT CD8+ DCs into Jak3- mice prior to a viral infection.

The LCMV model, though physiologically relevant, is complicated by a varety of

external factor in the Jak3-deficient environment (as explained above) that could be

influencing the generation of the CD8+ T cell response, makng it diffcult to assess the

intrinsic role of Jak3-mediated cytokine signals in CD8+ T cell activation and

differentiation. To circumvent these experimental limitations, I generated OT - 1 +bcl-

mice that produce a significant population of naIve CD8+ T cells of known specificity.

This allowed me to isolate equivalent numbers of CD8+ Va- + T cells from either Jak3-

or control mice, and either stimulate them in vitro or transfer them into congenic WT

mice and follow their activation in a more controlled environment. These types of

studies had not previously been possible because of the difficulties associated with

isolating sufficient numbers of CD8+ T cells from Jak3- or TCR transgenic Jak3- mice.

I observed that, both in vitro and in vivo, CD8+ T cells from Jak3-deficient mice were

able to become activated and initiate a specific immune response, however this response

was greatly diminished, in terms of T cell expansion and differentiation into fuctional

cytokine-producing effector cells, compared to WT cells. Comparable to the results

obtained with the LCMV model, in response to a specific viral challenge, Jak3-deficient

CD8+ T cells can be activated, proliferate and differentiate into IFN-y producing effector

cells. However, their proliferation is impaired compared to WT control CD8+ T cells
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and their survival rate is greatly diminished, most likely due to the lack of IL- , IL-

and IL- 7 signals.

SIGNIFICANCE

During a viral infection, the innate ar of the immune system is activated, and

different cell types, such as macrophages and NK cells release infamatory mediators

including chemokines that attact immatue DCs to the site of pathogen entr. DCs pick

up Ag, mature and travel to the secondar lymphoid organs where they activate naIve T

cells that express TCRs specific for the infecting pathogen, thus initiating an adaptive

immune response. Upon activation, T cells doworegulate and upregulate different

receptors that guide them away from the lymphoid organs into the site of infection. They

also differentiate into effector cells capable of lysing infected cells and producing

essential cytokies that fuer mediate their expansion and abilty to clear the infection.

Immediately afer the infection is cleared, most of the activated cells undergo activation

induced cell death, which is mediated by different signaling pathways, while also

producing a small population of memory cells (Fig.23). The following model describes

the role of yc cytokine signals in CD8+ T cell activation and fuction as predicted from

the studies of CD8+ T cell activation and fuction described in ths thesis.

In the absence of Jak3 or Ye, matue CD8+ T cells are unable to surive in the

periphery for any lengt of time, due to their requirement for IL 7 to surive as naIve cells

and IL-7 IlL- 15 to surive as memory cells. Therefore, the small number of CD8+ T cells

present in the periphery at any point in time, most likely represent very recent thymic
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emigrants or maybe cells that have a higher affinity for self-MHC-self-peptide

complexes. On infection with a virus, deficiencies in the innate immune system of Jak3-

mice may reduce the abilty to properly activate the adaptive ar of the immune system.

Notwthstanding these external factors, it is clear from our data that despite the very low

numbers of CD8+ T cells present, at least some activation of CD8+ T cells is possible in

the absence of y e signals. Given the very limited repertoire of CD8+ T cells available in

certain cases, Jak3- mice may be completely devoid of virus-specific CD8+ T cells. This

absence of virus-specific T cell clones results in a lack of CD8+ T cell expansion and

differentiation following the viral infection. If LCMV clones are present their activation

is followed by limited expansion and parial differentiation into effector CD8+ T cells.

However, due to all of these factors, the reduced numbers of virus-specific T cell clones

their inability to differentiate into fuctional effector cells, and their inabilty to lyse cells,

Jak3- mice are incapable of controllng the infection. This results i. a state of chronic

viral infection or death of the mice, depending on the infecting pathogen (Fig. 24).
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Fig.24 Antiviral responses by CD8+ T cells in the absence of Jak3

The following pages describe the working model the development of a CDS-mediated

immune response in the absence of ye dependent cytokines. The first two pages depict a

response mediated by CD8+ T cells in a WT mouse. The third page depicts the immune

response mediated by CDS+ T cells in a Jak3-deficient mouse, against a viral infection.
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