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ABSTRACT

Experimental allergie encephalomyl'litis (EAE) is an autoimmunc discasc

characterizcd by lcukoeytie infiltration of the ccntral ncrvous systcm (CNS) and

demyelination and remission/rclapse. It is induced by CD4+ T cclls. Wc uscd rcvcrsc

transcriptase/polymerase chain reaction to analyse T ccU and cytokinc gcnc

cxpression in thc CNS of SJUJ micc with myclin basic protcin·induecd EAE.

Undctcctable in normal CNS and ccrcbrospinal f1uid. thc cxprcssion of CD3. IL':!. IFN·

y. and TNFo: increased in EAE. corrclating with discasc scvcrity. thcn droppcd 10

background levcls during rcmission. IL·2 and IFN·y wcrc produccd by CD4+

CD4SRBlow T ccUs isolated l'ron LN and CNS. ln contrasl. TNFo: waS prcdominanlly

made by macrophages and microglia in thc CNS. Purificd microglia from normal CNS

were induced to cxpress TNFo: by activalcd TH 1 supernalant. suggesting that TNFo:

expression by ceUs in the CNS could be regulated by cytokines from infillrating T

ceUs. IL·4 was not detectable in total CNS or in isolated CD4+ CD45RBIow ceUs from the

CNS. but was readUy amplified from C04+ CD45RBIow LN T ceUs. This suggests an

enrichment of THI ceUs in autoimmune CNS.

To determine the effect of IFN·y expression in the CNS. we produced transgenic micc

using an IFN·y cDNA downstream of an MBP promoter. Expression of the transgene

was CNS-.pecific. MHC class 1 was induccd in the CNS of transgenic mice.

Transgenic animaIs that were backcrossed up to 5 generations with SJL/J did nOI

develop spon:aneous pathology. However. when they were immunized with MBP in

adjuvant. the penetrance of EAE was greater. symptoms were more severe. and the

duration of the first episode significantly longer than in non-transgenic

littermates, suggesting a role for IFN-y in the amplification and perpetuation of EAE.
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RESU:\IE

L'cnc~phalomy~lit" allcrgi4u" ,,:<périmentak (EAE) est une maladie autoimmune du

systèm" ncrv"u:< c"ntral (SNC) induit" par les celluks T CD4+. Ch"z la souris SJL/J.

l'EAE p"ut être induite par immunisation avec la protéine basique de la myéline.

Dans cc modèle. nous avons trouvé que l'e:<pression des gènes de CD3. IL-2. IFN-y et

T NF lX dans 1:: SNC ct le liquide céphalorachidien est directement corrélée à la sévérité

de la maladie. Les niveau:< d'expression de ces gènes chez des souris en rémission

sont équh'alents aux niveaux mesurés chez des souris normales. L'étude des sources

cellulaires de ces cytokines dans le SNC a révélé que les ARNm d'IL-2 et d'IFN-y sont

transcrits par des cellules CD4+. alors qu" le gène du TNFlX est surtout exprimé par la

microglie et les macrophages infiltrants. D.: plus, les cytokines produites par un

clone Th 1 induisent l'e:<pression du gène du TNFlX dans des cellules microgliales

purifié~'S. C~'S résultats suggèrent que. dans le SNC de souris atteintes d' EAE.

l'expression du gène du TNFlX est régulée par les cellules T infiltrantes. par le biais de

leurs cytokines. L'absence d'e~pression du gène de l'IL-4 dans le SNC de souris

atteintes d' EAE. alors que cette cytokine est abondamment transcrite dans leurs

ganglions lymphatiques, indique une accumulation préférentielle de cellules T de

type Th 1 dans le SNC de ces souris.

Dans le but de définir le rôle de l'IFN-y dans l'EAE. nous avons généré des souris

transgéniques exprimant cette cytokine dans le SNC. Ces souris n'ont pas développé

de manière spontanée une inflamation du SNC. En revanche. quand l'EAE est induite

chez ces souris par immunisation avec la PBM. les symptômes sont plus sévères et la

durée du premier épisode plus longue que chez des souris non-transgéniques de la

même portée. Ceci suggère que l'IFN-y est un facteur déterminant dans

l'amplification et la progression de l'EAE. mais n'est pas. à lui seul. un facteur

suffisant pour induire la maladie.
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PREFACE TO THE THESIS

ln accordance with the guidclines concerning thesis preparation. and wilh the

approval of the Department of Microbiology and Immunology. 1 have opted to

present the e"perimental portion of this thesis (Chapters 2-5. inclusive) in the form

of original papers. A provision in the guidciincs concerning thesis prepration

rcads as follows:

Candidates have tlze option. subject ttJ tlze approval of their Department. of

including as part of tlzeir thesis. copies of the text of a paper(s) submitted for

publication. or a clearly-duplicated text of a publislzed paper(s). provided that

tlzese copies are bOll/ld as an integral part of tlze tlzesis. If titis option is cltosen.

c01l11ecting te.rts. providing logical bridges berween tlze different papers. are

mandatory. The tlzesis must still conform to ail otlter requirements of the

"Guidelines Conceming Tizesis Preparation" and sltould be in a Uterary form tltat

is more titan a mere col/ection of manuscripts pubUslzed or to be pubUslted. The

tlzesis must include. as separate cJlapters or sections: (1) a Table of Contents. (2) a

general abstract in Englislz and Frenclz. (3) an introduction wlliclt clearly states

tlze rationale and objectives of tlte study. (4) a comprehensive general review of

tlze background li/era/ltre to tlte subject of tlte study. when titis review is

appropriate. and (5) a final overal/ conclusion and/or summary.

"Additional material (procedural and design data as weU as descriptions of

equipmenti must be provided in su/ficient detail (eg. in appendices) to al/ow

clear and precise judgement to be made of tlte importance and originality of tlte

researclz reported in tlze tltesis."

"In tlze case of inclusion of manuscripts co-alltltored by the candidate and otlzers

the candidate is required to make an expUcit statement in tlte tltesis of wlto

contributed to suclt work and to wltat extent; supervisors must attest to the

accuraC)' of suclt claims at the Ph.D. Oral Defense. Since the task of the

Examiners is made more di/ficult in tlzeu cases. it is in thl! candidate's interl!st CO

mak.. clear the responsibilities of tlte different autltors of co-authored papers."
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1 have induded. as chapters of this thesis. four original papers. of which tWIl Il,,,,,
been accepted for publication. and two that have been suhmitted fM puhlicatilln.

Chapters 2-5. inclusively. each contain an Abstract. Introduction. Materials and

Methods. Results. and Discussion section. Chapters 3-5. indusivcly. contain prefaces

that serve as the connecting texts to bridge the manuscripts. A General Introduction

and Concluding Chapter have also been included. References are lisled at the end of

every chapter.

The manuscripts. in order of their appearance in the thesis are:

1- Renno. T •. R. Zeine. lM. Girard. S. Gillani. V. Dodelet. and T. Owens. 1993.

Selective Enriehment of Th1 CD45RBlow CD4+ T cells in autoimmune infiltrates in

experimental allergie encephalomyelitis. Int. Immuno!. In press

2 - Renno. T.. C. Piccirillo. J.Y. Lin. and T. Owens. TNFa expression by resident

microglia and infiltrating leukocytes in the CNS of mice with experimental allergic

encephalomyelitis: regulation by Th 1 cytokines. Submitted.

3 - Renno. T.• S. Gillani. R.P. Sekaly. J.P. Antel. and T. Owens. Exacerbation of

experimental allergie encephalomyelitis in transgenic mice expressing interferon­

gamma in the central nervous system. Submitted.

4- Renno. T.• J.Y. Lin. C. Piccirillo. J. Antel. and T. Owens. 1993. Cytokine

production by cells in cerebrospinal fluid during Experimental AIlergic

EncephaIomyeIitis in SJL!J mice. J. Neuroimmuno!. In press
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CHAPTER 1

GENERAL INTRODUCTION
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Specilïc immune responses (IR) are generated when antigens (Ags) arc ree,'gnil.l·d

by T and B cells through thcir surface receptors. T and B cclls arc lymplll'cyte

subsets that develop in the thymus and bone marrow. respectivcly. Hy virtue "r

allelic exclusion. each B cell expresses only immunoglobulin (ig) recepwrs or ,'nly

one specilïcity that recognize the native. 3·dimensional structure or pmtein Ags.

The end result of the ligation of an Ig by its Ag is the production t>y the B cell (lh"V

called plasma cell) of soluble antibody (Ab) of the same specilicity as its surface Ig.

In most cases. Ab production requires. in addition to Ig ligation. help l'rom T eells

specific to the same Ag. Unlike B cells. T cells. also subject to allelie exclusion.

recognize antigen in the form of processed peptides. in association with the produets

of the Major Histocompatibility complex (MHC).

T cells can be subdivided on the basis of their expression of the invariant CD4 or CDS

co-receptors. C04+ T cells recognize specifie peptides in the context of class li :-.tHe.

whereas C08+ T cells recogIÙze peptide in association with class 1 MHe. Class 1 MHC is

expressed on ail nucleated cells. usually associated with peptides that were generated

through the catalytic pathway. whereas class Il MHC is constitutively expressed only

on certain cell types called antigen-presenting cells (APCs). normally in association

with peptides generated. through the endosomal pathway. from exogenous Ags.

Professional APCs. which include dendritic cells. macrophages. and B cells. also

express costimulatory molecules without which a T cell cannot be primed. This

requirement for co-stimulatory molecules on APCs. and the restrÎCted cellular

distribution of class Il MHC means that primary activation of C04+ T ceUs will only

occur in restricted conditions.

This is especially important given that C04+ T cells are the major cc:ll type implicatc:d

in providing belp to B ceUs. C08+ T cells. and macropbagc:s. for Ab production.

2
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cytotoxicity. and phagocytosis/cytotoxicity. resp~ctiv~ly.

cytokine production.

T c~lI help involves

•

•

(For review. see Fundamental Immunology. W.E. Paul. ed. 1989)

Cytokinl's

Cytokines are secrcted -and occasionally membrane-bounà- mediators that are

implicated in inflammation and haematopoietic dcvelopment. The expression and

rcgulation of some of these cytokines in autoimmunc disease will be the focus 0 f this

thesis.

IL-2 is a 14-16 kO glycoprotein (by SOS-PAGE) (Robb et al.. 1981) produced by

antigen- or mitogen-activated T cells (Morgan atld Ruscetti. 1976). Although its

primary activity is the autocrine or paracrine stimulation of T cells. which it induces

to grow and divide. other ceII types express receptors to IL-2. namely natural killer

(NK) cells. whose activity it potentiates (Seigel et al., 1987), and B cells (Hiroisho et

1992). Mice in which lL-2 expression was inactivated by gene targeting show normal

thymocyte and peripheral T ceII subset composition. but exhibit reduced polyclonal

in' vitro T cell responses and increased levels of serum IgG (Schorle et al.. 1991).

lL-4. another T celI-derived cytokine. is a 12-15 kO glycoprotein (by SOS-PAGE) with a

wide range of biological activitics (Howard et al.. 1982). lL-4 has been historically

implicated as a growth factor for B cells (Howard et al.. 1982). ln vitro studies have

shown lL-4 to be involved in thymocyte maturation (Lowentha! et al.. 1988). in T ceII

growth (Sideras et al.. 1988). and in the proliferation of a variety of haematopoietic

precursors (Peschel et al.. 1987). Studies in which the 1L-4 gene has been inactivated

by gene targeting have directly demonstrated :he role of this cytokine in Ab isotype

3
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swilching 10 IgG1 and IgE , but did not support the in vitro findings implicating this

cytokine in thymocyte development and T cell function(Kuhn et al.. 1991).

IFNs are divided into 2 types: type 1 IFN includes IFN-tt and IFN-I3, made by leukocytcs

and fibrobIasts, respectively. These display antiviral properties (Trinchieri ct al.,

1985). Type II or immune interferon (IFI-l-y) is primarily produced by antigen­

activated T ceUs (Perussia et al., 1980). Murine IFN.y is a 21·24 kD glycosylated

polypeptide which acts through a widely distributed high affinily receptor

(Trinchieri el al., 1985). IFI-l-y plays a role in both the inductive and cffector phases

of the immune response. Il is a potent activator of m:lcrophages, in which it induces

phagocytosis and other effector functions (Kelso et al., 1982). In addition tO

upregulating class 1 and class II MHC on the surface of APCs (Virelizier el al., 1984),

IFN-y can induce class II MHC iu cerlain non-professional APCs (Massa el al .. 1987),

which mighl contribute to perpetuating the aetivation of CD4+ T cells in tissues

where APCs may not be readily available. Recently, experiments in which the IFI-l-y

gene was disrupted have pointed to an essential role for IFI-l.y in inducing effector

macrophage function and in the process of clearing intraceUular pathogens from

infected animals (Dallon et al., 1993).

The TNF family includes two proteins encoded by contiguous genes located within the

MHC locus of both humans and mice. TNFtt or eachectiu is predominantly produced by

activated macrophages either as a 17kD soluble faetor (Beutler et al., 1986), or as a

membrane-bound 26kD polypeptide (Kriegler et al., 1988). TNFI3 or Iymphotoxin is

made mainly by activated T lymphocytes as a soluble 20-25 kD protein (Ruddle et al..

1967; Aggarwal et al, 1985), Both TNFa and Iymphotoxin are found as homomultimers,

and although they exhibit only a Iimited sequence homology (28-35%) at the amino

acid level (Gray et al., 1984). the 2 molecnles are functionally relaled sinee they acl

4
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through the same receptor complcx (Li ct al.. 1987). TNFCL was originally identified as

a cachexis-inducing faclOr produced by LPS-induced macrophages (Kawakami et al..

1982). ft is now clcar that this cytokine can be produced by most leukocytes.

including T ceUs (Steffen ct al .. 1988). In addition to its toxicity to tr:Insformed cdl

!ines. TNFCL is exprcssed on the surface of cytotoxic T ceUs (CTL) whose activity can bc

blocked by anti-TNFCL antib,'dies (Liu et al.. 1989). Recent studies in which the gene

cncoding the TNF receptor has been inactivated have confirmed the role of TNF (CL

and ~) in cellular toxicity and have directly implicated these cytokines in the

clearing of inttacellular bacterial infections (Rothe et al.. 1993).

Thl vIs Th2

ln micc. a functional dichotomy in cytokine production has been described for CD4+ T

ceIls. whereby IL·2 and IFN-y are secreted by T helper (Th)1 (inflammatory) cells.

and IL-4 is secreted by Th2 (B helper) ceUs (Mosmann and Coffman. 1989). TNFCL is

produced by both subsets. Original evidence for this dichotomy came from analysis

of murine T ceU clones. a large percentage of which secreted either IFN-y or IL·4.

but sorne of which were found to produce both these cytokines simultaneously.

Interest in Th subtypes was enhanced when it was found that CD4+ T ceU populations

in parasitized rodents and humans were biased towards production either of Th1 or

Th2 cytokines. and that differential production of these cytokines correlated with

resitance or susceptibility to certain pathogens (Locksley et al.. 1987; Heinzel et al..

1989; Yamamura et al.. 1991). Early attempts to identify the factors responsible for

determining the Th subtype of CD4+ T ceUs revealed differences in TCR-mediated

signalling between Th1 and Th2 ceUs. at the level of phosphoinositide turnover

(Gajewski et al.. 1990). This led to the hypothesis that the TeR of a T ceU determines.

through differential signalling. whether a Th ceU will be of one or the other

subtype. Subsequent studies showed that T ceUs expressing the same transgenic TeR

5
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could secrete IFN-y or IL-l. depending on the nature of the APC used. indieating an

important role for APCs. rather than TCR. in this process (Seder al.. 1992).

Activation phenotypes

Regardless of the pattern of cytokines they produce. activated T cells can be

identified phenotypically by examining the expression levels of cenain surface

molecules. For instance, signalling through the TCR induces the expression of the

receptor for IL-2 on the surface of of T cells. Such an expression alone, howeyer,

does not necessarily indicate T cell activation, since it has been shown that anergized

T cells (see below) can aIso express this receptor (Jenkins et al.. 1987). One molccule

whose expression levels have been associated with T ccli activation is CD45R. Amigen

stimulation of CD4+ T cells in vitro induces the conversion of CD45R to low mol wt

isoforms (CD45RBhigh to RBlow in mice, and CD45RA to RO in humans) (Birkeland et

al., 1989). T cells with this phenotype have been shown to be responsible for recall

responses (Powrie and Mason, 1988), and to secrete elevated titers of cytokines upon

in vitro activation, in contrast to n:ùve CD4+ T cells whieh express high mol wt

isoforms of CD45R (Bottomly et al.. 1989. Salmon et al., 1989).

Tolerance

If Ag recognition invariably leads to T cell activation. then safeguards are needed to

insure that IRs are not mounted against self Ags (self tolerance). Tolerance is

obtained through the collective action of several mechanisms:

Clonai deletion. In the thymus. where immature T cells (thymocytes) develop,

certain self Ags are expressed. Thymocytes that reeognize these self Ags. in the

context of self-MHC. with relatively high avidity. are clonally deleted (Kappler et al.

1987; MacDonald et ai.• 1988) by programmed ccli death. or apoptosis {Shi et al•• 1989;
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Smith ~t al.. 1989). ClonaI d~ktion is not. how~ver. suffici~nt to achicv~ IOI~rancc 10

ail sdl' Ags. This may b~ du~ in part to th~ s~qu~stration of c~rtain s~ll' antig~tls in

p~riphcral organs. away from th~ thymus. Th~s~ pot~ntially autoreactivc

thymocyt~s will thus ~scapc deletion in the thymus and mature into peripheral T

cclls that will colonize the spleen and lymph nodes.

A mcchanism that might deal with these autoreactive T cells in the periphery is

clonai anergy. Anergy or inactivation is defined as the inability of a T cell to

respond to antigenic stimulation by producing IL-2. and therefore by proliferating

(Jenkins et al.. 1987; Rammensee et al.. 1989). Anergy is achieved when a signal is

delivered as a result of TCR ligation by AgIMHC. in the absence of a second. co­

stimulatory signal. It has been shown that such a co-stimu1atory signal is obtained

upon the interaction of CD28. expressed on the surface of T cells. with its ligand.

namely B7 or BB-1. on the surface of professional APCs (June et al.. 1990). T cells that

were thus rendered anergic will fail to be activated by subsequent encounter of with

AgIMHC. even on the surface of an APC. Given the inducibility of class II MHC on the

surface of many non-APCs. this mechanism insures that autoreactive CD4+ T eells will

not be triggered simply as the result of the recognition of AglMHC on the surface of

such cells (Burkly et al.. 1989). It is noteworthy that clonai anergy has been

observed in developing thymocytes. presumably as a result of inappropriate Ag

presentation to thymoeytes by thymie epithelial cells (Ramsdell and Fowlkes. 1990).

Peripheral de1etion is yet another mechanism of to1eranee induction. Indeed. it was

shown that injection of adu1t mice with MIs-l superantigen (SAg)-disparate cells

leads to the proliferation. followed by the 10ss of SAg-reactive T cells (Jones et al..

1990). Finally. Ag-specific suppression (Germain and Benacerraf. 1981) and
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idiotypic networlcs (Jerne. 1974) have been postulated to play a role. although

current thinking favors deletion/anergy models of tolerancc induction.

Autoimmunity

Despite these safeguards. functional autoreactive T and B ceUs exist (Sakagushi and

Sakagushi. 1990; Milgrom and Witebski. 1962). and occasionaUy individuals develop

autoimmune diseases. Some autoimmune diseases are characterizcd by widesprcad

inflammation and by the presence of circulating autoantibodies. In most cases. it is

not clear whether autoantibodies are responsible for the pathogenic process or

simply one of its byproducts. Autoantibodies can exert their action in different ways.

For instance. in systemic lupus erythematosus (SLE). where patients have high

serum concentrations of anti-double stranded DNA Abs and commonly develop

glomerulonephritis. it is believed that these Abs bind DNA in the circulation.

followed by the deposition of the immune complexes thus formed in the basement

membrane of the kidney, complement fixation. and eventuaIly. tissue damage

(Schwartz and Datta, 1989). Autoantibodies can also act by blocking an active site on

their target. preventing the natura! ligand(s) of that target from binding to it. This

is the case in myasthenia gravis (MG). a disease characterized by weakness of skeletal

muscles (Tzartos et al.. 1991). Patients with MG have autoantibodies to the

acetylcholin receptor. These Abs bind their target and prevent its binding of

acetylcholin, which is required for triggering a muscle's action potential

(Schonbeck et ai.. 1990).

Whatever their mechanism of action may be, autoantibodies (thymus-dependent

ones. at least) would not be generated. and therefore would not be a factor in

autoimmune diseases. without the contribution of the cellular compartment of the IR.

This contribution is mainly in the fonn of CD4+ T cell-produced cytokines that are
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necessary for B cell function. Cellular IRs have also been directly implicated in the

pathogenesis of certain autoimmune diseases, including rhumatoid arthritis. juvenile

diabetes, and multiple sclerosis (MS).

Multiple scJerosis

MS is a disease of the central nervous system (CNS) that is characterized by myelin

loss (demyelination), resulting in impaired nerve conductance and neurologicaI

symptoms. A striking feamre of the disease is the relapsing/remitting course it often

takes. Histologic analysis of an MS "plaque" shows T ceIls around the edge. whereas

macrophages predominate in the center of the lesion (Hauser et al.. 1986).

Macrophages are thought to be an important effector ceII type in the pathology of

MS since they were shown to directly strip myelin from around axons (Raine. 1983).

and because of their potential for cytotoxicity through the release of such substances

as reactive oxygen species and TNFa (Nathan. 1987). The role of T ceIIs in the

pathogenesis of MS is less weIl defined. The autoantigen(s) in MS has not yet been

identified. although different myelin components have been proposed to play that

role. Myelin basic protein has re~eived the most attention because MBP-reactive T

ceIIs have been identified in the blood of normal individuals (Buros et al.• 1983). and

with elevated frequencies in the blood and cerebrospinaI fluid (CSF) of patients with

MS (AIlegretta et al.. 1990. OIsson et al.. 1990). CNS- and CSF-derived T ceIls exhibit a

Iimited heterogeneity in the rearrangement of their TCRs (Wucherpfennig et al..

1992; Ben-nun et al.. 1991; Oksenberg et al.. 1990). suggesting an enrichment of T

ceIIs of certain specificities. presumably as a result of their proliferation in response

to activation by autoantigen(s). The V-region biases vary between reports. possibly

reflecting the genetic heterogeneity Inherent in humans. Transfer of CSF from

patient:. with MS into severe combined immunodeficiency (SCID) mice caused these

mice to develop MS-Iike symptoms (Saeki et al.. 1992). Given that the inflamed CSF
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contains predominantly T ceUs (Cashman et al.. 1982). the data can be interprcted as

supporting a role for T ceUs in the induction of MS. although this cxperimcfi[

requires validation.

The factors involved in susceptibility to MS have not bcen elucidatcd. Thcrc is

evidence that genes encoding MHC antigens. especiaUy class Il Ags. arc associated

with increased incidence of the disease (Tiwari and Terasaki. 1985). Moreover. it was

shown that a gene within the TCR~ complex or a c\osely Iinked locus influences the

susceptibility to MS (Seboun et aI., 1989). Taken together. these studies poi fi[ to

genetic factors in MS and to an association of the disease with (CD4+) T ceUs. Studies

on families confirm the influence of genetic factors. In one study. 26% of

monozygotic twin pairs were concordant for MS. compared to 2.3% of dizygotic pairs,

and 1.9% of nontwin sibling pairs (Ebers et aI., 1986). However, the less than perfect

concordance rate in monzygotic twins indicates that factors other than genetic (e.g.

environmentaI), may be important in MS. The association of infectïous agents such

as viruses and bacteria with MS has been extensively investigated. However. there is

no evidence to date implicating an infectious agent in the aetiology of the disease.

Epidemiologicai data do show a strong geographical north-south gradient in the

incidence of MS that cannot be explained simply on the basis of population genetics

(Winn et aI., 1989).

The study of early immune mechanisms involved in MS is complicated by the fact

that patients are often diagnosed long after the initial insult, at a time when, due to

the phenomenon of "epitope spreading" (Lehmann et al.. 1992). it is difficult to

interpret information on the Ag-specificity of early CNS-infiltrating T ceUs.

AdditionaI constraints are placed on the study of MS by the limited availability of
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EAE

Exp~rim~ntal all~rgjc ~nc~phalomy~litis cEAE). an animal mode! for ~IS. has

generated considerabk int~rcst in th~ past s~v~ral decad~s.

Several features of EAE make it an attractive model for MS: First. Iike in MS. th~

cours~ of EAE can be relapsing/remiuing or chronic/progressive <Fritz and

McFarlin. 1989; Baker ~t al.. 1991). S~cond. although demyelination is not a k~y

feature during the first episode of EAE. it is readily observeJ in mice with chronic

EAE or in those that bave experienced more than one bout of inflammation (Raine,

1983). Here a1so, the similarity to MS is striking. since early lesioos in the humao

dis~ase ar~ more inflammatory than demyelinating (Raine. 1983). Finally. definition

of the autoantigen in EAE makes the dissection of Ag-specific lRs possible. and the

availability of imbred animal strains with varying degrees of susceptibily to EAE

facilitates the study of genetie factors at play in autoimmune diseases of the CNS.

EAE has been traditionally induced [in a variety of animais. (mostly rodents. but also

primates.)1 by inoculation with crude CNS homogenate in complete Freund's adjuvant

(CFA) (Kabat ct al.. 1946). Better definition of the autoantigens in these crude

extracts has allowed the use of purified my~lin proteins. such as MBP and proteolipid

protein (PLP). and eventually defined short peptides from these proteins. in the

induction of the disease (Tuohy etaI.. 1988; Fritz et al.• 1990). The finding that EAE can

be transferred into naive recipients by autoantigen- specific CD4'" T cells. but not by

CD8'" T ceUs or B cells (Petinelli and Mc Farlin. 1981; Holda and Swanborg. 1983). and

that the induction of the disease cao be blocked by antibodies to CD4 or tO class Il MHC

(Brostoff and Mason. 1984; Waldor et al.. 1985; Sriram and Roberts. 1986 Sriram et al..

1987). has led to the now-widely accepted hypothesis that enceph::l:togenic peptides

bind to class Il MHC moiecules and activate autoreactive CD4+ T ceUs. which are

therefore the mediators of EAE. Despite the apparent simplicity of this model. severa!
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issues need to be considered. First. what is the the site 01 primary activation of CD-I+ T

cells. given the absence DI MHC in normal C~S? .-\lso. what arc the requirements Ipr

encephalilOgenicity of CO-l+ T cells and arc these cells l'nly inducers l'I the

inflammatory process or are they also pan ldirectly or indirectly) of thc eflect<>r

mechanism" Ieading to tissue damage? Another important question regards the

factors that contribute to the susceptibility of certain strains of animaIs. but not

others. to develop EAE. \Vhat mediates remission? Finally. what is the role of

cytokines in EAE. what are their cellular sources. and how is thcir expression

regulated?

In normal rodent CNS. in situ immunohistochemical staiuing has failed to

demonstrate expression of either class 1 or dass II MHC antigens. [n vitro culture of

CNS cells has however shown these antigens to be inducible on the surface

astrocytes. microglia. and oligodendrocytes (class [ only) (Yong and Antel. [992).

Class II MHC antigens can be readily detected immunohistochemically on microglia

in the CNS of animaIs with EAE (Vaas et al. 1986). Both astrocytes and microglia cau

present Ag to previously activated C04+ T cell lines. in MHC class II-restricted

manner (Frei et al.. 1987; Sun and Wekerle. 1986). However. neither of these cell

types is able tO activate unprimed. naive CD4+ T cells (Segdwick ct al.. 1991). This

suggests that autoreactive T cells are primed in the periphc:ry. bc:forc: they migratc: to

the CNS. where their activation is then pc:rpetuated by class II·bearing astrocytc:s

and/or microglia. This is consistent with the observation that activated. but not

resting. T cells are capable of crossing the blood-brain barrier (Hickey et al.. 1991) (a

highly speeialized network of enthothelial' ~elIs with tight junctions. that con troIs

the access of blood·borne factors into the CNS and preserves homeostasis in that

tissue). and that aetivatc:d (CD45RBlow) C04+ T cells predomicate among infiltrating T

cells in the C:-:S of mice with EAE (Zeine and Owens. [992).
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Activation of T cells Ieads. among other things. lO the modification or upregulation of

adhesion molecules (Springer. T.A.• 1990). Several such molecules have been

implicated in the trafflc of T cells and in their ability to cross endothelia (Dustin and

Springer. 1988). Of particular interest for EAE is the Ct4~ 1 integrin, VLA-4, whose

ligands are fibronectin and VCAM-I (Raine and Canella, 1992). VLA-4 has been

directly implicated in the binding of activated T cells to CNS endothelia (Yednock et

al., 1992). Moreover, analysis of MBP-reactive T cell clones has correlated the

expression of VLA-I on these clones with their abi1ity to enter the brain

parenchyma and cause autoimmune disease (Baron et al., 1993). LFA-l is another

adhesion molecule expressed on the surface of T ceUs that has been shown to mediate

adherence to endothelia through its interaction with its ligand ICAM-!. Anti-ICAM-l

Abs block the development of EAE (Baron et al., 1993).

ln addition to the activation of their adhesion molecules, activolted T cells produce

cytokines. One important cytokine produced at the early stages of an inflammatory

reaction is IFN-y. Indeed, IFN-y is a strong inducer of adhesion molecules on the

surface of CNS endothelia, including VCAM-l and ICAM-l (Hughes et al., 1988).

This is consistent with the observation that Thl (lFN-y-producing), but Dot Th2

clones, are encephalitogenic (Ando et al., 1989). Taken together, these experiments

suggest a scenario whereby CD4+ T cells encounter Ag in the periphery (LN), leading

to their activation. Those clones expressing high levels of VLA-4 and LFA-I, and

producing IFN-y will upregulate VCAM-I and ICAM-I on the surface of BBB

endothelia, bind to those receptors. and enter the CNS parenchyma. Two observations

are potentiaUy inconsistent with this scenario. First. injection of anti-IFN-y Abs

exacerbates, rather than protects from. EAE (Billiau et al., 1988: Duong et al.. 1991).

Second. sorne investigators have detected the Th2 cytokine. IL-4. in the CNS of
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animais with E.-'.E (Merriil et al.. 1992: Kennedy et al .. 1992). Tht! isslIt! (lf Th-I "Is Th-

2 cyrokint! t!xprt!ssion will bt! experimt!1l!a//y addusud in chùpra 2. 11I\,t!srigarit>n (>J'

the port!nrial role of IFN-y in .CN5 parh%gy will bt! rt!porrt!d in chapra ~.

TNFCL is emerging as key player in E.-'.E. \Vhen Abs [0 TNFCL were adminÎStered al'ter

the adoptive transfer of MBP-specific T ceUs. they prevemed the deve\llpment of the

disease. but did not prevent the transfer of EAE from TNFCL-treated mice illto naive

recipients. and did not inhibit the proliferation of encephalitogenic MBP-reactive T

ceUs in response to MBP (Se1maj et al.. 1991). These data argue for a role of TNFCL in

the effector. rather than the inductive. phase of the disease. Morcover. TNFCL is

direct1y cytotoxic to oligodendrocytes (Selmaj and Raine. 1988). The ceUular sources

of TNFCL in inflamed CNS remain poorly defined. although in \'itro studies show the

ability of cultured astrocytes and microglia to produce this cytokine (Righi et al..

1989; Lieberman et al.. 1989). especiaUy in response to IFN-y (Frei ct al.. 1987). These

issues (cellular sources and cross·regulation of cytokines in EAE) will be addrt!sud ill

chaprer 3 of this thesis.

The study of cytokines in EAE may not be only of interest for the underManding of

the mechanisms underlying Ihe disease. In MS. the only Cr-;S-related compartment

that is routinely available for testing is the CSF. An:llysis of cytokines present in the

fluid phase of the CSF have suggesled correlation with disease activity in sorne studics

(Sharief et al.• 1991; Franciolta et al. 1989). Cytokine production by T cell clones

generated frem CSF in response to antigen has been reported (Benvenuto et al.. 1991).

as was cytokine production by individual CSF-derived T ceUs foUowing short-term

exposure to antigen in vitro (Olsson et al.. 1990). However. a crucial question

remains: does the immune status of the CSF comparunent reflecl that of the CNS

parenchyma during disease. and therefore i~ the identification of cytokines in this
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compartmenl of useful diagnostic value'? ln clzapler 5. we lake ad\'ulllage of Ilze

a\'ailabiliry of botll CSF and CNS lissues in mice willz EAE 10 address rlri.~ queslion.
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SELECTIVE ENRICHMENT OF THl CD45RBLOW CD4+ T CELLS

I!'i AUTOIMMUNE INFILTRATES IN EXPERIMENTAL ALLERGIC

ENCEPHALOMYELITIS
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ABSTRACT

The cytokine cffector status of C04+ T ceUs from LN and central nervous system cCNS)

of SJUJ mice immunized with autoantigen in adjuvant for the induction of EAE was

compared. C04+ T ceUs were FACS-sorted based on the levels of expression of the

activation marker C045RB. Low levels of expression of this surface marker arc

induced by antigen recognition and arc associated with "effector" T cell function.

Reverse transcriptase-PCR (RT-PCR) was used to analyse the expression of different T

ceU cytokine genes in the sorted populations. C045RBIow ceUs constituted a minority

of C04+ ceUs in the LN and expressed elevated levels of IL-2. IFN-y. and IL-4

messenger RNA (mRNA). whereas the C045RBhigh C04+ population did not express

detectable message for these cytok:nes under Iinear PCR conditions. By contrast to

the LN. C04+ cells from the CNS were predominantly C045RBlow and expressed readily

detectable levels of IL-2 and IFN-y mRNA. but almost no IL-4 transcription could be

detected. IL-4 mRNA levels in CNS were lOO-250-fold lower than in LN. Also. IL-4

message could not be detected in the CNS one week after remission. A cytokine­

specific immunocytochemical single ceU staining technique was used to enumerate

cytokine-producing cells in LN ccII (LNC) populations and in CNS infiltrates. 1-5%

cells in isolated LNC produced detectable IL-2 and IFN-y. Bl' contrast. the frequency

of cytokine-producing cells stained in perivascular infiltrates in frozen sections

from the brains of animaIs with active EAE was lO-fold higher. The frequency of

cytokine-producing cells correlated closely with that of C045RBlow-expressing ceUs

in both the LN and the infiltrated brain. Our results confirm the functional

significance of the CD45RB phenotype. and indicate an enrichment of Thl ceUs in

the CNS. which suggests an active selection process in the activation/accumulation of

antigen-specitic T ecUs at the site of inl1ammation.
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INTRÛOCCTlÛN

Signalling through the T ccli antigen receptor induces the de 1101'0 transcripti,)n ,,1'

cytokine genes. and secretion of newly-translated cytokines (1.2). Alltigen

stimulation of CD4+ T cells in vitro also induces the conversion of CD-IS to 10\V mol \Vt

isoforms (3). T cells \Vith this memory/effector phenotype secrete elevaled titers ,,1'

certain cytokines (eg. IL-4 and IFN-y) upon ill vitro activation. in contrast 10 naive

CD4+ T cells which express high mol wt isoforms of CD45 (4-7). A functional

dichotomy in cytokine production has been described for CD4+ T eells. whereby IL-2

and IFN-y are secreted by Th1 (inflammatory) cells. and IL-4 is seereted by Th2 (Il

helper) cells (8). The strongest evidence for this dichotomy has come l'rom analysis

of murÎ'le T cell clones. but CD4+ T ccli populations in parasitized mice. and in rats

and humans have also been shown to be biased towards production either of

inflammatory (Thl) or helper (Th2) cytokines (9-11). Whereas it \Vas originally

thought that CD45R phenotypes might correlate with cytokine secretion pallerns.

current consensus is against any phenotypic definition.

T cell-derived cytokines are implicated in the induction of autoimmune inflammatory

responses. The active lesions in clinical and experimental autoimmune

inflammatory diseases such as adjuvant and rheumatoid arthritis. multiple sclerosis

and EAE are characterized by the presence of T cells of the. memory/effector

phenotype (12-15). which correlates with elevated cytokine production (3,4).

Elevated cytokine titers have been directly demonstrated in synovial fluid l'rom

patients with rheumatoid arthritis and in the cerebrospinal fluid of patients with

multiple sclerosis and the brains of mice w:th EAE (16-19).
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The phenotype and functional attributes of T cells immediately upon isolation must

refiect their in vivo status. The commonly-used approach of isolating T cells and

restimulating them in "irro not only removes them from their natural milieu. but

experimcntally perturbs their status. To better understand the role of cytokines in in

vivo immune responses. il is important to analyze ceUs either in siru or without

further in "irro stimulus. Wc have used FACS-sorting. RT-PCR and immunostaining to

examine the production of IL-2 and IFN-y mRNA by lymphocyte subpopulations in

the LN and CNS of micc with EAE. Our results show enrichment for a

mcmory/cffector CD4+ subset in the CNS relative to autoantigen-immunized LN. with

correspondingly elevated frequencies and mRNA levels for IL-2 and IFN-y. By

contrast. whereas IL-4 mRNA was readily detectable in ceUs of similar phenotype in

LN. it was undetectable in RNA from total CNS or from memory/effector T ceUs

isolated from CNS. These results indicate that inflammatory infiltrates in the CNS

contain selected and functionaUy distinct populations of activated ceUs from those in

lymph Dodes.
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MATERIALS AND METHODS

Mice

Female SJLlJ mice ( 5-S weeks) were obtained from Harlan Sprague Dawley

(Indianapolis. IN). Cells from inguinal. brachial. para-aortic and a:<illary LN were

used as LNC.

Cell Iines and mAbs

The following anti-cytokine mAbs (of rat origin) were used as culture supernatants;

IgG2a anti-murine IL·2 (S4B6) (S). IgG] anti-murine IL-4 (IIBII) (20) and IgGI anti·

murine IFN-y (R4-6A2) (21). These supernatants were inhibitory in cytokine­

specifie bioassays. Other rat mAbs included IgG2b anti-murine CD4 (GK 1.5) (22) amI

IgG2a anti-murine CDSa (53-6.72) (23).

EAE induction

EAE was induced by two subcutaneous injections 7 days apart. in the base of the tail

and f1ank. of 500 Ilg rat spinal cord homogenate (RSCH) or 400 Ilg purified myelin

basic protein (MBP) (Sigma. St. Louis. MO.) in CFA (Difco. Detroit. MI). containing 50

Ilg H37RA M. tuberculosis (Difco). Symptoms were first observed 14 days after the

initial injection. The animaIs used for this study had severe EAE. corresponding to

grades 3-4 (severe hind Iimb paresis and/or paraIysis of one or both hind limbs) (24).

Before removaI of brains for histology. animaIs were anesthetized with chloral

hydrate (3.5 glKg) (Fisher. Montreal. Qc.). then perfused through the hcart with PBS

or with paraformaldehyde (PFA) (Fisher. Montreal. Qc.) (4% in PBS).
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RT·PCR

Messe:nger R="'A was isolate:d from FACS-sone:d CNS ceUs and LNC using Quick-Pn:pTM

(Pharmacia. ~10ntre:al). For PCR analysis. RNA from equivalc:nt ceU numbe:rs \Vas

subje:cte:d to a one:-sœp reverse transcription and amplification protoco!. Bric:t1y.

mRNA was adde:d to a tube containing 10 U avian myoblastosis virus reverse:

transcriptase: (Pharmacia. Montreal, Qc.), 2.5 U Taq DNA polymerase (Gibco BRL,

Montre:al, Qc.), 20 U RNA Guard™ RNAse inhibitor (Pharmacia), 10 mM of each dNTP,

50 pmoles of each primer, and a buffer mixture consisting of 50 mM KCI, 100 mM Tris

(pH 8.3), 15 mM MgCl2, and 0.1% gelatin. Primers used were as follows: CD3y sense

primer S'-ATGGAGCAGAGGAAGGGTCTG-3', CD3g antisense primer 5'­

TCACTTCTTCCTCAGTTGGTT-3', IL·2 sense primer S'·TGCAGCTCGCATCCTGTCTCA·3', 1L-2

antisense primer S'·AGAAGGCTATCCATCTCCTCA-3', IFN-y sense primer S'·

ACACTGCATCTTGGCTTTGC·3', IFN-y antisense primer S'-eGACTCCI 11 ICCGCTTCCT-3', 1L-4

sense primer S'-ATGGGTCTCAACCCCCAGCTA-3', IL·4 antisense primer 5'­

CTACGAGTAATCCATTTGCAT, actin sense primer S'-TGGGTCAGAAGGACTCCTATG-3'. Actin

antisense primer S'·CAGGCAGCTCATAGCTCTTCT-3'. Reactions were incubated in a

Perkin-Elmer/Cetus DNA Thermal cycler (Norwalk, CT) for 15 minutes at 50°C then

amplified for 25 cycles (denaturation 1 min 940 C, annealing 2 min 600C, extension 2.5

min nOC). 40 III per sample were run in 1% agarose gels in TAE buffer. DNA was

transferred to Nytran membranes (Schleicher and SchuU Inc., Keene, NH) by

vacuum blotting (pharmacia), and hybridized by incubation with 32P-Iabelled cDNA

probes for 18 hours at 42°C in 50% formamide, 1 M NaCI, with 1.0% SDS and 10%

Dextran Sulphate (25). then washed for 5 minutes at room temperature in 1 X SSC,

0.1% SDS. 10 minutes 1 X SSC 0.1 % SDS at 650C. 10-15 minutes in 0.1 X SSC. 0.19é SDS at

65°C and 20 minutes in 0.1 X SSC. 0.1% SDS at 650C. Probes were labelled by random

priming 2S hg DNA with [a32PldCTP (5 I1Ci) (ICN. Mississauga. Ont.). using a kit

(GibcoIBRL). Cytokine probes were cDNA inserts purified from plasmids described by
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Kelso and Gough (26): IL-2. an N-terminal 337 base pair Pstl·Hindlll fragment. and

IFN -y. a 643 base pair Pstl fragment. The actin probe wa$ a puritïed amplilkatil'n

product. The CD3 cDNA used was a 700 bp Hindlll + ECl'RI fragmcnt l'rom dlHIC

pB 10.AT3g- 1 (27). kindly provided by Dr R.P. Sekaly (IRCM. :'>Iontreall.

Histology

Brains and lymph nodes were postfixed following removal from mice by incubation

for 1 hour in 4% PFA in PBS, then infused with 20% sucrose in PBS overnight at 4"C.

Tissues were frozen in 2-methyl-butane on dry ice, and 10-12 J,lm sections cut using a

cryostat. Sectior.: were stained with haemotoxylin and eosin for evaluation of

infiltration and for orientation of cytokine staining of adjacent sections. Infiltrated

cerebellum was chosen for staining, because of the large number of infiltrates

available per section. Sections were cut from brains of 4 mice with EAE. Between S­

IS perivascular infiItra[es were scored per mouse. More than 3000 cells were counte"

altogether. As controls for cytokine staining, cytokine cDNA·transfec[ed

plasmacytomas (28) and cells of a Th1 clone were fixed with PFA aCter adhesion [0

poly-L-Iysine-coated slides.

Cytokine staining

Slides were dehydrated through a graded ethanol series. then en"ogenous

peroxidases were neutralized by incubation in 0.3% hydrogen peroxide in methanol.

Slides were incub.'ted with 1% normal goat serum (OrganonITeknika Inc,

Scarborough. OntarIo) for 1 hour at room temperature. then for variable times

(overnight or 1 hour. depending on the cell source and the determinant being

detected) at 40C with mAb supernatants. followed by two successive sequences of 2%

goat anti-rat Ig (OrganonlTeknika) and rat peroxidase-anti-peroxidase (rat PAP.

Sternberger Monoclonals Inc. Baltimore. MD). diluted to 2% in PBS containing
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normal goat serum. Unlike staining for surface antigens such as Thy-l, CD4 and CDS•

this 'double bridging' protocol was usually necessary for detection of cytokines in

untransfected cells. With this modilÏcation. the immunoperoxidase staining

technique was sufficiently sensitive to detect intracellular cytokines in both cell

lines and Iymph Dode cells. Diamino-benzidine (Sigma) at 600 Ilg/mL with O.3'ic

hydrogen peroxide in PBS was then added for 10 minutes, and the reaction stopped by

immersion in distilled water. Slides were then dehydrated in ethanol before

mounting in Permount (Fisher). Slides were photographed using a Nikkon

photomicroscope equipped with Nomarski filters. In control stainings, the

proportions of Con A-primed and anti·CD3 restimulated ceUs that stained with anti­

Thy-1.2 (74.9 ± 12% ), anti-Il (10.4 ± 7%) and anti-MHC Il (3.6 ± 1.7%) were comparable

with proportions determined by FACS (88.0%, 4.1% and 1% respectively), and the

specificity of cytokine staining was confirmed by staining a Th1 clone and cytokine

cDNA-transfected plasmacytomas. In brain sections, staining with anti~CD8lX (53-6.7,

rat Ig02a), the isotype control for anti-IL-2, was only slightly above background

(Table 1).

Isolation of lymphocytes ft'om CNS.

AnimaIs were perfused through the heart with PBS, then brains and spinal cords

removed, dissociated through nylon mesh, centrifuged at 200g for 10 minutes and

then the pellets were centrifuged on a discontinuous (30%:37%:70%) Percoll gradient

at 500g for 15 minutes (15). Mononuclear ceUs were obtained from the 37'ié:70~

interface, washed and analyzed by flow cytometry (15).
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Flow C~·tometry.

Cells were stained by sequential incubations (20 minutes at 4°C) with primary mAbs.

followed by FITC-coupled goat anti-rat IgG (Kirkegaard Perry Lahoratories.

Gaithersburg. MD). mAbs used were those listed already. plus two anti·CD45RB mAhs

(23G2 (3). and C363·16A (5». which gave equivalent staining results and could be

used interchangeably. CD4+ cells were analyzed by gating on eells that stained with

PE-coupled anù-CD4 (Becton-Dickinson. Mountain View. CA). Dead eells were

excluded by propidium iodide staining. Fluorescence was analyzed using a FACSean

(Becton-Dickinson). Cells were soned using a Becton Dickinson FACStar. TypicalIy.

sorùng yielded 103 to 1()4 CNS cells. and 105 LNC.
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RESULTS

CD 4 5 R BIo W T ccUs arc enriched in EAE CNS

Mononuckar ceUs were isolated by density gradient centrifugation from the CNS in

which EAE was induced by immunization with RSCH and CFA. Approximately 10-20%

of ccUs in this population wcre CD4+. In previous studies (15). we have shown the

grcat majority of CD4+ ceUs within these populations to be cx;';TCR+ T ceUs. CD4- ceUs

in the CNS included a small proportion of CD8+ T cells (see below) but were greater

than 90% non-T cells (29). The absolute number of CD4+ T ceUs in the CNS correlated

with disease severity. Flow cytometric analysis of these CD4+ ceUs showed them to be

strongly biased towards reduced expression of CD45RB (Fig. lA). The majority of

unprimed LNC express a high level of CD45RB and activated T ceUs express reduced

levels of this marker. As previously reported for passively transferred EAE (15). CD4+

ceUs expressing low levels of CD45RB were the major CNS-derived T ceU population.

This expression of a memory/effector or activated phenotype contrasted strikingly

with antigen plus adjuvant-immunized LNC from the same animais. which were

predominantly (>90%) CD45RBhigh (Fig. lA). The same flow cytometric profiles were

obtained regardless of whether EAE was induced with MBP or RSCH (compare Fig. lA

and lB).

IL-2 and IFN-y are produced by CD4SRBIow T ceUs from EAE LN and CNS

CD4+ ceUs that expressed either low or high Ievels of CD45RB were sorted from LNC

(Fig. 2A and B). and CD4+ (ail of them CD45RBlow) ceUs were sorted from CNS isolates

(Fig. 2C) of ~ŒP/CFA-immunized mice. In the presorted population. the peak

intensity of CD45RB-stained CD4+ CNS ceUs was in channel 15. whereas the peak

intensity of the presorted LN CD4+ ceUs was in channel 100. with a shoulder
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Figure 1

Phenotype of CD4+ T ceUs in Lili and CNS of mice with EAE.

Lymphocytes \Vere isolated from LN and CNS of mice with EAE indu.:.:d by

immunizaùon \Vith RSCH+CFA (A) or with MBP+CFA (B). Cells \Vere stain.:d with anti­

CD4 and anù-CD45RB mAbs and analysed by !low cytometry. Profil.:s sho\V the

expression of CD45RB on electronically gated CD4+ populations. A. Solid line: CNS

cells; broken line: LNC; doued line: unstaincd CNS ceUs. B. CNS and LN populations

are as indicated.
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Figur~ 2.

FACS-sorting of CD4+ LN and CNS ceUs from mice primed for EAE.

Lymphocytes were isolatcd from LN and CNS of mice immunized for EAE with

MBP+CFA. and stained for the expression of CD4 and CD45RB. LNC were sorted into

CD4+ CD45RBhigh and CD4+ CD45RBIow populations. CD4+ cells from the CNS were a1so

sorted. The profiles show CD4 and CD45RB expression by the sorted cens. A: Sorted

CD45RBIow CD4+ LNC. B: Sorted CD45RBlùgh CD4+LNC. C: Sorted CD4+ CNS cells.
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around channd 20 (Fig. lB). A slightly higher CD4 staining intensity was observed

on T cells in the CNS compared [0 LNC.

Semi-quantitative RT-PCR was then used to examine cytokine gene expression in the

sorted populations. PCR reactions were carried out using 25 cycles. previously

determined to be on the Iinear portion of the amplification curve. and titrations of

input RNA yielded linearly-related signal intensities on Southern blots (not shown).

The primers used spanned separate exons. and the bands obtained were of the

appropriate molecular weight. to rule out amplification of contaminating genomic

DNA. Signilïcantly. the sorted LNC populations from animais with EAE differed

markedly in their cytokine production. although CD3 message levels suggested an

equivalent number of T cells in each s~mpl(; and actin indicated equivalent RNA

loading (Fig.3A). IL-2 and IFN-y mRNA were strongly amplified from CD45RBIow LNC.

whercas messagc encoding these cytokines was barely detectable in CD45RBhigh LNC

under thcse PCR conditions (Fig. 3B and Cl. Consistent with this. and with the

predominance of the CD45RBIow phenotype in CNS. mRNA for both these cytokines

was readily detectable in CD4+ T cells isolated from the CNS of mice with EAE (Fig. 3B

and Cl. This directly demonstrates il functional relationship between

memory/effector CD4+ T cell phenotype and cytokine gene expression.

Enrichment for IL-2- and IFN-y- producing cells in EAE infiltrates

IL-2- and IFN-y-producing cells in autoimmune infiltrates in the CNS of mice with

RSCH-induced EAE were enumerated in frozen sections that were stained using

specific mAbs. The staining protocol was validated by showing specific staining of

ceU \ines. Peroxidase substrate was localized to the cytoplasm and in many ceUs could

be visualized in the nuc1ear cleft. Equivalent detaiI was not discernable in sections.

but individual cells could be discriminated using Nomarski optics. 43.9 ± 4.9% (n=9) of
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Figure 3.

PCR analysis of cytokine gene expression in sorted CD-l+ CNS and LNC.

RNA was extracted from the FACS-sorted populations described in Fig. 2. reverse

transcribed. and amplified in a PCR reaction using primers and DNA probes specifie

for: CD3 (A). IL-2 (B), and IFN-y (C). Actin-specific PCR and Southern blots were

carried out in parallel to control for RNA loading. Lane 1: CD-l+ CD45RBIow LNC: lane

2: CD4+ CD45RBhigh LNC: lane 3: CD4+ CNS cells.
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Tabl" 1.

Frequency of cytokin".producing c"lls in prim"d LN and CNS

Infiltrates.

Population 'ié Cvtlkin",p"sitÏ\'" HIIs

PBS/CFA-primed LN

RSCH/CFA-primed LN

CNS Infiltrates in EAE cerebellum

11.·2

6.3 ± 3.3 (2)

4.6 ± 0.5 (2)

43.9 ± 4.9 (9)

IFN.y

3.1 ± 1.5 (2)

1.3 ± 0.3 (3)

45.7 ± 4.4 (10)

•

•

LNC from mice that had been primed either with PBS (line 1) or RSCH (line 2) in CfA

were analyzed directly after isolation. Between 500-3000 cells were counted for cadt

cytokine staining. Percentages of cytokine-staining ceIls have been corrected for

staining in the absence of primary mAb. Cytokine·producing cells in infiltrates in

the CNS of mice with EAE were counted under Nomarski optics. 63.5 ± 2.8% (n=8) of

cells were CD4+. and 6.6 ± 2.3% (n=3) were CD8+. in agreement with previous reports

(31). The staining protocol did not allow simultaneous identification of more than

one determinant in infiltrates.

Values represent means ± SEM of separ:lle experiments. the number of exp.:riments is

given in parentheses.
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th~ infiltrating c~lIs w~r~ IL-2-positiv~ and 45.7 :: 4.04% (n=IO) w~r~ IFN-y-positiv~

(Tahlc 1). Th~s~ numb~rs w~r~ significantly high~r (almost 10-fold) than thos~

ohtain~d hy staining imm~diatdy ex-vivo LNC from mic~ immuniz~d with RSCH to

induc~ EAE. wh~r~ an av~rag~ of 5.5% of in "ivo-prim~d LNC stain~d with anti-IL-2

and 2.2% with anti-IFN-y (Tabl~ 1). An average of 63.5 :: 2.8% (n=8) of ceUs stained in

infiltrat~s w~re CD4+(data not shown). whereas only 6.6 :: 2.3% (n=3) w~r~ CD8+ (data

not shown). in agr~em~nt with pr~vious reports (30). The anti-CD8 mAb was of the

same isotype as anti-IL-2. IFN-., staining (rat IgGl) was controlled by an anti-IL-5

rat IgG 1 mAb TRFK-5. which did not stain LNC or sections. In a separate study. we

hav~ shown that only CD4+ ceUs isolated from CNS transcribe IL-2 or IFN-., mRNA.

and that CD4- cells do not (Renno et al. submitted for publication). This aUows

calculation that the IL-2 and IFN-.,-producing cells that we stained in infiitrates

represent 71 % of the CD4+ population. which correlates closely with the proportion

of those populations that expressed low lcvels of the CD45RB isofonn (Figure 1).

Similarly. th~ proportion of cytokine-producing CD4+ cells in in vicro-activated LNC

correlated well with that of ceUs which were CD45RBlow. Taken together. these

results show an enrichment of IL-2- and IFN-.,-producing cells in autoimmune CNS.

and demonstrate a strong correlation bctween detectable cytokine-production and

the expression of low levels of the CD45RB marker in vivo.

IL-4 is strongly expressed in LN but almost undetectable in CNS

In striking contrast to IL-2 and IFN-.,. mRNA for IL-4 was undetectabIe in the same

FACS-sorted CD45RBlow CD4+ CNS ceUs as described in Fig. 2. at Iinear PCR conditions.

A faint band could however be detected in the original autoradiogram (but not in

reproductions) when amplification was carried out for 40 cycles (FigA). This is

consistent with weak IL-4 staining which was observed in a minority of EAE

infiltrates in irozen sections (not shown). rnRNA for IL-4 was also undetectable in
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Figure .;.

PCR anal)'sis of IL·'; gene transcription in sorted C:-;S :lnd LNC.

RNA was e:<tracted l'rom thc sortcd populations dcscribcd in Fig. 2. and l'rom sortcd

CD4- CNS celIs. RNA was reverse transcribcd and ampli lied in a 40-cyclc l'CR rcactilln

using IL·4- and actin-spccific primers. l'CR products werc Southcrn hloucd and

hybridized with IL-4 and actin cDNAs. respectively.
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RNA isol:lt~d from total C:-:S (not shown) and in RNA from isolated CD..' CNS edls

(Fig... ). Lik~ IL·:! and IF:-:·y. IL-I mR:-:A was undeteetabk in CD"5RBhi~h LNC. but was

r~adily ampliti~d from CD"5RBlow CD..'" Ll'C of animais immunized with EAE (Fig .. ).

To ass~ss th~ r~lative kvels of IL-" mRNA. we tÎtrated RNA from LN and eompared RT­

PCR d~t~ction to that from CNS. In Figure 5 Î[ is clear that LN RNA cl'mained at kas!

100-fold more IL-4 mRNA than CNS. Phosphorlmager analysis e:<tended this

diff~r~nc~ to :!50-fold (no! shown). The possibility that IL-4 might become e:<pressed

later during the disease was also addressed by RT-PCR analysis of total CNS RNA from

mice immunized with RSCH+CFA. Up to several days after symptoms had remiued. lL­

4 mRNA rcmained undeteetablc. even using 40 PCR amplitication cycles (data no:

shown). IFN-y and IL-:! mRNA were readily dctectable in total CNS RNA during peak

disease whcther MBP or RSCH was used to induce diseasc. confirming the results of

analysis of sorted cells.

The frequency of IL-4-producing cells in LNC isolatcd directly from mice immunize<!

with RSCH+CFA was 0.9%. compared to 1.3% for IFN-y and 4.6% for IL-:! (Table 1). Wc

confirmed IL-4 production in these populations by RT-PCR. This lower frequency of

IL-4-producing cells was nevertheless perfectly detectable by RT·PCR.
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Figure 5.

Comparison of IL-4 mRNA le"els in LN versus CNS.

•

RNA from LN from miee with severe EAE (grade 3. indueed by immunizaùon with

MB? + CFA) "las ùtrated two-fold from 1 mg. 1 mg of RNA from CNS from unprimed

miee "las added to eaeh sampie. RNA (1 mg) from whole CNS (brain + spinal eord)

from the animal with EAE and a control of ! Ilg RNA from a Th! clone (E9.D4) were

also assayed. RT-PCR "las carried out using acùn- and !L-4-specific primers. at 25

cycles. PCR amplimers were bloued to a membrane and then hybridized with

radiolabelled probes for acùn and !L-4.
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DISCUSSIO:-;

We have ,;hown a profound distinction between CD45RBlow CD-I+ populations in L:-<

and in autoimmune CNS infillrates. pointing to a highly seleCtive proceSs in the

accumulation of inflammalory CeIls in the CNS. Although this study does not address

cytokine production at a single cell level. it clearly shows distinct cytokine

production pattcrns by different T cell populations in vivo. The abundance of mRNA

for IL-2 and IFN-y in CD45RBIow CD4+ CNS cells. and the very low levels of IL-4

transcripls in the Same cell population. suggests that the infiltrating CD4+ T cell

populations in peak EAE were of the Th1 type. This contrasts with CD45RBlow CD4+

LNC l'rom the Same animais. which transcribed readily detectable levels of IL-2. IFN­

y. and IL--I.

Merrill ct al. (31) and Khoury et al. (32) used immunostnining to show a high

frequency of cells staining for IL-2 and IFN.y. but a low frequency or absence of IL·

4.producing cells in rodent CNS in active EAE. By contrast. Kennedy et al. used RT­

PCR to analyze RNA from whole CNS and showed IL-4 mRNA in the spinal cord of mice

with aCUle EAE (33). This discrepancy could have reflected differences in the

sensitivity of these techniques. However. we have used both immunostaining and

RT-PCR and we find both techniques to agree that IL-4 signnls from the CNS are weak

or non-existent. We could detect IL-4 in the CNS either as weak immunostnining. or

aS a weak signal by high cycle (non-1inear) RT·PCR. distinct from the strong

stnining and PCR signnls for IL-2 and IFN·y. By using flow cytometry to SOrt T cell

subsets we have been able tO identify the source of cytokines as infiltrating CD-I+

memory/effector cells. which would otherwise require double stnining. This Iïnding

is significant. sinc:: many cytokines can be produced by non-Iymphoid cells. and RT·

PCR from whole CNS tissue would detect cytokines from a variety of sources. It is
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difticult to assess the rdative significance of weak bands in RT-PCR and weak

staining of isolated ceUs in sections. and it remains formally possible that sorne ,)1' the

ceUs stained in sections were not represented in FACS-sorted subp,'pulati,'ns.

although our combined CD4 and cytokine frequency analysis argues for

correspondence. Our data argue strongly against IL·4 production by CD4+ T cells in

EAE.

That Th1 CD4+ cells should infiltrate to induce an inflammalory response is cOllsblellt

with the described role for Thl cytokines in delayed type hypersensitivity and

inflammation (34), and with reports that encephalitogenic T cell clones arc

preferentially Thl (35). The almost complete absence of Th2 at the same site: is

however striking, and suggests several possibilities. Either aUloreacti ve Th2 ceUs arc:

induced in the LN but do 'lot enter the CNS. or Th2 ceUs enler the CNS, but do nol

become aetivated there. The j:ossibility that Th2 cells do 'lot enter the CNS was rulcd

out by our high cycle PCR, and by our immunostaining results and those of others

(31, 32) that showed that activated Th2 ceUs were not absolutely excluded from the

CNS. This argues against any prohibition of activated T eell (including Th2) entry [0

the CNS. In previous studies (15, and unpublished data) we showed that activated

OVA-reaetive T cells entered the CNS but neither accumulated or converted to

CD45RBlow. there being no possibility of antigen recognition. Virtually ail CNS CD4+ T

eells in this study were CD45RBlow and therefore autoantigen-aetivate~. The few

CD45RBhigh T cells that were present would 'lot be detected by our PCR analysis.

which only detects the products of activated (CD45RBlew) T cells.

Another possibility is that Th phenotype correlates with antigen specificity. those T

cells whieh reeognize eneephalitogenie peptides being exclusively Th 1. This is

unlikely sinee Seder et al. (36) have shown that T eells bearing a transgenil: TCR
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recognizing a pigeon cyt<>chrome C peptide could produce either IFN-y or IL-4.

depending on lhe culture conditions. Furthermore. we and others have isolaled T cell

clones that recognize encephalitogenic ),!BP peptides which produced IL--I upon

activation (Zcine and Owens. unpublished. and Sriram. persona! communication).

S.:d.:r .:t al show.:d lhal lh.: pr.:s.:nce of IL-4 during initial T celi priming induced T

cells 10 produce IL-4 upon restimulation (36). Conversely. IFN·y has been shown 10

inhibil th.: activation of Th2 cells (37). This mUlually inhibilory ability of Th 1 and

Th2 cytokines wou!d b.: difficu!l 10 reconcile with the delection of both Thl and Th2

in lhe same LN. unless lhere was companmentalization of effects in the LN that does

not occur in thc CNS. Finally. the nature of the antigen-presenting ceII might

influence or dictate the cytokine profile of a T cell. The differential cytokine

production betwecn T celis in the LN and the CNS may therefore refiect a difference

in the APC's that are available in cach compartmcnt. For instance. dendritic cells.

which have been shown to be the most potent inducers of IL-4 (36). are prevalent in

the LN but absent from the CNS.

ln this study. wc have also used immunostaining with cytokine-specifie mAbs to

enumerate IL-2- and IFN-y-producing celis within CNS infiltrates. The proportion of

cells that produced cytokines was roughly 10-fold higher than that detected in

adjuvant-primed LN. or LN from animais immunized with RSCH for EAE induction.

About 63% of infiltrating ceIIs were C04+. If we take into account that all of the IL-2

and IFN.y mRNA in the CNS is traDscribed by CD4'" ceIIs (Renno et al.. submitted for

publication). we can then calculate that about 70% of C04+ ceIIs in CNS infiltrates

were producing cytokines. in striking agreement with the proportion that express

low levels of CD45RB. Previously-published data implicating the CD45RBlow

phenotype in cytokine secretion have used in vitro stimulation protocols. which

altl:ough int\'rmative have left unanswered whether the situation in vivo
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corresponds exactly. Our experiments. by analyzing unmanipulatcd cclls dircclly

isolated irom mice and sortcd ioto CD45RB subsets. have for the tirsl time direclly

confirmed that the CD45RBi"w phenotype has functiona! significancc.

In conclusion. we have directly demonstrated that CD45RBi"w. but not CD45RBhi~h.

C D4 + T cells. which arc IO-fold enriched in the autoimmune CNS. arc responsible for

the expression of T cell-derived cytokines in the LN and CNS. Whcrcas IL-:! and IFN-y

were readily detectable both in the LN and CNS. IL-4 mRNA was ahunùaotly expresseù

in the LN. but not the CNS of mice during active EAE. This pronounced hias towards

the expression of Th 1 cytokines in the CNS suggeslS an active selection process in the

activation of antigen-specific T cells in the site of inflammation.
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Preface

ln chapl.:r 2. 1 d.:monslral':ù thal C045RB1.", C04+ T edls aceumulat.: in lhe CNS "f

mice wilh EAE and produee IL-2 and IFl'-y. bUI nOI IL-4. This suggests the

predominan.:e of a OTH-Iik.' intlammatory response in th.: Cl'S of lhese animais. \n

lhis chapter. 1 invesügale the celIular sourceS and the r.:gulation of .:xpr.:ssion of

the inflammalory cytokin.:. TNFo:. in lh.: aUloimmun.: CNS.

62



•

•

•

ABSTRACT

The inflammatory cytokines IFN-y and TNFcx have been demonstrated in various

autoimmun.: dis.:ases. and ar.: thought to participate in the induction and

pathogenesis of disease. TFNcx is a cytopathic cytokine which is cytotoxic for

oligodendrocytes in vitro and has been implicated in the pathology of multiple

sclerosis and its animal model experimental allergic encephalomyelitis (EAE). We

used reverse transcriptase (RT)IPCR to study the kinetics. cellular source and

regulation of cytokine gene expression in the central nervous system (CNS) of SJUJ

mice with myelin basic protein (MBP)-induced EAE at different stages of the disease.

Undetectable in normal CNS. the expression of CD3. IL-2. IFN-y. and TNFcx mRNA was

readily detectablc in the CNS of mice during peak disease. then coordinately dropped

to background levels during remission. Analysis of cells isolated from the CNS of

mice with acute EAE showed that the Th1 cytokines. IL-2 and IFN-y. were produced by

infiltrating CD4+ T ceUs. In contrast. TNFcx was predominantly transcribed by nOIl-T

mononuclear CNS ceUs. the majority of which were identified as microglia and

macrophages by their CD45 and Mac-I phenotype. Incubation of freshly-derived.

adult microglia from normal. uninfiltrated. CNS with activated Th 1 supernatant

induced the production of TNFcx mRNA. consistent with previous observations.

Therefore TNFcx is made both by CNS-res:dent microglia as weU as by infiltrating

macrophages during EAE. and this production is likely to be tightly controlled by

cytokines secreted by infiltrating CD4+ T cells.
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INTROOCCnO:'lO

EAE is an autoimmune disease charaelerized by kukocytic inlillraü<'n "Î lhe CNS :Illd

demydination (1). and as such resembks the human disease mullipk sderosis \ ~IS l.

EAE can be transferred into naive animais by neuroantigen-specilie CD4+ T eells (2).

implicaùng this T cell subset in the induction of EAE. We have previously

demonstrated that CD4+ T cells that inlï1trate the CNS in EAE exhibil phenotypic

characteristics of effector T cells and thal they produce the Th 1 cytokines. 11.-2 and

IFN-y (3). These and other cytokines. including the inflammatory mediator. TNFlX.

have been demonstrated in the CNS of rodents with EAE (4-6). TNFlX is an important

component of the inflammatory response in EAE. since anti-TNFlX antibody prevellls

transfer of the disease (7). TNFlX is also cytotoxic to oligodendrocytes in vitro (8).

Moreover. a positive correlation exists between encephalitogenicity of T ccli doncs

and their production of TNFlX (9). Finally. TNFlX was identified in MS Icsions (10). and

its concentration in the cerebrospinal f1uid (CSF) of patients with MS were found to

predict progression of the disease (II).

Cytokines can be expressed by more than one ccli type. For instance. TNFlX can be

produced by T cells (12). macrophages (13). as well as in vitro-propagated fetal

microglia (14. 15) and astrocytes (16). Given this redundancy and the potential

importance of TNFlX and other cytokines in EAE. we sought to identify cytokine­

producing cells and the mechanisms that regulate their expression in the CNS of

mice with EAE.

In the present study. we have investigated the cellular sources of thc cytokin.:s

produced in the CNS of such mice. We find that IL-2 and IFN-y are produced by CD4+ T

cells. whereas TNFlX is expressed by the leukocytic infiltrate containing mostly

macrophages and microglia. The fact that freshly-derivcd. adult microglia can be
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induced tn express TNFCL by Th 1 cytokines. and the tight correlation between

intï1tration of activated T cdls and cytokine production in vivo. implicate T cell

cytokines ln the regulation of TNFCL expression by other leukocytes in EAE.
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MATERI.-\LS AND METHODS

EAE induction

EAE was induced by two subcutaneous injections 7 days apart. of 5-$ \Veek-old fcmalc

SJLlJ mice (Harlan Sprague Da\Vley. Indianapolis. IN). in the base of the tail and

flank. with 400 IJ.g purified myelin basic protein (MBP) (Sigma. St. Louis. MO.) in CrA

(Difco. Detroit. MI). containing 50 IJ.g H37RA M. luberculosis (Difeo). Symptoms were

!irst observed 14 days after the initial injection. Animais used for total RNA

extraction had severe EAE. corresponding to grades 3-4 (severe hind Iimb paresis

and/or paralysis of one or both hind Iimbs) (l7). or had remitted from severe EAF..

Before removal of brains and spinal cords, animais were anesthetized with chloral

hydrate (3.5 g/Kg) (Fisher, Montreal, Qc.), then perfused through the heart \Vith l'ilS.

RT-PCR

Total RNA was isolated from homogenized CNS as described (18) and mRNA was

isolated from FACS-sorted CNS ceUs using Quk;c-PrepTM (Pharmacia, Montreal). For

PCR analysis, equivalent amounts of total CNS RNA (determined by

spectrophotometry) or mRNA from equivalent cell numbers were subjeeted to a one­

step reverse transcription and amplification protocoI. Briefiy, mRNA was addcd to a

tube containing 10 U avian myoblastosis virus reverse transcriptase (Pharmacia,

Montreal, Qc.), 2.5 U Taq DNA polymerase (Gibco BRL, Montreal. Qc.), 20 U RNA

Guard™ RNAse inhibitor (Pharrnaeia), 10 mM of eaeh dNTP, 50 pmoles of each

primer, and a buffer mixture consisting of 50 mM KCI, 100 mM Tris (pH 8.3). 15 mM

MgCl2' and 0.1% gelatin. Primers used were as follows: CD3y sense primer 5'­

ATGGAGCAGAGGAAGGGTCTG-3', CD3yantisense primer 5'-TCACTTCTTCCTCAGTIGGTT-3',

IL-2 sense primer S'-TGCAGCTCGCATCCTGTCTCA-3', IL-2 antisense primer 5'­

AGAAGGCTATCCATCTCCTCA-3', IFN-y sense primer 5'·ACACTGCATCTTGGCTTIGC-3', IFN-y
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antis"ns" prim"r 5'·CGACTCCTTTTCCGCTTCCT-3'. TNFc< sense primer 5'­

AGCACAGAAAGCATGATCCG-3'. TNFc< antisense primer 5'-CAGAGCAATGACTCCAAAGT-3',

actin s"ns" primer 5'-TGGGTCAGAAGGACTCCTATG·3', Actin antisense primer 5'­

CAGGCAGCTCATAGCTCTTCT-3', Reactions were incubated in a Perkin-Elmer/Cetus DNA

Th"rmal cycl"r (Norwalk, CT) for 15 ;ninutes at 50°C then amplified for 25 cycles

(d"naturation min 940 C. annealing:i .u- 600 C. extension 2,5 min noC). 40 III per

sample wer" run in 1% agarose gels in TAE buffer. ONA was transferred to Hybond-N

membranes (Amersham. Baie d'Urfe. Qc) by positive pressure blotting (Stratagene.

Aurora. Ont,). and hybridized by incubation with 32P-Iabelled cONA probes for 18

hours at 42°C in 50% formamide. 1 M NaCI. with 1.0% SOS and 10% Oextran Sulphate

(19). then washed for 5 minutes at room temperature in 1 X SSC. 0.1 % SOS. 10 minutes

1 X SSC 0.1 % SOS at 65°C. 10-15 minutes in 0.1 X SSC. 0.1% SOS at 65°C and 20 minutes in

0,1 X SSC. 0.1 % SOS at 65°C. Probes were labelled by tandom priming 25 ng ONA with

[a32P)dCTP (5 IlCi) (ICN. Mississauga. Ont.). using a kit (GibcoIBRL). Cytokine probes

were cONA inserts purified from plasmids: IL-2. an N-terminal 337 base pair Pstl­

Hindlll fragment (20). IFN-y. a 643 base pair Pstl fragment (20). and TNFc<. a 1.5 Kb

Pstl-BamHI fragment of the mouse TNFc< cONA (21). The actin probe was a purified

amplilication product. The C03 cONA used was a 700 bp HindIII + EcoRI fragment

from clone pBIO.AT3g-1 (22). kindly provided by Or R.P. Sekaly (IRCM. Montreal).

Isolation of mononuclear cells from CNS.

Animais were perfused through the heart with PBS. then brains and spinal cords

removed. pooled. dissociated through a wire mesh. centrifuged at 200g for 10 minutes

and then the pellets were centrifuged on a discontinuous (30%:37%:70%) Percoll

gradient at 500g for 15 minutes (23). MOllonuclear ceUs were obtained from the 37%

(1.048 g/ml):70% (1.086 g/ml) interface • washed and analyzed by flow cytometry.
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Flow C~·tom~try.

CeIls were stained by ineubation (20 minutes at 4"C) with FITC-e,'upkd rai or hamsler

mAbs. after blocking with normal rat or hamster Ig. respectively. mAbs used wc're:

anti-CD4 (GKI.5) (24). ami-Mac-I (MlnO.15.11.5.HL) (25), and ami-CD45

(MII89.18.7.HK) (25). and hamster anti-mouse CD3e (145-2CI\) (26). Dead cells were

excluded by a combination of forwai'~ and side scalter. Fluorescene<: was analyz<:d 011

a FACScan using a LYSYS software (Becton-Dickinson). Cdls wer<: sort<:d using a

Becton Dickinson FACStar. Typically. sorting yidded 103 to 10-1 CNS cdls. and 105 LNt:.

T N F Ct. induction.

Mononuclear cells were isolated from normal uninfiltrated CNS. as d<:s<:rib<:d above.

Microtiter wells containing 105 cells were incubated overnight in duplical<: in th<:

presence or absence of supernatant from an activated Thl clone (E9.D4) (27) at a

final concentration of 40 V/mL IFN-y and 0.006 V/mL IL-2. Cells from each tr<:auncnl

group were pooled. mRNA was eXlracted. and RT-PCR was carried out using TNFCt. and

actin oligonucleotide primers. Southern blotting and Phosphorlmager analysis were

then performed. TNFa signais were normalized to their respective actin signaIs.

Results shown represent the mean radioactivity from triplicate RT-PCR

amplifications.
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RESULTS

PCR amplification

To detennine the conditions for peR amplification. a fixed amount of RNA from

infiltrated CNS was reverse transcribed and amplified using different primers for an

increasing number of cycles. The signal was in the linear portion of the

amplification curve up to 32 cycles. Twenty five-cycle PCR was arbitrarily chosen

and used for amplification. after reverse transcription. of a titration of RNA from LN

cells. using CD3-specific primers. A fixed amount of normal brain RNA was added in

order to control for dilution effects that can occur when amplifying a rare message.

such as T cell or cytokine message from total CNS tissue. To insure detectability of

lower RNA concentrations. Southern blotting using a specilÏc probe was performed

and showed that the amplification product was directly and linearly proportional to

the amount of input RNA (Fig. 1). The same PCR conditions were therefore used in

subsequent experiments.

CD3 and cytokine expression correlates with disease activity

To cxamine the expression of T cell and cytokine mRNA in relation to disease.

perfused brain and spinal cord were obtained from control mice or mice that had

been immunized with MBP in CFA to induce EAE. The immunized mice ail had grade 3

EAE and were processeo either during peak clinical disease or one week after

symptoms were no longer detectable. Total RNA from pooled brain and spinal cord

was extracted and subjeeted to RT-PCR and Southern blotting as described above. Fig.

2 shows that CD3 mRNA increases substantially during peak EAE. then sharply

decreases to normal levels in remission. consistent with previous studies (28). We

then compared the expression of IL-2. lFN-y. and TNFl1. as weil as CD3. in a separate

experiment. The radioactive signal was
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Figure 1.

PCR amplification is Iinear.

A titration of LN RNA was reverse transcribed and subjected t,' 25 cycles or l'CR

amplilication using CD3-specilic primers. A lhed amount (0.5 J.lg) of normal br"in

RNA was added to each tube before reverse transcription. The amplilication pmduct

was electrophoresed on an agarose gel. transferred to a membrane. and hybridizcd tll

32P-labelled CD3-specific cDNA. For comparison. 0.5 mg RNA from the CNS of miee

with grade 1 (mild) or grade 3 (severe) EAE was included.
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Figure 2.

T cell infiltration correJates with disease stage.

0.5 J.lg total RNA from the CNS of normal mice. from mice in peak EAE. or in rcmissillll.

was subjected to RTIPCR using CD3-specific primcrs. and analyscd as dcscribcd in

legend to Fig. 1. Corresponding actin amplification products wcrc visualizcd using

ethidium bromide staining. Each lane reprcscnts a scparatc mousc.
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quantitated with a PhorphorImager. the values normalized to the aetin signal. which

was amplified and Southern blotted in an identieal fashion. and cxpresscd as

arbitrary PhosphorImager Units. Fig. 3 confirms the CD3 rcsult in Fig. 2. and shows

that the kinetics of expression of ll.-2. IFN-y. and TNFa message correlatcd tightly

with those of CD3. When brain and spinal cord wcre separately analyscd. allalogous

results were obtained.

Identification of cytokine-producing ceUs in the inflamed CNS

We wanted to directly establish which cell type(s) produce(s) IL-2. IFN-y. and TNFa in

inflamed CNS. At peak EAE. mice were perfused with PBS. thcir CNS tissue poolcd. and

mononuclear ceUs isolated from a discontinuous Percoll gradicnt. These cells were

then sorted based on the leveIs of the CD4 marker that are expressed on T ccUs. Fig.

4A shows CD4 expression by the presorted mononuclear cell population. and Figs. 4B

and 4C show the sorted populations. Messenger RNA was then extracted from the

sorted cell populations and RT-PCR was performed. Fig. SA shows that whereas CD4+

cells expressed most if not ail of the ll.-2 and IFN-y mRNA. TNFa message was

predominantly expressed by CD4- cells. As expected • the great majority of the the

CD3 message was synthesized by the C04+ fraction. since only a small proportion of

infiltrating T cells are CD8+ (23). RT-PCR analysis on sorted CD3+ and CD3- ceUs from

inflamed CNS showed that TNFa message was in the CD3- fraction (Fig. SB). ruling out

the possibility that it was produced by CD8+ T ceUs in Ihe CD4" fraction.

Characterization of TNFa-producing ceUs in inflamed CNS

TNFa-producing mononuclear ceUs were then further analyzed by flow cytometry.

The C04S marker was used to discriminate between different cell populations (29).

Virtually ail cells isolated from normal. uninfiltrated CNS•
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Figure 3.

Quantitath'e analysis of PCR amplification of T cell. 11.-1. IFN-y. and TNFa

message from total CNS RNA.

RTIPCR were performed as described in the legend to Fig. 1 and in Materials ail II

Methods. Radioactive bands on Southern blots of PCR amplîtïcation products wcrc

quantitated by Phosphorlmager analysis. Each point represents a separate mouse

and WOlS normalized to the aclin signal from the same experimcnt. Normal:

unimmunized. G3: Severe EAE. G3R: œmitled from severe EAE.
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Figure 4.

FACS-sorting of CD4+ T eells from the CNS of mice wilh EAE.

Mononuc1ear cells were isolated from the CNS of miee immunized for l'Al' as dcs.:rihcd

in Materials and Methods. and were stained for the expression l,f CD4 using a PE­

coupled anù-C04 MAb. Cells were soned iuto C04+ and CD4' populations using a

Beclon-Dickinson FACSlar Plus. The profiles show C04 expre:;sion by the unsl'rtel!

(A), and soned C04- (B) and CD4+ (C) cells.
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Figure 5.

CD 4 + T e~lIs from EAE CNS prllduc~ IL·;! and IFN·y. but nllt T1'iFa.

Mononuclear eells were purilÏ<:d from the Cl':S of micc with EAE and ccIls \Vere ""rted

based on the expression of (A) CD4 or (B) CD3. RNA was extracted. and RTfPCR and

Southern blolting were performed using CD3. lL-2. IFN-y. and actin-specilie primers.

as desrib~d above.
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expressed low levels of C045 (Fig 6A J. and Mac-I (Fig. 6B) • a characteristic

phenotype of microglia. The weak C045 staining contrasted with the high staining

levcls exhibited by splenocytes (Fig. 6C). CeUs isolated from the CNS of mice with EAE

were similarly characlcrizcd. In this case 3 populations werc identified by CD45

staining (Fig. 60): (i) a minority C045- population. thercfore of non-haematopoictic

origin. (ii) a C04510w microglial population corresponding to that identified in

control animais without EAE. and (iii) a majority population expressing high levels of

CD45. Mac-I staining indicated that the CNS population from mice with EAE contained

Mac-I + infiltrating macrophages and activated microglia (Fig. 6E). Over 95% of the

CNS-derived cens in EAE were CD45+ (eg. hematogenous cens) (Fig. 60). of which 20­

30% are known to be T cens (23. and T.R.. unpublished observations). Since 50% of

total CNS cens were Mac-I+ (Fig. 6E). and these did not include T ceUs. this allows

calculation that the majority of ceils in the TNFcx-producing (eg. non-T) population

are Mac-1+ macrophages and microglia. This was supported by FACS-sorting C045high

and C04510w subsets fron the CNS of mice with EAE. In this sort. CD4+ and C08+ ceUs

were excluded. so the C04Shigh population did not contain T cens. RT·PCR analysis

showed both populations to produce equivalent levels of TNFcx message. per input

RNA (controned by actin mRNA levels) (Fig. :').

Microglia can be induced to express TNFcx by Thl cytokines

The fact thOlt the kinetics of TNFcx expression correlated with those of T ceU

infiltration. but TNFcx WOlS expressed by a non-T ceU population that included

microglia. suggested that TNFcx transcription WOlS regulated by infiltrating T ceUs.

Previous studies have suggested soluble T-derived cytokines as likely mediators of

such regulation (). To investigate this. we asked whether
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Figure 6.

Phenotyopic characterization of mononuc1ear cells derived from CNS.

Mononuclear cells were isolatcd from normal CNS (A and Cl and spleen (Rl. and from

the CNS of mice with EAE (0 and E). CcIls wcre then staincd with FlTC-coupled anti­

C045 (A, B, and Di or anti-Mac-! (C and El. and analyscd on a Becton Dickinson

FACScan. Open curves: irre!evant isotype-matched FlTC-coupled MAb.
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freshly-derived microglia cc)uld be induced to express TNFcx by cytokines kn,)wn hl be

produced by activated T ceUs in EAE. ~Iicroglia from nMmal. uninliltrateJ CNS

(characterizcd in Figs. 6A. B) were incubateJ overnight with supcrnatant fr\ll1l an

activated Thl clone (E9.D4). A Thl clone was sclected since wc have prcviously sh\lwn

the infiltrating CD4+ T ceUs in EAE 10 bc overwhelmingly of the Th 1 phenotypc (3).

RNA was then eXlracted. and a TNFcx-spccific RT-PCR was performeJ. Fig. S shows that

TNFcx mRNA was indueed in ceUs that wcre ineubated with Thl supernatant. compareJ

to ceUs incubated with medium alone.
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Fil:ure 7.

T N F Ct production by CD4Slow and CD4Shig h cells from EAE CNS.

Mononuclear cells were isolaled from mice witb grade 3 EAE and slained wilh PE­

coupled anti-CD4 and anti-CDS. and witb FITC-coupled anti-CD45. CeUs were sorted

using sort gales thal excluded PE-Iabelled events. and separated the remaining cells

inlO two populations based on 1;:vels of CD45 expression (Panel A). RNA was isolated

from these populations and TNFex and actin mRNA determined by 25-cycle RT-PCR

with specifie primers. The autoradiograms in Panel B are of Soutbern blots of PCR

amplimers. and show equivalent mRNA production by botb CD4510w and CD45hi g h

cells.
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Fi~ur" 8.

T N F ex induction in microglia b~' Th 1 supernatant.

Mononuclcar cells wcre isolated from normal uninfiltra.ed CNS. as described abo"e.

Microtiter wells containing 105 cells were incubated ovcrnight in duplicate in the

presence or ahsence of supernatant from an activated Thl clone (E9.D4) at a final

concentration of 40 V/mL IFN-y and 0.006 V/mL IL-2. CeUs from each treatment

group wcrc pooled. rnRNA was extractcd. and RT-PCR was carried out using TNF and

actin oligonuclcotidc primcrs. Southern blotting and Phosphorlmager analysis were

then performed. TNF signaIs were normalized to their respective actin signais.

Results shown represent the mean radioactivity from triplicate RT-PCR

amplifications .
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DISCUSSIO:"i

In lhis sludy. We show a slrong correiaüDIl belwcen T cell inlillralion and IL-~. IF~­

y. and Tt'FCt gene expression during EAE in SJUJ mice. This study shows for the tirst

lime lhe cell source of lhese cytokines in inflamed CNS. and directly demonstrales

lhat whereas lL-2 and IFN-y are produced by infiltraticg CD4+ T cells. TNFex is

expressed by macrophages and microglia. This. and the abilily of microglia 10

produce TNF in response lO T cell cylokines suggest tight regulation of TNFex

expression in macrophages/microglia by infillraling T cells.

Consislent with previous reports, we find IL-2. IFN-y. and TNFa in the CNS during

peak disease. and we show their loss in remission (4. 6). By contrast, Khoury ct al. (5)

found TNFa to be expressed during remission. This may be due to the fact that they

studied carly remission (day 18 in Lewis rat, with peak disease on day 14). when

inliltrates were still present, as opposed to our studies, which were performed

relatively late (one week into remission), when infiltration had greatly subsided.

We also show that the expression of these cytokines correlates with T cell infiltration,

as defined by detection of CD3 mRNA. Coordinate upregulation of CD3, IL-2. IFN-y. and

TNFex in peak EAE, and their concerted decrease in remission, could in principle be

due to the expression of aIl the above cytokines by infiltrating T cells. Their

downregulation in remission would then be the dir-lct result of the 10ss of T cells at

this stage of the disease (28). Alternatively. both T and non-T cells could contribute

to the expression of these cytokines in EAE. ln this case. their coordinate expression

with T cell infiltration would be the result of cross-regulation between different

cytokines and/or the cells producing them. Our results point to the latter alternative

as the more Iikely scenario.
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In characterising TNFll-producing cells in the CNS. we found that the majority (65-

• 75%). but not the totality of these cells expressed Mac-\. This marker is not expressed

on aIl CNS-derived microgliafmacrophages (30). so the Mac- 1- cells may inc1ude

macrophages. as weIl as other infiltrating CD45+. Mac- 1"infiltrati ng leukocytes. such

as B cells and neutrophiis. That macrophages produce TNFll is not surprising (10. 13).

Our data show for the first time that freshly-derived. adult microglia produce TNFa. so

extending studies showing the ability of in vitro propagated. fetal microglia (14) to

produce TNFc: in responce to T œIl cytokines. Our study does not however rule out the

possibility that other glial cells such as astrocytes contribute to TNFll production in

vivo, since our ceII isolation method excludes these CD45- Mac-I' cells (Fig. 6).

Cultured rodent astrocytes are inducible by LPS, IFN-y, and IL-I to produce TNFll (31),

and astrocytes in MS lesions were colocalized immunohistochemicaIIy with TNFll (10).

The paucity of TNFll expression by infiltrating T cells raises another point Others

have shown encephalitogenic T ceII clones to express this cytokine (9), and we have

found activated CD45RBIow CD4+ T cells in LN to produce TNFIX (TR, unpublished). One

explanation for this apparent discrepancy is that the requirements for

encephalitogenic T ceIIs in other studies (9) to produce detectable TNFll are fulfilled

through the extensive stimulation inherent in the cloning process. Such

requirements may not be met through in vivo activation. The T cells in our study had

not been restimulated in vitro, and this might account for their Jack of detectable

TNFll expression. AItematively, TNFll-producing encephalitogenic T cells may

indeed infiltrate the CNS early in EAE. but represent such a small percentage of the T

cells we isolate during peak disease that their TNFll message is undetectable in our 25­

cycle PCR amplification.
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Given that T cells infiltrate the CNS early in inflammation (32). we propose that the

cytokines they produce Ceg. IFN-y) induce TNFCt expression by microglia. before

infiltration by macrophages and other leukocytes. This may be important for the

recruitment of inflammatory cells since TNFCt was shown to be directly chemotactic

to monocytes and PMNs (33). The ability of TNFCt to enhance macrophage activation

in vitro (34) suggeslS that once macrophages infiltrate the CNS. their activation could

be potentiated by the microglia-produced TNFCt. Moreover. TNFCt Can synergize with

1FN -y in the induction of MHC class II on the surface of glial ceUs (35). which Can act

aS APC for pre-activated T ceUs (14. 36. 37). EventuaUy. macrophage- and microglia­

derivcd TNFCt may contribute to pathology since this cytokine was shown to be

cytotoxic to oligodendrocytes (7).

Whether T ceU cytokine-activated microglia are sufficient to mediate EAE pathology

rem:lÎns to be addressed. It is probable that macrophages are essential in the

inductive phase of EAE. as activators of autoantigen-specific T ceUs in the periphery.

It is also clcar that they participate in the pathology of EAE by stripping myelin from

axons and secreting toxic mediators (2). Huitinga et al. addressed the requirement for

infiltrating macrophages in EAE by treating rats with mannosylated toxin-Ioaded

liposomes that were shown to cross the blood brain barrier (38). The fact that treated

animais had mi1der EAE symptoms was interpreted as demonStrating an essential role

for macrophages in the effector arm of the inflammatory reaction. Given that the

liposomes crossed the blood brain barrier and that they targeted phagocytic ceUs

(which includes microglia). it is conceivable that aUeviation of EAE was also due tO

effects on microglia in the CNS. It is likely that microglia CaD effect many of the

functions of infiltrating macrophages and that both ceU types play complementary

roles in the pathology of EAE.
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If TNFcx ~xpression is ind~ed regulated by T cell cytokines. then ail that wl'uld he

required for remission to occur is the removai of the T cell-generated signal(s). For

this to be true. one must postulate that fl'r a sustained TNFcx expression. continullus

presence of the inducing cytokine(s) is required. Swoboda et al. (39) showed thal in T

cells. continued presence of the activating signal was required for sustained

e"pression of IL-2 and IL-4. and that transcription of mRNA for these cytokines. bUI

not that for IL-2R. stopped as soon as that signal was removed. ln EAE. a similar

effect can be achieved through T cell-regulating cytokines such as TGFI3 (40. 41) and

IL-IO (6. 42).

Therefore. if infiltrating T cells in MS similarly regulate cytokine production by

other CNS-infitrating or -resident cells. then interventions targeting T cclls would

remove not only the cytokines they produce. but also those cytokines whose

production they regulate. without the need to dircctly target the cells producing

them .

Finally. what is the relevance of having resident CNS cells capable of producing

TNFa? The TNFa gene is inducible on hematopoietic cells by a variety of viruses (43).

and TNFa amplifies virus-induced la induction on astrocytes (44). It is therefore

likely that microglia evolved into TNF-producing cells under the pressure of

neurotropic pathogens. Given the antiviral properties of TNFcx. ilS expression by

microglia during the initial stages of a viral infection would constitute a first line of

defense against the pathogen. Subsequently. TNFcx would synergize with the viruses

in the induction of MHC on brain cells. a crucial step for the development of a local

virus-specific immune response. In this context. TNFcx production by microglia in

EAE represents an aberrant response wherein this host-protective mechanism has

been subverted by autoimmune T cells.
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Pr~fac~

In prt:viou$ chaptcrs. 1 hav~ showIl a correlation bc:twccn the expression l'1" IFN-y in

the CNS and the acti\"ity and se\"erity ot" EAE. 1 also showed data suggesting that IFN·y

is an important player in the cytokine cascades Icading to pathology in the CNS.

Here. 1 describe the generaüon and prcliminary characterization of transgenic mice

that express IFN-y in the CNS.
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ABSTRACT

Interfaon-gamma (IF;>;-,) is a T ccII- derived cytokine that has been implicated in

delayed-type hypersensitivity reactions. Tc assess the role of this cytokine in

inflammation of the central nervous system (CNS), we generated transgenic mice

that express IFN-y specitïcally in that compartment. IFN-y expression, placed under

the control of the myelin basic protein promoter, was higher in the spinal cord than

in the brain. MHC antigen expression was induced in the CNS of transgenic animais,

and was most pronounced in the hippocampus and the cerebellum, coincident with

areas of myelination in young animais. When experimental allergic

encephalomyelitis was induced in transgenic mice by immunization with MB? in

Freund's adjuvant, the penetrance of the disease was greater, the symptoms were

more severe, and remission was delayed, in comparison to non-transgenic

littermates. This suggests that IFN-y plays a cole in the amplification and

perpe:uation of EAE.
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INTRODUCTION

IFN-y is a T cell derived cylokine !hal has been implicaled in a varielY of

inflammalory conditions. In previous chaplers. 1 have eXlensively reviewed lhe

existing Iileralure showing IFN-y expression and regulation in EAE. also presenled

data correlating IFN-y expression in !he CNS wi!h disease severily and aClivily (vIs

remission). and presenled evidence suggesting !hat lhis cylokine may play a roh: in

!he cytokine cascade !hal eventually leads 10 tissue pa!hology. None of !hese sludies.

however. dlreclly demonstrales a role for IFN.y in EAE.

Early efforts in !hat direction used !he approach of injecting INF-y inlo animais wi!h

EAE. This yielded conflicting results. ranging from proleclion 10 exacerbation of lhe

disease (Simmons and Willenborg. 1990; Voor!huis et al .• 1990). The facl !hal

injections of IFN-y involved breaching !he blood brain barrier and werc performcd

in different analomical compartments. in !he CNS makes inlerprelation of !hesc dala

difficult. Tù make lhings more complicaled. systemic administration of anti-IFN-y

Abs was found to exacerbate !he disease (Billiau et al.. 1988).

We decided to address !he question by producing transgenic mice !hat express IFN-y

in the CNS. The advantage of !he transgenic approach is that. unlike o!her modes of

administration. it does not require breaching the blood-brain barrier 10 deliver the

cytokine. We found !hat IFN-y expression in !he CNS induces class 1 MHC production.

and makes mice more susceptible to actively-induced EAE and relatively refractory to

remission.
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MATERIALS AND METHODS

DNA construct

A plasmid containing mouse MBP gene segments and an ampicillin resistance gene

(PM2) was obtained from Dr Arthur Roach (Fig. 1). The MBP portion consisted of 3 Kb

of upstream sequences inc1uding 35 bp of 5' UT sequences from exon l, fused to 3 Kb

downstream regions including 1.1 Kb of 3' UT sequences from exon 7. PM2 was

Iinearized using the restriction enzyme BspMII. which cuts between the 5' and 3' UT

regions (Fig. 1). The DNA overhang thus generated was filled with the Klenow

fragment of DNA polyrnerase 1. to generate blunt ends. as described (Wartell and

Reznikoff. 1980).

A 1.4 Kb full-Iength cDNA encoding the rnurine IFN-y was excised frorn pCD-yIFNmu

(kindly provided by DNAX) with BarnHI. Loose ends were filled with Klenow to

generate blunt ends.

The blunt-ended PM2 and IFN-y cDNA were Iigated using DNA Iigase and a buifer

containing 10 mM ATP. as described (Maniatis et al.. 1982). The ligation products

(PM2/IFN-y) were used to transforrn E. coli (strain DH5a). which were selected by

overnight propagation on arnpicillin-containing growth medium. Bacteria from

colonies that survived the selection process were further grown in ampicillin­

containing media. and minipreps were perforrned to isolate p1asmid DNA. using the

boiling method (Holmes and Quig1ey. 1981).

Sequencing was carried out using the dideoxy method (Sanger et al.. 1977) and

oligonucleotide primers from MBP sequences present in PM2. These were a sense
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primer from the S'UT region of exon 1 lS'-TTCAAAGACAGGCCCTCAGA-3'). and an

antisense primer from the 3' UT region of exon 7 (S'-TAGGGGTGAACTTGAAAGGG-3').

Large quantitics of the PM2/IFN-y construct were obtained by maxi-prep and CsCI

purification (Maniatis et al. 1982).

Traosfectioo of PM2IIFN-y ioto GA-S cell lion

Transfection was carried out by cationic Iiposome-mediated transfer using Lipofeetin

(Gibco BRL, -Montreal, Qc,), as described (Felgner et al., 1987). GA-S is an

oligodendrocyte precursor cell line containing the SV40 large T Ag (LTA) carrying a

heat-sensitive mutation, kindly provided by DR G. Almazan (Almazan and McKay,

1992). At 330C, the LTA is active, and the cells proliferate without differentiating. It

is at this stage that PM2IIFN-y (l0llg), in addition to 1 Ilg of a resistance gene to

hygromycin (1S2.2 Hygro), were use:! io co-transfect the cell line, The transfected

ceUs were then incubated in DMEM (ICN, Mississauga, Ont) containing 10% FCS in lhe

presence of 60 Ilg/ml hygromycin (Sigma. St. Louis, MO) for a week, after which the

hygromycin was removed. The surviving ceUs were incubated at 37°C for 2 wecks.

At this temperature, the oncogene is inactive and the ceUs stop dividing and

differentiate morphologicaUy and express MBP and galactocerebroside (Almazan and

McKay, 1992).

RT/PCR

Transfected GA-S ceUs were peUeted and their RNA was extracted using the acidic

guanidinium method (Chomczynski and Sacchi, 1987). RNA from equivalent cell

numbers was subjected to a one-step reverse transcription and amplification

protocol. Briefly, RNA was added to a tube containing 10 U avian myoblastosis virus

reverse transcriptase (Pharmacia, Montreal. Qc.), 2.S U Taq D='A polymerase (Gibco
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BRL). 20 U RNA Guard™ RNAse inhibitor (Pharmacia), 10 mM of each dNTP. 50

• pmoles of each primer. and a buffer mixture consisting of 50 mM KCI. 100 mM Tris

(pH 8.3), 15 mM MgCI2. and 0.1% gelatin. Primers used were IFN-y sense primer 5'-

ACACTGCATCTTGGCTTTGC-3', IFN-yantisense primer 5'-CGACTCC 1111 CCGCTTCCT-3'.

Thesc: primers span 450 bp. Reactions were incubated in a Perkin-Elmer/Cc:tus DNA

Thermal cycler (Norwalk. CT) for 15 minutes at 500C then amplified for 25 cycles

(denaturation 1 min 940 C. annealing 2 min 600 C. extension 2.5 min 72oC).

Amplification products were resolved on a 1% agarose gel in TAE (0.04 M Tris-acetate,

0.002 M EDTA) to detect the expected 450 bp product.

•

•

IFN-y bioassay

An IFN-y-specific bioassay was performed as described (Kelso. 1990). WEHI-279 is a B

Iymphoma line whose proliferation is inhibited by IFN-y. Briefly. two-fold dilutions

of supernatant from transfected GA-5 ceUs were incubated with 104 WEHI-279

ceUslmicrotiter weU in the presence or absence of 10 Ilg/ml neutra!izing Ab to IFN-y

(XMG1.2). 3 days later. 10 III MTT [3-(4-5-dimethylthiazol-2-yl)-2,5-diphenyl­

tetrazolium bromide] (Sigma) at 50 Ilg/ml was added to each well. and incubated for 6

hours at 370C. The resulting formazan precipitate was solubilized by addition of 100 III

10% SDS-O.OIN HCL ar.d incubation at 37°C overnight. Optical density was measured at

560 nm with a reference wavelenght of 690 on a multiweU plate photometer (SLT EAR

400 AT) (Fisher scientific, Montreal, Qc), and compared to a standard curve of

recombinant IFN-y (Genzyme. Cambrige, MA).

Generation of transgenic mice

HindIII was used to excise a !inear DNA fragment from PM2IIFN-y that included the

IFN-y cDNA. flanked by 1.3 Kb upstream. and 2.2 downstream MBP sequences.

Microinjection and reimplantation were carried out as described (Hogan et al., 1986).
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DNA screening

Integration of the transgene was evaluated 3 weeks al'ter birth hy l'CR analysis nt" lail

ONA. Ol':.-\ was isolated as follows: tail tissue was incubated overnighl al 50"C in a

solution containing 400 mM NaCl. 50 mM Tris-HO (pH S.O). 0.25'ië SDS. 10 ml\\ EDTA.

and 400 Ilg/ml Proteinase K (BRL. Montreal. Qc). Al'ter microcemrifugation. the

supernatant was extracted twice with phenollchloroform. the aqueous phase

precipitated in 2 volumes ethanol at -20°C. and the resuitam ONA aggregate

resuspended in distiIIed H20.

l'CR amplification was then carried out for 30 cycles using the conditions described

above and a mixed pair of oligonucleotide primers consisting of either MBI' sense and

IFN-y antisense primers. or MBp antisense and IFN-y

sense primers (primer sequences were described above).

RNA expression

RNA was exrracted l'rom various organs and subjected to RT/pCR using the IFN·y

sense and antisense primers. as described above. Equal volumes l'rom amplification

reactions were ron in 1% agarose gels in TAE buffer. l'CR amplimers wcre

rransl'erred to Nyrran membranes (Schleicher and Schull Inc.. Keene. NH) by

vacuum blotting (Pharmacia). and hybridized by incubation with 32P.labclled eDNA

probes for 18 hours at 420C in 50% formamide. 1 M NaCI. wilh 1.0% SOS and lOCh:

OextraD Sulphate (Maniatis et al.. 1982). then washed for 5 minutes at room

temperature in 1 X SSC. 0.1% SOS. 10 minutes 1 X SSC 0.1 % SOS at 65°C. 10-15 minutes

in 0.1 X SSC. 0.1% SOS at 650C and 20 minutes in 0.1 X SSC. 0.1% SOS at 65°C. Probes

were labelled by random priming 25 ng ONA with [a32P]dCTp (5 IlCi) (ICN). using a kit
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(Gibco/BRL). The IFN-y probe was a 643 base pair Pstl fragment purified from a

plasmid described by Kelso and Gough (1988).

Screening for homozygosity

Screening for homozygous mice was performed by Southern blotting (Southern,

1975). Briefly, 10 I1g tail DNA was digested with SstI, electrophoresed in agarose,

blotted onto a membrane, and hybridized with a 32P-labelled IFN-y cDNA probe, as

described above. ACter washing, radioactive bands on the blot were quantitated by

PhosphorImager (Molecular Dynamics, Sunnyvale, CA).

EAE induction

EAE was induced by two subcutaneous injections 7 days apart, in the base of the taïl

and flanks, of 400 I1g purified myelin basic protein (MBP) (Sigma) in CFA (Difco.

Detroit, MI), containing 50 I1g H37RA M. ruberculosis (Difco). Symptoms were first

observed 14 days aCter the initial injection. Before removal of brains for histology,

animaIs were anesthetized with chloral hydrate (3.5 glKg) (Fisher), then perfused

through the heart with PBS.

Histology

10-20 I1m sections were cut from frozen tissue. layed onto gelatin (Sigma)-coated

slides, and blocked in 3% ovalbumin (Calbiochem. San Diego. CA) for 1 hour at room

temperature (RT). Sections were then incubated overnight with primary (rat-

derived) mAbs at 4°C. After washing with PBS. a mouse-preabsorbed biotinylated

rabbit anti-rat Ig secondary Ab (Dimension Laboratories. Mississauga. Ont) was added

for 1 hour at RT. washed, after which the slides were dipped in 0.3% H202 in
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methanol. to quench endogenous peroxidase. Sections were then incubated twice in

Avidin-Biotin Complex (ABC) solution (Dimension Laboratories) for 1 hour at RT.

separated by an amplification step with biotinyl tyromidc (DuPont. Mississauga. Ont).

Slidcs were washed. and incubated in 0.3 mg/ml diaminobcnzidine (DAB) solution

(Sigma) containing 0.03% H202 and 2% nickelammonium sulfate (Sigma) for 8-10

minutes. The reaction was then stopped by washing with double deionized water.

When desired. counterstaining with hematoxylin (BDH. Ville Saint Laurent. Qc) \Vas

performed. as described (Wordinger et al.. 87). Finally. slides were dehydrated in

ethanol. cleared in xylene (Fisher). and mounted in Permount (Fisher)

Hematoxylin and eosin staining (Fisher). and a myelin stain were normally

performed on sections from the same animaIs. Myelin stain was performed as

follows: tissue sections were fixed 1-2 hours in formalin (Fisher). then hydrated to

95% ethanol. Slides were incubated overnight in a luxol fast blue solution (Fisher) in

ethanol and glacial acetic acid (Fisher) at RT. then differentiated by successive

incubations in 0.05% lithium carbonate (Fisher). 70% ethanol. and distilled H20.

Sections were then counterstained in cresyl violet (Fisher) for 6 minutes. washed in

95% ethanol for 2 minutes. then in terpineol (Anachemia. Lachine. Qc)-xylol for 2

minutes. cleared in xylene (Fisher). and mounted in permount.

MAbs used were: XMG1.2 (Cherwinski et al.• 1987). R4-6A2 (Spitalny and Havell. 1984).

AN.18 (anti-IFN-y); GKl.S (anti-CD4) (Dialynas et al.• 1983); P7n (anti-class Il MHC)

(Momburg et al.• 1986); M1I42 (anti-class 1 MHC) (Springer. 1980); 53.6.72 (anti-CD8a)

(Ledbetter and Herzenberg. 1979).
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RESULTS

Generation of MBP/IFN-y construct

An MBP/IFN-y construct. PM2I1FN-y. was generated by blunt-ended cloning of a full­

length mouse IFN-y cDNA into a plasmid. PM2. (Fig. 1) containing containing 3 Kb

upstream and 2 Kb downstream mouse MBP DNA.

To determine the orientation of Integration of the IFN-y cDNA insert into the MBP

sequences. the plasmid was digested with combinations of restriction enzymes and

run on agarose gels. Double digestion with Xbal and EcoRV was one of the

combinations used. Xbal cuts PM2 (see Fig. 1). but not the insert, whereas EcoRV cuts

the insert at bp 225. but not PM2. Digestion with either of these REs alone would

therefore Iinearize the construct, yielding a band of 9260 bp. Digestion with both

REs. on the other hand, would yie1d 2 bands, 5940 and 3320 bp, if the insert is in the

right orientation. and 5335 and 3925 bp, if it is in the wrong orientation. Fig. 2 shows

an agarcse gel with a PM2IIFN-y clone that was determined to be in the right

orientation using this method. Other RE combinations were used to confirm the

insertion and orientation in this clone (not shown). Sequencing confirmed that the

cDNA inserted in the p1asmid in the right orientation and that no new reading

frames were created (not shown).

Transfected MBP/IFN-y construct yields IFN-y mRNA and protein

To ascertain that the MBP regulatory sequences in PM2IIFN-y are capable of driving

transcription of IFN-y mRNA and that this message can yie1d a functional IFN-y

protcin, PM2IIFN-y was transfected into GA-S. an
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Figure 1.

The PM2 vector.

S'end of the mouse MB? gene (from cos 138) fused with its 3' end by Iigating the

BspMII site in the S'UT region of exon 1 with the BspMII site in the 3'UT region of

exon 7. ltalics indicate restriction sites which are not unique (Ietters). or positions

which are approximate .
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Figure 2.

Restriction mapping of PM2/IFN-y

1 J,lg miniprep DNA from PM2IIFN-y clone 28 was subjeeted to digestil'Il with the

restriction endonucleases EcoRV and/or Xbal. Digested DNA. as weil as ulldigesled

DNA from the same clone. were eleclrophoresed on a 1'7c agarose gc\ and visualiled

with ethidium bromide. Size markers: lambda DNA digested with either Hilldlll or

with HindlII and EcoRI.
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Figure 3.

RT/PCR amplification of IFN-y in transfected G.-\-5 cells

Plasmid containing PM2IIFN-y sequences was transfectcu into GA-; cclls. as

described in materials anu methods. RT/PCR amplification was pcrformcu for ,0

cycles using IFN-y-specilic primers. anu ampllicaùon products werc run on a,,;arnsc

gel and visualized with ethidium bromide. GA-S: mock transfccted GA-; cells; GA­

SIlFN-g: PM2/IFN-y- transfected GA-S cclls; RAJI: human lymphoblast linc; l'M2I1FN­

g: PM2/IFN-y plasmid used for transfecùon.
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oligodendrocyte precursor cell line transformed with SV40 large T antigen (LTA)

carrying a heat-sensitive mutation.

The transfected ceUs were peUeted and their supernatant (SN) was coUected. RT/PCR

was performed on RNA extracted from the ceU pellet. Fig.3 shows that a 450 bp IFN-y

band conld be amplified from GA-S ceUs trtlDsfected with PM2IIFN-y (GA-5/IFN), but

not from mock-transfected GA-S ceUs (GA-S). or from a human B ceU line (RAJI).

PM2/IFN-y plasmid was inciuded as a positive control.

To determine whether biologically-active IFN-y protein was produced by the

traDsfected cells. the SN was subjected to a IFN-y-specific bioassay. As shown in Fig.

4. SN from PM2IIFN-y-transfected GA-S ceUs was able to inhibit proliferation of

WEHI-279 cells in a dose-dependent manner, and this inhibition "'as blocked by anti­

IFN -y mAb, indicating that biologically-active IFN-y was produced by the transfected

cel1s.

Transgenic founders are identified

Having confirmed that the PM2nFN-y conslrUct was able to drive the expression of

IFN-y mRNA in the appropriate cells and that biologicaUy-active IFN-y was translated

from that message and secreted, the construct was Iinearized prior to microinjection.

A Iinear HindIII fragment was obtained (Fig. 5) and microinjected into male

pronuclei of fertiIized (C3H X C57BU6) F2 oocytes, which were then implanted into

pseudopregnant females.

Out of 40 pups that were bom from surrogate mothers, 8 were found to have

integrated the traDsgene using RTIPCR and mixed MBPnFN-y primers (Fig. 5), Il

combination that insures that only PM2lIFN-y-containing DNA. but not the
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Figur~ 4.

1 F /Ii - Y bioassy of sup~rnatant l'rom transf~et~d GA-S eells

Plasmid conlaining IFN-yIMBP sequences w~s used lO transfect the oligodendrocyte

preeursor ccII line. GA·5. IFN·y titers were determined by inhibition of proliferation

of the WEHI-279 cell line. Briefly. 104 cells were added to titrations of supernatants or

standards. wilh or wilhout 25% anti-IFN-g mAb for confirmalion of specificity of

response. Cell proliferation was read out colorimetrically al'ter 3 days. using MTT and

an SLT-EAT400 multiwell photometer.
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Figu re 5.

1F N -y/MBP promoter construct

A mouse IF:>.'-y cDNA was subcloned into the BspMII site of PM:? The DNA construct

was linearized by digeslion with Hindlll and microinjected into the pronuclei of

fertilized (C57BLl6 X C3H) FI ferùlized oocytes. Arrowheads indicate the locaùon of

the oligonuclcotide primers that wen: used to screen for transgene integration.
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endogenous MBP or IFN-y genes. will be amplified. This is ilIustr:lted in Fig. 6. where

amplification of 1 J.Lg DNA from mice that had integrated the transgene yielded a band

that co-migrated with the amplification product of PM2I1FN-y plasmid on agarose gel.

DNA from unmanipulated mice or mice that were mîcroinjected but did not integrate

the transgene showed no such bands.

IFN-y is expressed in the CNS of MBPIIFN-y mice

To study the expression of the tr:lnsgene. the founders were crossed to C3H mice. and

RNA was obtained from the brains and spinal cords of their offspring. Transgenic

offspring from one founder (AS 19) were found to express readily detectable levels of

IFN -y mRNA. by RTIPCR. in the spinal cord and brain. with consistently higher

expression levels in the former than in the laller. This is shown in Fig. 7. where RNA

from B201 and C302. two tr:lnsgenic offspring of AS19. yielded an appropriale RTIPCR

band. This was abrogaled upon treatment of the PCR mix with DNAse-free RNAse

prior to amplification. ruling out amplification of contaminating transgene­

conlaining genomic DNA. CNS tissue from B409. a non-transgenic littermate. was

ùsed as a negative control. IFN-y mRNA in these mice was undetectable by Northern

blot analysis.

To ascertain tissue specificity of expression of the transgene. RNA was eXlracted from

various tissues and subjected to RTIPCR with IFN-y primers and Southern blotting. As

shown in Fig. 8. RNA from heart, testes. lungs (in addition to kidney and Iiver. not

shown) of a transgenic animai did not contain IFN-y message. whereas brain. spinal

cord. spleen and thymus RNA did. The presence of IFN-y mRNA in spleen and thymus

could be due to "leakiness" of

the promoter. Allernatively. given the extteme sensitivity of our detection
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Figur~ 6.

PCR scr~~ning of tail DNA for transg~n~ int~gration.

Tai! tissue from 3-week old mice was digested with l'roteinase K and DNA was ll~tained

using phenol/chloroform extraction. 1 J.1g ONA was amplified in a l'CR reaetion using

an upstream primer specifie to the mouse IFN-y cONA and a downstream primer

complementary to the 3'UT sequences of the murine MBl' gene. Amplification

products were ron in an agarose gel and visualized with ethidium bromide. Plasmid

DNA: PCR-amplified l'M211FN-y plasmid (100 ng).
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Figur~ 7.

1FN -y expr~ssion in CNS of MBP/IFN·y lransg~nie mie~

RNA was extract~d l'rom brain and spinal cord. reverse transcribed. and subjeclcd tll a

25-cycle PCR amplification using IFN-y-specific primers in the presence of absence

of DNAse-free RNAse. Amplimers were visualized by Southern blotting and

hybridization with a 32P.labelled IFN-y cDNA. B201 and C302 arc transgenic micc

l'rom different crosses. B409 is a non-transgenic Iillermate of B201. Br.: brain: S.C.:

spinal cord.
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Figure 8.

Tissue specificity of the IFN-y/:\IBP constrUC'l.

•

R:>lA was ~xlracl~d from differenl tissues. reverse lranscrihcd. and suh.lcctcd 1\' a ~5-

cycle PCR amplification using IFN-y-spccific primers. and visualil.ed hy SI>uthcrn
..,

blolling and hybridization with a -'-P-Iabelled lFN-y cDNA. In additil>n tl> hrain and

spinal cord. IFN-y message was also deleclcd in spleen and thymus.

1 13



1

"'C
~

0
0 CfJ

C ::J CfJ
C ~ CD E - CD CfJ~.- c CD ~ - 0)
~ .- - >- CD

CfJ C
~ 0- 0- .s::: CD ::J
Il) en en ~ I ~ -!



1

•

sys:em. and givc:n the lymphoid natun: {)Î thesc: organ:-'. the: ]F~-y message in thcs~'

tissues could t:ome from enJogenous sources. Fig. 1) SUpp\)rts this latter hyp{)tl1c..·sis.

sinee il shows lbal IFN-, mRNA ean be deteetcd in lhe spleen and thymus. hut Ihlt in

the spinal eord of a normal. unmanipulaled C3H mouse.

Derivation of homozygous MBP/IFN·'Y Iines

Transgenie animais were lhen baekerossed 5 generations omo lhe EAE-suseeptihlc

SJL background. after whieh homozygous lines were gencrated by intererossing

heterozygous miee. For example. in Fig. ID. miee #1 to 6 arc the offspring of a cross

between a homozygous and a hctcrozygous mouse. whose DNA WolS used as eomrols.

DNA from a non-tr:msgenie lincrmate WolS used as a negative control. As cxpeeted. ail

the mice in lbc Iiller were transgcnie. and the intensities of the bands identilied

miee #2. 3. 4, and 6. as homozygous. and miec #1 and 5 as hctcrozygous.

Class 1 MHC is induced in the CNS of MBP/IFN·'Y mice

Histologie examination of hematoxylin and cosin (H&E)· stained brain and spinal

cord sections from transgcnic animais did not reveal any gross morphological

abnormalities in comparison to lbose from lillermates. No infiltrating cclls wcrc

detected. and myelin staining failed to reveal diffcrcnccs betwcen transgenie and

non·transgenic mice.

For technical reasons, we were unable to dcmonstrate expression of IFN·'Y protdn in

lbe CNS by immunohistochemical staining, using a technique that has identified IFN·

'Y in a Thl clone and in in vitro·activated LN T ceUs. We were. however, unable to

immunoblot IFN·'Y protein from total lysates of lbe same Th 1 clone. despite being able

to immunoblot CD45. using lbe same
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Figure 9.

PCR screening of spleen and thymus of transgenic and control aminals

for IFN-y mRNA.

RNA was extractcd. reverse transcribed. and amplified using IFN-y- specifie primers.

as described. Agarose gel and Southern blotting were performed as described above.

C3H: normal C3H1J mouse: Tg.: a transgenic offspring from a cross between a normal

C3H and a transgenic (C3H X C56BU6)Fl. S.C.: spinal cord; SpI.: spleen; Thy.: thymus.
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Figure 10.

Southern hIot sereening for homozygous transgenie miel'.

Gcnomie DNA was cxtraetcd and Southern blot anlysis carried out, using an IFN-ï-

specific cDNA probe. Radioactive bands were quantitated using Phosphorimager, and

plotted as arbitrary radioactivity units. Mice #1 to #6 are the offspring of a

homozygous and heterozygous transgenic mice (incIuded as cootrols). A noo-

transgenic mice was also used a control.
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technique. We used two monoclonal and 1 polyclonal anti-IFN-y Abs for blotting.

None of these had previously been used successfully in a western blot. It is possible

that these Abs cannot recognize epitopes on the incompletely renatured protein

bound to nitrocellulose.

ln the absence of direct demonstration of IFN-y protein in the CNS. we stained for

IFN-y-inducible genes. Class 1 MHC antigens were chosen because they are expressed

at low to undetectable levels in normal CNS. but are readily detectable in inflamed

CNS. presumably as a result of induction with IFN-y. Fig. II shows sagittal sections

through the hippocampus of a 3 week old transgenic mouse (A.C) and a non­

transgenic Iittermate (B.O) stained with with luxol fast blue (myelin stain) (A,B) or

anti-Class 1 MHC mAb (M 1142. rat IgG2a) (C.O). Class 1 MHC staining was observed in

sections from 3-week-old. but qot adult. transgenic animais. or from non-ttansgenic

littermates. Class 1 MHC reactivity was detected predominantly in the hippocampus.

cerebellum. and spinal cord. and coincided with areas of myelination. An isotype­

matched anti-C08cx Ab (53.6.72) showed no staining (not shown). The coincident

expression of class 1 MHC and myelin is consistent with IFN-y being driven by a

transgenic MBP promoter, whose peak activity was shown to occur at age 3 weeks

(Foran and Peterson. 1992). during active myelination. It is likely that class 1 MHC

expression is induced in regions where myelination was occuring or had recently

occured.

M BPlI F N - Y mice deveJop severe, non-remitting MBP-induced EAE.

MBPIIFN-y transgenic mice were observed for over a year. No neuroJogical signs

werc detected, even in mice that had been backcrossed 5 generations onto SJL. This

was consistent with the Jack of CNS infiltration and the normal
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Figure Il.

Myelin and class 1 MHC staining in Ihe CNS

Sagilla\ sections Ihrough the hippocampus of a 3 week 01<1 transgenic mouse lA.C)

and a non-Iransgenic lillermale (B.O) were slaine<l with with luxo\ fast b\ue lmyelin

stain} (A.B) or anti-C\ass \ MHC mAb (MI/42. rat IgG2a) (C,O). Arrows show areas of

myelination (A) or class 1 MHC staining (C).
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myelin patterns in these mice. In the absence of spontaneous autoimmune disease.

we asked whether IFN-y expression in the CNS affected the suceptibility of mice to

actively-induced EAE. or altered the course of the disease. EAE was induced by s.c

injections of MBP in CFA. Table 1 shows that a large proportion of transgcnic

animaIs developed a severe. non-remitting. EAE. By contrast. a lower frequency of

non-transgenic Iittermates developed EAE. severity was lower. and duration was

similar to that seen in normal SIL mice. The lower incidence of EAE in non­

transgenic Iittermates vIs normal SIL mice may reflect the differences in genetic

background, and as such the littermates are the appropriate controls for the

transgenic mice.
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Exacerbaled EAE in PM2/IFN-y transgenic mice.

Exp!.

Transgcllic (+1-) Severe. unrcmitting. EAE. Moribund al 4 weeks

Transgcnic (+1-) Severe. unrcmitting. EAE. Moribund at 4 weeks

Transgcnic (+1-) No symploms

Lillcrmale (-1-) No symploms

Lillcrmale (-1-) No symploms

Expl. Il

Transgcnic (+1-) Severe EAE. Dclayed rcmissiùn (3 weeks)

• Liuermalc (-1-) Mild EAE. Normal remission

Lillcrmale (-1-) No symptoms

Lillermalc (-/-) No symptoms

EAE was indueed by Iwo immunizations with MBP in CFA. All miee were (C3H X

C57BU6) FI fcmalcs. baekerossed lwiec onlO SJL/J. (+1-) indicates heterozygous

lransgcnic miec; (-1-) nOll-transgcnie Iiltermales. Remission in non-transgenic

mice usually oecurs wilhin one wcck aCter appearance of symptoms.

•
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DISCUSSION

We have generated transgenic mice that constitutively express IFN-y in the CNS. The

CNS of these mice was morphologically normal and free of infiltrating ceUs. Mice diù

not develop spontaneous autoimmune disease. even after extensive backcrossing iuto

the SJL background. This lack of spontaneous pathology contrasts \Vith a (lrevious

study where mice developed inflammatory diabetes as a consequence of transgeuic

IFN-y expression in the pancreas (Sarvetnick et al., 1988). This apparent discre(lancy

might reflect substantially lower levels of IFN-y mRNA in our mice. Indeed, uulike

the studies of Sarvetnick et al. where IFN-y mRNA was detectable by Northern

blotting in the pancreas, we had to use the more sensitive RT/PCR with Southern

blotting to detect IFN-y transcripts in the CNS. The level of expression of the IFN.y

transgene in the CNS· of our mice were comparable to those found in the CNS of miee::

with EAE (not shown). and therefore possibly more physiologically relevant than the

pancreatic modei. Another difference may simply relate to differences inhere::nt to

the tissues where the transgene is expressed. It is noteworthy that transgenic

expression of IFN-lX. or IL-IO (an immunosupressive cytokine) in the:: pancreas also

produced inflammation in that organ (Stewart et al.. 1993. Wogensen ct al .. 1993),

suggesting an enhanced susceptibility of the pancreas to cytokine-me::diated

inflammation. Aiso. whereas both class 1 and class II MHC are induced by transgenic

IFN-y in the pancreas. only class 1 MHC could be detected in the CNS of our transge::nic

mice. Interestingly, the pattern of class 1 expression (strong expression in the::

hippocampus and cerebellum. colocalizing with active myelination at age 3 weeks) in

the MBPIIFN-y transgenic mice closely resembled that of I3-Gal in MBPlLacZ

transgenic mice using the same promotor sequences (Foran and Peterson. 1992).
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Although MBPIIFN-y mice did not develop spontaneous disease. they were more

susceptible to MBP-induced EAE. Indeed. a more severe and unremitting fonn of EAE

was observed in transgenic animaIs, in comparison to the mild. rapidly.remitting

EAE seen in non-transgenic littermates. This suggests that IFN-y alone is not

sufficient to initiate of an inflammatory response in the CNS. Rather, the continuous

expression of this cytokine in the CNS seems to amplify a peripheraUy-induced. CNS·

directed immune response and to prevent remission. The lack of remission in

MBP/IFN-y mice and our demonstration (in chapter 3) that IFN-y mRNA is lost in

remission from actively-induced EAE in non-transgenic mice suggest that this loss is

required for remission to occur. It is noteworthy that IFN-y. a Thl-type cytokine.

il\hibits the proliferation of Th2 T ceUs (Gajewski and Fitcb. 1988). Tbese ceUs

produce IL-10. a cytokine that bas been implicated in remission from EAE (Kennedy

et al.. 1992). IFN-y also negatively suppresses the action of prostaglandin E2. an

inbibitor of macropbage-mediated cytoxicity (RusseU and Pace. 1984).

Studies in wbich IFN-y was injected into rodent CNS yielded conflicting results.

Intraventricular administration of IFN.y in rats protected from the EAE (Voorthuis et

al.. 1990). By contrast. injection of IFN-y into rodent spinal cord induced EAE-Iike

symptoms (Simmons and Willenborg. 1990). FinaUy. intrathecal injection of IFN-y in

rats induced MHC expression in the CNS. but did not lead to overt pathology (Vass and

Lassmann. 1990). Tbe discrepancies between these studies may relate to the

differences in the site of injection and the extent of vascularization in those sites.

This is an especially important consideration given the critical role the blood-brain

barrier plays in the pathology of EAE (Brosnan et al.. 1993). The transgenic

approach has allowed us circumvent that problem by expressing IFN-y without

breaching the blood-brain barrier or penurbing peripberaI lFN.y statns. Our

results are not consistent with a protective role for IFN.y in EAE. Rather. they are in
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line with the observation of Vass and Lassmann (1990). More importantly. our data

are reminescent of those obcained in humans. where administration of IFN-y to MS

patients shortened remission periods and exacerbated the disease (Pani tch et al..

1987).

We are currently using the recently available PM2IIFN-y homozygous lines to dissect

the cellular and molecular events leading to the exacerbated pathology and lack of

remission in MBPIIFN-y transgenic mice. We are also in the process of generating

anotber MBP/IFN-y construct using a 9 Kb MBP promoter that has been shown to

direct a more abundant and widespread expression of transgenes in the CNS (A.

Peterson. unpublished observations), to study the effects of IFN-y hyperexpression in

that compartment•
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CHAPTER 5

Cytokine production by cells in cerebrospin:ll f1uid durin~ Experimenl:ll

Allergie Encephalomyelitis in SJLlJ mice•
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Preface

ln chapter 3. 1 showed that the expression of IL-2 and IFN-y in total CNS tissue from

miee with EAE correlated with the active phase. and with the severity of the disease.

The next question was whether this information can be used in the evaluation of

inflammation of the human diseuse. MS. for whieh EAE is a mode!. The only

compartment avilable for study in MS is the CSF. To study the validity of using CSF to

evaluate the immune activity in the CNS. 1 here compare the levels of expression of

IL·2 and IFN-y in these two compartments. and the severity of the disease. in mice

with EAE.
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ABSTRACT

Cytokine production by T .cells in the cerebrospinal t1uid lCSF) and central nervous

system (CNS) of SJLIJ mice during myelin basic protein (MBP)-induced experimemal

allergic encephalomyelitis (EAE) was examined. Reverse transeriptase/polymerase

chain reaction (RT/PCR) was used to measure interleukin-2 (IL·2) and interferon·

gamma (IFN-y) mRNA levels from perfused CNS tissue (brain and spinal cord) and

from cells isolated from CSF. Animais were grouped according to EAE severity.

ranging from asymptomatic (adjuvant only) to severe disease (parail'sis or severe

paresis). Cytokine signais. normalized to actin, were almost undetectable in control

tissues, and only slightly eJevated in whole CNS tissue from animais with mild EAE.

Both cytokine messages were strongly upregulated in CNS tissues derived from

severely affected animais, consistent with previous observations correlating disease

progression with infiltration by memory/effector C04+ T cens. the major source of

these cytokines. This cytokine upregulation was specifie to the CNS. since other

organs from the same animais did not express significant levels of IL-2 and IFN-y.

CSF was obtained from the cisterna magna of unperfused mice and verified as such

by absence of red blood cells (RBCs) and by immunoglobulin concentration orders of

magnitude lower than in serum. Cytokine message was measured in RNA isolated

from cens in CSF. Levels of IL-2 and IFN-y mRNA in CSF cens were significantly

elevated in mild EAE and strongly upregulated in severe disease. correlating with

those in total CNS tissue. These results confirm the CSF as representative of the:

immune status of the CNS and indicate a role for IL·2 and IFN"f in inflammatory CNS

disease.
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Introduction

Immune-medialed mechanisms are pOStulaled [0 underlie the development of

multiple sclerosis (MS), a disorder characlerized by multifocal areas of inflammation,

demyclinalion and gliosis within the CNS (?rineas, 1985). Immune-mediated

mcchanisms have been shown 10 mediale the ùssue injury in animal models of CNS

inflammalory-demyclinaling diseases induced either by auto-anùgen sensitization

(EAE) (Raine, 1985) or by a viral infecùon such as Theiler's murine encephalitis

virus (Miller ct al., 1990). In both the human and animal disorders cytokines

produced by immune ceUs infiltrating the CNS are implicated as important

determinants of disease development and progression (Selmaj, 1992). We have shown

that CD4+ T ceUs which infiltrate the CNS in EAE are predominantly of the

memory/effector phenotype (Zeine and Owens, 1992), which is associated with acùve

cytokine producùon (Bottomly et al., 1989), and we have shown these T ceUs to

produce IL·2 and IFN-y (Renno et al, submitted).

ln humans, analysis of cytokine production in concert with disease development is

Iimited by lack of direct access to the CNS in vivo. The systemic circulaùon is

accessible to analysis, but studies of this immune compartment in affected individuals

have at best shown a weak correlaùon of cytokine profiles and disease acùvity

(Olsson et al.. 1990). Analysis of cytokines present in the fluid phase of the CSF have

suggested correlation with disease activity in some studies (Sharief et al., 1991;

Franciotta et al., 1989) but comparisons among these studies are complicated by

methodologic differences, and limits of detectability of cytokine proteins. Cytokine

production by T cell clones generated from CSF in response to antigen has been

reported (Benvenuto et al., 1991), as has cytokine production by individual CSF­

derived T ceUs following short-term exposure tO antigen in vitro, using an

immunospot assay (Olsson ct aI•• 1990). In the latter studies, cytokine production by
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MS palient-derived T ceUs exceeded that of control don,'r ceUs. The aoove studies

involved restimulation of antigen-reactive CSF-derived T cells in vilro priM tl' assay.

rather than analysis of the total T cell population immedialcly <,x-\·i\·o. raising

questions about the relcvance of these lindings to the in vivo situation.

The aims of the present study were to determine whether cytokine production oy

immediately ex-vivo ceUs tlerived from the CSF parallels that in total CNS tissue. cg.

refiects the immune status of the CNS of EAE animais. and whether such cytokine

production correlates with the severity of clinical symptoms. The advent of

molecular techniques that permit amplification of cDNA signaIs has allowed analysis

of gene transcription in small numbers of ceUs such as are found in CSF. whereas

previous studies have required in vitro expansion of CSF ceUs prior to analysis. III

the present study we describe a RTIPCR analysis of mRNA from total CNS tissue and of

mRNA in T cells from the CSF of mice with varying grades of EAE. We show

correlation of IL-2 and IFN-y expression in CNS with severity of EAE. We also

demonstrate that changes in the level of production of IL-2 and IFN-y by CSF T ceUs

parollel those seen in total CNS tissue. This demonstrates that the CSF is

representative of infiltrating lymphocytes in a CNS autoimmune disease. and

validates study of this compartment in analysis of human disease.
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Mat~rials and Methods

Mic~ and induction of EAE

Femak SJLlJ mice (5-8 weeks) were obtained l'rom Harlan Sprague Dawley

(Indianapolis. IN). EAE was induced by two subcutaneous injections. 7 days apart. of

myelin basic protein (MBP) (Sigma. St. Louis. MO) in CFA (Di l'co. Detroit. MI).

containing 50 I1g H37RA M. luberculosis (Dil'co). Symptoms were first observed 14

days aner the initial injection. The animais used for this study either had nùld EAE

(grade 1. eg. Iimp tail) (n=8). or severe EAE (grade 3-4. eg. severe paresislparalysis of

one or both hind Iimbs) (n=8) (Kennedy et al.. 1988). Before collection of brains and

spinal cords for PCR analysis. animais were perfused through the heart with 150 ml

PBS.

es F extraction

CSF was extracted using a slight modification of the method of Griffin (1981). BrieOy.

mice were anesthetized with chloral hydrate (3.5 g/Kg); the skin and musculature

over the head and the upper back was reflected and a 30-gauge Buuerfly needle

(Abbot. Montreal. Quebec) fitted Wlth a mouth tube was used to pierce the dura mater

and aspirate fluid l'rom the medial cisterna. The fluid was examined visua1ly and

microscopically to confirm absence of red ceUs and the white cells were counted 011 a

hemocytometer. The cells were then pelleted and snap-frozen in liquid nitrogen

until needed. The supernatant was assayed for immunoglobulin content by ELISA.

Serum \Vas separated l'rom clotted peripheral blood by centrifugation and

immunoglobulin measured by ELISA (Owens. 1988).

RNA extraction and peRo
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Cellular R:-A from total CNS. hean. lung, and kidney was isolated by acidie guanidine

thiocyanate (Terochem Scientific lne.. Markham. Ontarill) and l'henollchlLlrI'fMIll

extraction (Chomczynski and Sacchi. 1987). Messenger RNA was iSI'lated from l'Sr

ceIls using Quick PrepTM Micro (Pharmacia. Montreal, Quebec).

RNA was subjected to a one-step reverse transcriptilln and amplifieatilln l'Wll'Clll.

Brieny. 0.5 !!g total CNS RNA and aliquots of CSF mRNA were added 10 a tuhe

containing 10 U avian myoblastosis virus reverse transcriptase (Pharmacia). 25 U

Taq DNA polymerase (Gibeo BRL), 20 U RNA Guard™ RNAse inhibitor (Pharmacia). 10

mM of each dNTP, 50 l'moles of each primer. and a buffer mixture consisling of 50

mM KCl. 100 mM Tris (pH 8.3), 15 mM MgCI2, and 0.1 % gelaûn. Primers used were as

follows: CD3y sense primer 5'-ATGGAGCAGAGGAAGGGTCTG-3', CD31 antisense l'rimer

5'-TCACTTCTTCCTCAGTTGGTT-3', lL-2 sense primer 5'-TGCAGCTCGCATCCTGTCTCA-3', IL-2

antisense primer 5'-AGAAGGCTATCCATCTCCTCA-3', 1FN-y sense primer 5'­

ACACTGCATCTTGGCTTTGC-3', IFN-y anûsense primer 5'·CGACTCC 1111CCGCTTCCT-3', actin

sense primer 5'-TGGGTCAGAAGGACTCCTATG-3', Actin antisense primcr 5'­

CAGGCAGCTCATAGCTCTTCT-3'. Reacûons were incubated in a Perkin-Elmer/Cetus DNA

Thermal cycler for 25 cycles (denaturation 1 min 940 C, annealing 2 min 600 C ,

extension 2.5 min nOC). 40 III per sample were run in 1% agarose gels in TAE buffer,

Gels were transferred onto membranes and hybridized with the respective 32 p­

labelled cDNA probes: a 700 bp HindIII + EcoRI CD3 fragment purified from clone

pB 10.AT3y-1 (Krissanssen et al .. 1987), kindly provided by Dr R.P. Sekaly (IRCM,

Montreal); an N-terminal 337 base pair Pstl-HindlII fragment of the IL-2 cD:-A. and

a 643 base pair Pst! fragment from IFN-y (Kelso and Gough. 1988), provided by N.

Gough (WEHI. Melbourne). The actin probe was a 1.1 Kb PstI fragment from the

coding sequences of an a·actin eDNA (Minty et al., 1981). The radioactive signal was

visualized by autoradiography, and the signal intensity was quantitatcd on a

Phosphorlmager (Molecular Dynamics, Sunnyvalc, CA).
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Results

T cell and cytokine gene expression in CNS of mice with EAE.

Infiltration by T ccUs, and production of Il.-2 and IFN-y in the brains of mice with

EAE was demonstrated by mRNA analysis, RNA was isola[ed from brain and spinal

cord. cDNA was generated by reverse transcription was amplified by PCR. Whereas

actin PCR products Were detectable by ethidium bromide staining, cytokine and CD3

amplification products, while readily detectable by ethidium bromide stalning at 40

cycles of amplification, required the more sensitive Southern blotting with specific

cDNA's for detection in the Iinear range (25 amplification cycles). Figure 1 shows

that Il.-2-, IFN-y-, and CD3-specific message was readily detectable from the CNS of

miCe with EAE, whereas analogous PCR products were barely detectable in unprimed

controls. The intensity of actin cDNA amplimers from both groups was equivalent

(Fig. 1).

The radioactive signal obtained in Southern blot analysis of peR products was

quantitated by phosphorimager analysis and the CD3 and cytokine signais were

normalized to the actin signal. Figure 2 shows actin-normalized quantitations of IL-2

and IFN-y signais obtained from CNS tissue of groups of 8 animais with varying

grades of EAE. EAE severity was assessed on the basis of symptoms and animais were

pooled according to grade. A srrong correlation between cytokine levels and disease

severity was observed. The signais obtained from the CNS of mice with mild EAE were

too weak to accurately quantify the difference between them and control animais.

Previous work has shown that IL-2 and IFN-y are produced by infiltrating CD4+ T

cells that infiltrate the CNS ( Renno et al. submitted).

ln order to confirm that this upregulation of IL-2 and IFN-g in EAE was specifie to

the CNS. wc compared the expression of these cytokines in the brain, lung, kidney.
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Charaeterization of CSf.

•

Normal

PBS+CFA

GlEAE

G3EAE

Number of

mi ce

8

6

8

8

Number of CSF

eells/mouse

250

300

1000

2300

CSF [Ig]

/serum [Ig]

11100

11122

11350

1177

•

CSF was obtained as deseribed (Grimn, 1981), and pooled aeeording 10 trealment or 10

disease grade. CeUs were eounted on a hemoeytomeler. Immunoglobulin ELISA was

penormed as deseribed (Owens, 1988). Normal: unmanipulaled miee. Gl: mild EAE:

G3: severe EAE.
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Figure 1

PCR analysis of 11.-2. IFN-y. CD3 and actin mR:"A in control af'd EAE C:"S.

RNA was isolated from the brain and spinal cord of SJUJ mice that were unprimed

(Control) or had been immunized with (RSCH + CFA) to induce Grade 3 EAE. Tissues

were collected from PBS-perfused animais during the first episode (15 days after

immunization). cDNA was transcribed from RNA and amplified by PCR using primers

specifie for 11.-2. IFN-y. CD3y • or actin. then separated by agarose gel

elcctrophoresis. Cytokine and CD3 products were transferred to a membrane and

visualized by hybridization with specifie cDNA probes. Actin PCR amplimers were

visualized by ethidium bromide staining of the agarose gel.
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Quantitath·~ analysis of PCR amplification of IL-2 and IFN-y m~ssage

from total CNS RNA.

CNS sampk collection. EAE induction, and RTIPCR were performed as described in the

legend to Fig. 1 and in Materials and Methods. Radioactive bands on Southern blots of

PCR amplification products were quantitated by Phosphorlmager analysis. Each

point represents a separate mouse and was normalized to the actin signal from the

same experiment. Normal: unimmunized. Gl: mild EAE. G3: severe EAE.
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and heart of mice with severe EAE. As shown in Figure 3. IL-2 and IFN-g messages

were strongly upregulated in brain. whereas their e:<:pression in the lung. kidney.

and hean was low (Fig. 3). comparable to that in the CNS of unimmunized mice (data

not shown).

Isolation of cells from CSF.

To assess cytokine production by CSF cells. CSF was obtained from animais with

varying grades of EAE. and cells isolated for PCR analysis. The fIuid obtained from

the cîsterna magna was identified as CSF by the following criteria. Firstly. aIthough

mice were not perfused. there were no or very few red blood cells in CSF. arguing

against significant contamination with blood. Secondly. the immunoglobulin

content of CSF rangcd betwcen 5.0 and 14 ILg/mL. orders of magnitude lower than

dctcctable in serum from the same animais (600-2700 ILg/mL) (Table 1). Thirdly. the

number of cells countcd in CSF varied with CNS inflammation as predicted for a

companment draining an inflamed tissue. Animais immunized with CFA without

neuroantigcns yielded about the same number of CSF cells aS obtained from normal.

unmanipulated animais (Table 1). Too few cells were obtained in most experiments ta

allow surface phenotype analysis. However. preliminary data from selected samples

confirmed the presence of CD4+ T cells. as has been described (Griffin et aI.• 1987).

Cytokine gene expression in CSF cells of mice with EAE.

RT-PCR analysis of cells from pooled CSF samples showed that IL-2 and IFN-y gene

expression correlatcd with severity of disease (Figure 4). Message levcls for these

cytokines were essentially undetectable in CSF from control animaIs. and increased

significantly with disease severity. Differences between CSF cytokine gene

expression in CSF from control animaIs and from mice \Vith mild EAE were more

distinct than those noted when using total CNS tissue (Fig. 2).
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Figure 3.

Organ specificity of IL-! and IFN·y expression in mice wilh EAE.

Samplc collection. EAE induction. and RT/l'CR were pcrformcd as describcd in the

legcnd to Fig. 1 and in Matcrials and Methods. Radioactive bands on Southcrn blols of

l'CR amplification products were quantitatcd bl' Phosphorlmagcr anal l'sis after

normalization to actin.
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Figur~ 4.

Quantitativ~ analysis of PCR amplification ur 1L-:! and IFN·y m R:'IO ..\ from

CSF.

CSF was obtained as described in M~terials and Methods. EAE induction. RTIPCR. anJ

signal quantitation were carried out as described above. Eaeh bar represcnts the

signal obtained from pooled CSF ceUs of 6-8 miee and was normalized to the aetin

signal from the same experiment. Control: mice immunized \Vith PHS/CFA. G1: mild

EAE. G3: severe EAE.
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Discussion

We undertook [Q examine the variation in expression of IWO cyt<'kines. Il.·~ and Ir"'·

y. in lotal CNS tissue and in CSF cells. wilh respecl to severily of EAE. HislOll'gkal

studies have shown cytokine·producing cells around the ksion both in EAE lMcrrill

et al.. 1992) and MS (Hofman et al.. 1986). Our rcsults indkalC a correlation belween

IL-2 and IFN-y gene expression and disease severity in the CNS of animais Wilh EAE.

Cytokine gene expression incrcased with increasing se\'erity of the disease. The

cytokines IL-2 and IFN-y are mediators of inflammation. 11.-2 is a cytokine implicaled

in the proliferation of T cells, the ccli type responsible for the induction of EAE

(Sriram ct al., 1987) and presumably MS (Selmaj. 1992). Antibodies direcled againsl

IL-2 blocked the development of EAE in mice (Ouong ct al.. 1991). IFN-y is a cytokine

involved in macrophage aClivation and in the upregulation of of MHC expression on

the surface of antigen presenting and other cells (Schreiber ct al.. 1985). The

intracerebral administration of IFN-y to rat was shown ta induce an inl1ux of

inflammatory ceUs into the CNS (Sethna and Lampson. 1991). Moreover, injection of

MS patients with recombinant IFN-y resulted in exacerbation of the disease (Panitcsh

et al.. 1987), consistent with a role for this cytokine in inl1ammatory disease of the

CNS. Surprisingly, when anti-IFN-y antibodies were administered to mice with EAE.

the disease was exacerbated (Billiau et al., 1988. Ouong et al.. 1991).

Although the leukocytes isolated from inflamed CNS tissue are heterogenous and

contain a high proportion of non-T non-B ceUs. ccli sorting experiments have shown

that only C04+ T cells- ail displaying the C045RBlow phenotype of activated cells-

produce IL-2 and IFN.y (Renno et al.. submitted). ln Jhis study. we also show an
'.

•
increase in ceUularity and in cytokine expression in the CSF of mice with EAE. The

predominant leukocytic component of inflamed CSF. as for the CNS. is CD4+ T cells

(Griffin et al.. 1987). although the low number of cells makes routine verification of

143



•

•

this (by now cYlOm~try) :mpractical. The incr~ased c~llularity in the CSF

(pr~sumably du~ to incr~as~d numbers of CD4+ c~lls) corrèlates with the increase in

CD4+ T c~lls in CNS tissu~ of mic~ with sev~re disease (Zdn~ and Owens. 1992: TR.

unpublish~d obs~rvation). B~cause w~ have normalized cytokine measurement lO

actin. a c~llular mcssag~ whose expression is relatively invariant. it is unlikely that

the increase in cytokine expression in the CSF resulted solely from the increased

cellularity. but instead renecrs the activation status of T cens in the CSF. The

cytokine signais detectcd in CSF from control mice and mice with mild EAE were

easily rcsolved. whereas such signais were almost indistinguishable in total CNS.

This is possibly a consequence of the enormous dilution of T ceU mRNA with

irrelevant mRNA in total CNS. which might interfere with efficient binding of

specific primers to their template.

Activation of T ceUs to cytokine production requires antigen recognition or TCR/CD3

crosslinking. The fact that T ceUs in the CSF actively transcribed cytokine mRNA

indicates that these ceUs were so activated. In our experiments. the immunizing

antigen was MBP. Although it is possible that CSF ceUs were activated through

recognition of PPD or other non-encephalitogenic proteins from Freund's adjuvant.

this is unlikely since the same number of ceUs was recovered from the CSF of normal

mice and from mice immunized with adjuvant (Table 1). Moreover. transfer

experiments using radiolabeled autoantigen-activated T ceUs have shown that these T

ceUs home to the CNS and remnin there. whereas activated T ceUs of an irrelevant

specificity (avA) could be found in the CNS for only 2-3 days (Wekerle. 1986).

Furthermore. we have shown that avA-reactive T ceUs in the CNS do not express the

memory/effector phenotype that is associated with active cytokine production (Zeine

and Owens. 1992). It is therefore likely that the cytokine-producing CSF ceUs were

autoantigen-specific and were activated by recognition of CNS antigens such as MBP.
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It remains to be deternùned whether their activation stace was due to encounter with

antigen locally in the CSF or whether they were activated by the aucoantigen in the

parenchyma, and then drained into the CSF.

Given the high sensitivity of the techniques used in this study, and given that

activated T cells are likely to migrate stochastically through the body. it was

important to ascertain that the elevation of cytokine message observed in EAE was

indeed specifie to the CNS and therefore related to neuroautoantigen recognition. As

expected. IL-2 and IFN-y expression was readily detectable in the brain of animais

with severe EAE. By contrast. mRNA levels for these cytokines in the heart. kidney.

and lung of the same animais were indistinguishable from the background levels

detected in the CNS of unimmunized mice.

This study in the EAE animal model supports the validity of CSF as a marker for CNS

inflammation. In a recent report, CSF cells from MS patients with active disease. but

not from those in remission. were shown to induce inflammation and demyelination

when injected intracerebrally into mice with severe combined immune deficiency

(scid) (Seaki et al.. 1992). Our experiments provide a mechanistic framework for the

induction of CNS inflammation. whereby cytokine production by CNS T ceUs.

including those in the CSF. can initiate a cascade of events leading to the obsecved

pathology. An approach similar to that used in this study can be applied to human

CSF where. as in the mouse. limited cell numbers pose technical problems for the

analysis of cytokine proteins produced by immediately ex-vivo cells. and might

provide a clue to disease mechanism. More importantiy. the analysis of CSF cytokines

would provide a useful marker of inflammatory activity in the CNS•
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CHAPTER 6

SUMMARY. CONCLUSIOl"S AND FUTURE DIRECTIONS
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EAE is a prototype T cell-medialed autoimmune disease. The disease can tle

transferred into naive recipient with acti'·ated. neuroantigen-specitïc CD..+ T cclls.

Activated CD..+ T cells effect their function through thc rdease of cytokines. In Ihis

thesis. 1 have studied the expression of cytokines in EAE with the hope of betlcr

understanding their contribution to the induction of this organ-specific autoimmune

disease. and eventually. that of the human disease. multiple sclerosis.

1 approached the question from two cornplemeDlary angles. First. 1 assessed thc

expression of cytokines in total CNS tissue and in cells isolated from the CNS and LN of

animais with EAE. 1 analysed those cells immediately after their isolation. without in

vitro manipulation. This allowed determination of which cytokines these cells

actually expressed. as opposed to their potential cytokine expression. The second

approach was to express one of these cytokines (lFN-y) transgenically in the CNS of

mice. This allowed direct assessment of the role of this cytokine in CNS inOammation.

Previous studies from our laboratory had shown an accumulation of CD4+ T cells

exhibiting the CD45RBlow "effector" phenotype in the CNS of animais with EAE (Zcine

and Owens. 1992). An obvious question was whether this phenotype actually

reflected the ability of CD4+ T cells to produce cytokines in an in vivo inOammatory

situation. 1 found that CD45RBIow CD4+ T cells from the CNS and LN of animais with

EAE expressed IL-2 and IFN-y. whereas CD4+ T cells expressing high levels of CD45RB

did not. This directly demonstrated the functional relevance of CD45RB as a marker

of effector T cells. The enrichment of CD45RBlow CD4+ T cells in inOamed CNS raised

the issue of whether MBP-specific T cells in mice with EAE are CD45RBhigh in the LN.

then are con"erted into CD45RBIow following their entry to the CNS. or whether they

acquire the CD45RBIow phenotype in the LN before migration 10 the CNS. In either

case. the CD4SRBlow T cells are retained in the CNS. In the ab:;ence of data on the Ag
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specificity of the CD4+ T cells isolated from our au:oinunune mice, we cannot

distinguish between these two possibilities. Our laboratory, however, is currently

investigating this issue. by analyzing the surface phenotype and cytokine

expression of CD45Rb-sorted. passively .ransferred, lipophilic dye-Iabelled. aVA­

specific T cells isolated from the CNS and LN of mice with MBP-induced EAE.

DifferentiaI production of IFN-y or IL-4 by CD4+ T cells has been used to subdivide

these cells into the Thl (DTH ["/pe) and Th2 (B cell helper type) subsets, respectively.

The relevance of these subsets in vivo has been shown in immune responses to

certain parasitic and bacterial infections (Locksley et al., 1987; Heinzel et al., 1989;

Yamamura et al., 1991). 1 found that sorted CD45RBlow cells from the LN of animaIs

with EAE made abundant il .-4. as weil as IL-2 and IFN-y, whereas T cells (mosUy

CD45RBJoW) isolated from the CNS of the same animaIs expressed IL-2, IFN-y, but

effectively no IL-4 (at least 250-fold less than in LN). This enrichment of Thl

cytokines in inflamed CNS is consistent with the observation that Thl. but not Th2

clones. are encephalitogenic, and mises the question of what determines the Th1

profile of a CD4+ T cell. Recent data have suggested that the APC. rather than the TCR.

determines whether a CD4+ T ecll makes Thl or Th2 cytokines (Seder al.. 1992). It is

Iikely that in EAE. CD4+ T cells are primed to autoantigen in the LN by dendritic eclls.

These have been shown to be able to induce ll.-4 production by T cells (Seder et al.,

1992). Activated T cells then migrate to the CNS, where they again recognize the

priming Ag, this time presented by CNS APC. ego maerophageslmicroglia. If these

CNS APCs are unable to reactivate IL-4-producing cells, then IFN-y and ll.-2­

producing cells will predominate in the CNS. An experiment ta test this possibility

would involve isolating microglia (sorting CD4510w) from MBP-primed autoimmune

mice. The ability of these microglia to induce proliferation of MBP-specific T cell

Iines in the absence of exogenously added Ag would indicate that microglia have
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processed MBP in vivo and l'resent it on their surface in the C"iItcxt of thcir MHC

molecules. IFN-y and IL-4 gene expression by responciing T cells could then be

investigatcd. to assess whether microglia activated Thl. Th2. or both. Such

experiments are t:aderway in this laboratory.

Autoimmune disease is not the only instance where a DTH-like response arises in the

CNS. Viral and bacterial infections also elicit inflammatory reactions and IFN-y

production in that compartmenl TNFex is a cytokine implicated inflammatory

reactions. 1 found that TNFex expression correlated with T cell infiltration and that it

was produced by macrophages and microglia. but not by T ceUs in the CNS of animaIs

with EAE. The possibility that T cells were regulating the expression of TNFex by

macrophageslmicroglia was supported by showing that T ceU cytokines induccd the

expression of TNFex in freshly-derived microglia.

Why did CNS-resident ceUs evolve to produce TNFex. a potential cytophatic mediator?

It is possible that the production of this cytokine by microglia evolved to fight

infection by neurotropic pathogens. TNFex is directly inducible by viral infection

and is cytotoxic to infected ceUs (Wong and Goedell. 1986). Moreover. it has been

shown to recruit inflammatory ceUs (Ming et al.. 1987) and to upregulate MHC

expression (Massa et al..1987). which leads to amplification of the immune responsc.

The coordinate regulation of TNFex production and T ceU infiltration suggest the

possibility of a positive feedback loop resulting from viral infection of the CNS:

Virus -> TNFcx production -> recruitment of inflammatory (T) cells -> IFNy production

-> TNF production. Given the toxicity of TNFcx to oligogendrocytes in vitro. it would he

interesting to investigate why many viral infections of the CNS do not lead to

demyelination.
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Having shown that the expression of a variety of cyokines correlated with the

clinicaI course of EAE. and having identified their cellular sources. 1 directly

investigaled the roIe of one of these cylokines. IFN-y. in the patl:ogenesis of the

disease. 1 used the non-invasive approach of transgenesis to express this cytokine in

the CNS. under the control of a CNS-specific MBP promoler. Transgenic expression of

1FN-y induced c1ass 1. bUI nOI c1ass II. MHC expression in the CNS. This finding is

nOleworthy. since others have shown upregulation of Class II MHC upon injection of

IFN-y in the CNS (Vass and Lassmann. 1990. Sethna lind Lampson. 1991). The lack of

class II MHC induction in the CNS of our mice might explain in part why these mice

do not develop spontaneous autoimmune disease. Indeed. in the transgenic model of

IFN-y-mediated diabetes. class II MHC was upregulated in the islets of Langerhans. It

is impossible to discriminate between this expression being required for diabetes to

occur. or it being a secondary consequence of inflammation.

So IFN-y is DOt sufficient to cause spontaneous inflammation in the CNS.

ln this case. can any other cytokine by itself induce CNS inflammation? For

instance. if early expression of TNFo: in the CNS is indeed required for the generation

of a DTH response in that compartment. is it sufficient to cause inflammation? To

address this issue. our lab is currently in the process of generating transgenic mice

expressing TNFo: in the CNS. These mice should provide some insight on the

cytokines or cytokine combinations required for the induction of CNS

autoimmunnity.

That the continuous expression of IFN-y in our transgenic mice exacerbated MBP­

induced EAE. and blocked or delayed remission represents an interesting finding.

Together with the finding. that IFN-y faIls to background levels during remission

from MBP-induced EAE, this mises the possibility that loss of IFN-y from the CNS is
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required for remission from EAE to occur. The mechanisms responsible for that loss

are not entirely clear. It has been postulated that cytokines which negatively

regulate the inflammatory response, such as TGF~ and IL-JO. play a role in the

induction of remission. Although IL-JO is considered to be a Th2 cytokine, and Th2

cells are largely absent from the CNS, other cells, such as monocytes have been

shown to produce this cytokine. Since IFN-y has been shown to downregulate Th2­

type cytokine production (Gajewski and Fitch. 1988). its constitutive production in

the CNS may inhibit the expression or action of these cytokines. therefore

interfering with the downregulation of the immune response and the induction of

remission.

Can we use the knowledge acquired by studying EAE to improve our understanding of

MS? As discussed in the Chapter 1. the study of MS has been hampered by many

difficulties. in particular the scarcity of human tissue available for experimental

analysis. Taking advantage of the availability of both CNS and CSF from animaIs with

EAE. 1 compared the expression of cytokines in these two compartments in relation to

severity of the disease. 1 showed that IL-2 and IFN.y expression in the CNS and CSF

increased with increased severity of EAE. suggesting that as far as these cytokines

are concemed. the immune status of the CSF is an accurate reflection of that of the

CNS parenchyma. This finding reinforces the usefulness of the study of CSF in MS.

Finally, it is likely that the elucidation of the central role that cytokines might play

in autoimmune diseases will not only further the development of cytokine-based

strategies in the treatment of these diseases (eg. IFN~ in MS). but is also likely to

significantly increase our understanding of the intricate cellular interactions that

characterize immune responses in general.
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