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ABSTRACf

Defense against invading pathogens is mediated by bath natural and acquired

immunity and different protective mechanisms are stimulated depending on the nature of

the pathogen. Genetic factors are implicated in resistance and susceptibility to infection.

In the mouse, the trait of innate resistance or susceptibility ta infection with several

species of Mycobaaeria, including M. bovis BCG, M. lepraemurium. M. i1l1racellulare

and M. smegmatis, is controlled by the expression of the single gene on chromosome l,

designated Bcg. The Bcg gene is present in two allelic forms in inbred mouse strains: the

dominant resistant allele (Bcg') and the recessive susceptibility allele (Bcg").

The phenotypic effects of Bcg gene are seen in the macrophage. Macrophages

derived from the resistant strains of mice appear ta he more efficient !han Bcg'

macrophages in expressing surface markers associated with the activated state, as weIl

as in producing nitric radicals in response ta IFN--y or ta infection with Mycobacteria.

In this thesis, macrophage celllines derived from the bane marrow of BIO.A

(BIOS macrophages) and BIOA.Bcg'" (BIOR macrophages) were used ta study functional

parameters associated with Bcg gene activity. We have been studying the production of

N~- by macrophage lines derived from the bane marrow of either BIO.A (Bcg'") strain

mice or their congenic BCG-resistant partners of the BIOA.Bcg'" (Bcg'") strain. We have

discovered that there is a significant difference in the production of N~- of BIOS as

compared with BI0R macrophages in response ta IFN--y. By 48 hours following

treatment with 10 U/ml IFN--y, BI0R macrophages produce approximately three fold

higher level of N~· !han BIOS macrophages. Similar results were obtained when

experiments were performed with splenic cells harvested from BIO.A.Bcg' and BIO.A

strain mice. The bacteriostatic activity against M. bovis BCG was higher in BIOR

macrophages compared ta BIOS macrophages. The bacteriostatic activity of BIOR and

BIOS macrophages correlated with the amount of nitric oxide produced by the

macrophages. The antimycobacterial activity was inhibited by NIMMLA, a specific

inhibitor of nitrite and nitrate synCtesis from L-arginine. Addition of L-arginine ta IFN-
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'Y-stimulated macrophages in the presence of N'MMLA restored nitrite production and

bacteriostatic activity of macrophages. Northem blot analysis of macrophage nitric oxide

synthase (iNOS) revealed that the difference in NOi production by IFN-y treated BIOS

and BIOR lines was refIective of the difference in iNOS mRNA expression.

The Bcg gene differentially affects the ability of BCG-resistant and -susceptible

strains of mice to express important macrophage genes including Mlijor

Histoeompatibility Complex (MHC) class fi genes. We have analyzed the molecular

mechanism involved in IFN-y-induced MHC class fi expression using BIOR and BIOS

macrophages. We have found that differences at the level of I-As gene transcription, and

I-As and I-Aa mRNA stability may be responsible for observed differences between

steady-state levels of I-As mRNA in BIOR and BIOS macrophages and consequently in

the la surface protein expression. Furthermore, wc have studied the binding of p!Oteins

prepared from nuclear extraets of non-stimulated and IFN-y-stimulated BIOR and BIOS

macrophages to the S, X and Y cis-aeting elements of the I-Ae promoter. Differences

observed in protein binding to the X box may exp1ain the difference in transcription

activation of the I-As gene. In addition, we found that BIOR macrophages transfected

with an N1'tJ1I/fJ"1 antisense cDNA containing a ribozyme construet expressed lower

amounts of la antigen compared to moek-transfected macrophages in response to IFN-y.

Overall, these findings strongly suggest involvement of the N1'tJ1I/fJ"1lBcg gene in the

control of la antigen expression in macrophages.

Finally, 1 have developed a new PCR-based method that allow an assessment of

the mycobacterial content of infected macrophages. This method allows an assessment

of the level of M. bovis BCG infection from a variety of sources, including peritoneal

macrophages and macrophage lines, within a few hours, making it an assay ofchoice for

rapid determination of the level ofmycobacterial growth in infected cells, in experimental

models of mycobacterial infection.

Overall, wc hope these results help to understand the basis of M. bovis BCG­

induced protection against M. tubercu/osis and to develop effective treatments of

tubercu10sis and leprosy.
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La résistance de l'hôte contre les agents tI'lthogènes est méciiée par l'immunité

n'lture1le et l'immunité acquise. Les mécanismes de protection impliqués varient selon

la nature du pathogène. Chez la souris, la résistance naturelle à des infections par des

mycobactéries telles que M. bovis BCG, M. lepraemurium, M. inrracellulare et M.

smeg17llJlis est controllée par le gène Bcg situé sur le chromosome 1. Ce gène s'exprime

au niveau des macrophages et se présente sous 2 formes allèliques: l'allèle dominante de

résistance (Bcg') et l'allèle de sensibilité (Bego). L'expression des marqueurs de surface

associés à l'activation cellulaire est plus élevée dans les macrophages dérivés de souris

de lignées resistantes que dans les macrophages de souris sensibles. Les macrophages qui

expriment l'allèle de résistance au locus Bcg ont également une capacité accrue à

produire de l'oxyde nitrique lorsqu'ils sont infectés par des mycobactéries ou stimulés

avec de l'IFN-')'. Dans cette thèse, la production d'oxyde nitrique et l'activité

antimycobactérienne ont été étudiées dans des lignées de macrophages dérivés de la

moelle osseuse de souris BIOA.Bcg- (macrophages BIOS) et de leur congéniques

BIOA.Bcg- (macrophages BlûR). Après 48 heures en présence de 10 Ulml d'IFN-')', les

macrophages BIOR produisent approximativement 3 fois plus de NO.. que les

macrophages BIOS. Des résultats similaires ont été obtenus en utilisant des cellules

spléniques de souris BIO.A.Bcg' et de souris BIO.A. De plus, nous avons observé que

l'activité bactériostatiquevis-à-visM. bovis (BCG) était plus élevée dans les macrophages

BIOR comparativement aux macrophages BIOS. L'activité bactériostatique des

macrophages BIOR et BIOS a été associée au niveau d'oxyde nitrique produit. L'activité

antimycobactérienne a été inhibée par le N&MMLA, un inhibiteur spécifique de la

synthèse de nitrites et de nitrates à partir de L-arginine. L'addition de L-arginiDe à des

macrophages cultivés en présence d'IFN-')' et de N&MMLA restore leur capacité à

produire de l'oxyde nitrique ainsi que leur activité bactériostatique. Une analyse de type

Northem a Iévélée que la différence au niveau de la production de l'oxyde nitrique entre
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les macrophages BIOS et BIOR était étroitement liée au niveau d'expression de l'ARN

messager de la fonne inductible de la synthase de l'oxyde nitrique (INOS).

Le gène Bcg module également la capacité des souris BCG sensibles et BCG

résistantes à exprimer les gènes du complexe majeur d'histocompatibilité (CMH) de

classe il. Dans cette thèse, j'ai étudié les mécanismes moléculaires impliqués dans

l'expression des molécules de classe il du CMH en réponse à l'IFN-y, en utilisant des

macrophages dérivés de souris résistantes ou sensibles aux infections mycobacteriennes

(BIOR ou Bloo respectivement). J'ai observé des différences au niveau de la

transcription du gène I-A. et de la stabilité des ARNm I-A. et l-A". entre les macrophages

BI0R et Bloo. Ces observations pourraient être à l'orgine des différences entre les

macrophages BI0R et Bloo au niveau de l'expression de l'ARNm I-A. et, conséquement,

dans l'expression des protéines de surface la. J'ai également étudié les protéin~

préparées à partir d'extraits nucléaires de macrophages BI0R et Bloo pour leur capacité

à se fixer aux élements S, X et Y du promoteur I-A.. Les différences observées dans la

fixation au fragment X pourraient expliquer la différence dans la transcription des gène

I-Aa. De plus, nous avons observé que le niveau d'explession de l'antigène la en

réponse à IFN-y est plus wole dans les macrophages BI0R transfectés avec l'ADNe

Nromp-l antisens contenant un "ribozyme", comparativement aux macrophages

transfectés conirOles. Dans l'ensemble, ces observations suggèrent fortement que le gène

Nromp-llBcg est impliqué dans la régulation de l'expression de l'antigène la dans les

macrophages. Finalement, j'ai deve10ppé une nouvelle méthode basée sur l'amplification

par PCR permettant de mesuœr la charge mycobactér:ienne dans les macrophages

infectés. Cette méthode de chc.ix permet de mesuœr en quelques heures le niveau de

croissance de M. bovis BCG dans des macrophages de sources différentes, notamment

les macrophages péritoneaux et les lignées de macrophages.

Nous espérons que ces résultats aideront a comprendre les mécanismes impliqués

dans la protection contre M. tuberculosis et à développer des traitements efficaces contre

la tuberculose et la lèpre.
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Preface
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format for the thesis preparation bas been approved by the Division of Experimental

Medicine, Department of Medicine. The following is quoted direct1y from the

Guidelines:

"Candidates have the option, subject ta the approvai of their Depannent
of including as a part of their thesis, copies of the text of a paper(s)
submitted for publication, or a clearly duplicated text of a published
paper(s), provided that these copies are bound as an integral part of the
thesis. Ifthis option is chosen, connecting texts, providing logical bridges
between different papers, are mandatory. The thesis must still conform ta
ail other requirements of the "Guidelines Conceming Thesis Preparation"
and should be in a literary ferm that is more than a mere collections of
manuscripts published or ta be published. The thesis must include, as a
sepaIate chapters or sections: (1) a Table of Çontents, (2) a general
abstraet in English and French, (3) an introduction which clearly states the
rationale and objectives of the study, (4) a comprehensive general review
of the background literature ta the subject of study, when this review is
appropriate, and (5) a final overall conclusion and/or summa.ry"•

"Additiona\ material (procedural and design data as we1l as descriptions
of equipment) must be provided in sufficient detail (e.g., in appendices)
ta allow clear and precise judgement ta be made of importance and
origina1ity of the research reported in this thesis"•

Each of the manuscripts included in this thesis (chapters 2, 3, 4, and the

appendix) bas its own Summary, Introduction, Materials and Methods, Results,

Discussion and Bibliography. Connecting texts for each of these chapters are included

as Prefaces, located al the beginning of each chapter. The general abstraet, general

introduction (chapter 1), general discussion (chapter 5) and appendix, relate ta the

combined work presented in this thesis. References appear al the end of each chapter.
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TUBERCULOSIS, Bcg GENE AND THE CONTROL OF

MYCOBACTERIAL INTRACELLULAR GROwm lN

MACROPHAGFS.

The evolution of multicellularity is based on the ability of individual cells to

collaborate, recognize themselves and function as an integrated organism. Therefore.

multicellularorganisms deve10ped the capacity to maintain this "aggregated individ.uality"

by recognizing and adapting appropriate1y to intracellular and extracellular changes.

Intraee1lular microorganisms have also evolved to recognize. penetrate. function

and reproduce insidc their host cells. Both the host cell and the invading microorganism

have been adapting their responses to increase their chances ofsurvival and R:l'roduction.

The host who fails to adapt properly to this evolutionary "compromise" will suffer from

pathology of disease. The invading microorganism that does not undergo proper

adaptation will suffer enadication and will not have a chance to slOrvive.

Mycobacteria1 infection is one of the examples of adaptation to intracellular

survival inside a restricted set ofeukaryotic tissues. Mycobaaerium tuberculosis complex

that includes: Mycobaaerium tuberculosis, Mycobaaerium bovis BCG and

Mycobaaerium africanum, have successfully adapted to thrive inside cells of the

mononuelear phagocytic system (MPS) of higher vertebrates including man.

Tuberculosis: a world-wide problem

Mycobaaerlum tuberculosis is the causative agent of tuberculosis in human

populations. It bas been estimated that one quarter of the world's population is infected

with this bacteria (Wallis and Ellner, 1994), and by the year 2000, an estimated 10

million people will new1yacquire the active disease annually, ofwhich one-thinl will die

(Ehlers et al., 1994). The increase in the incidence of tuberculosis world-wide bas been
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associated with the increasing prevalence of the human immunodeficency virus (HIV)

infection and with the emergence of multidrug-resistant strains of Mycobacterium

tubercuJosis (Onne et al., 1993). No evidence for increased mutation rates in M.

tubercu1osis, nor increased virulence explain the recent fatal outbreaks of the disease

(Weiss, 1992).

Two main strategies have been deve10ped ta control the growth of mycobacterial

infections in humans. The first one, chemotherapy, was successfully administered in the

mid-l940s (Grosset, 1989). The emergence of multi-drug resistant strains bas weaIœned

the efficiency of chemotherapy ta control and eIadieate mycobacterial infections. The

second strategy, used at the population leve1, is vaccination with attenuated strains of

Mycobacterium bovis BCG. The proteetive efficacy against tuberculosis bas ranged from

ota 80% in different populations (Fine, 1989). Severa! reasons have been proposed ta

explain these divergent results, such as, differences among vaccines, methodologica\

differences, differences in Mycobacterium tubercuJosis stIains, nutritionai or genetic

differences in the populations under study, etc. (Fine, 1989). Overa11, inadequate

knowledge of the basic mechanisms involved in the initial control of proliferation and

killing of mycobacteria by the MPS, hampers the efforts ta establish long-lasting

immunity ta mycobacterial antigens in humans.

Anima. modeb1 to study mycobacterial iDf'ection and multiplication

Given the obvious difficulties in studying the molecular and cellular mechanisms

of antimycobacteria1 immunity among humans, the use of experimental anima\ systems

bas proven ta be ofcritica\ importance. The influence ofenvironmental factors in anima\

models can be controlled and the contribution of environmental and genetic factors can

be easily separated•
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Severa! animal models of disease which mimic particular aspects of human

infections have been used. Rabbits and guinea pigs show cavilary lesions and caseous

necrosis similar to human disease, whereas the mouse model bas been used to investigate

genetic resistancelsusceptibility to the early phase of mycobacterial infections (Schurr et

al., 1991), de1ayed type hypersensitivity (DTH) and granuloma formation (Eiders et al.,

1994).

Resistance/susceptlbility to mycobacterial iDCectiOD

The existence of inherited factors that contribute to the susceptibility to

mycobacterial infections bas been postu1ated for decades. Studies conceming racia1

differences in resistance and susceptibility to tuberculosis indicate that Black-Americans

are more susceptlble to initial invasion by Mycobacterium tuberculosis, while Ashkenazi

Jew seem to be resistant to tuberculosis (O'Brien, 1991). Genes linked and unlinked to

Major Histocompatibility Class n antigens have been associated with resistance and

susceptibility to mycobacterial infection and proliferation inside the host (Skamene, 1989;

de Vries, 1989; Schurr et al., 1991; Stead, 1992). ln vitro studies on monocyte-derived

macrophages of human origin have shown that macrophages from whites permit less

rapid replication of M. tuberculosis than those from blacks (Crowle and Elkins, 1990).

McPeek et al. (1992) have found that monocytes show a pattern of HLA-DR expression

consistent with relative resistance to M. tuberculosis in 70% of whites but in onIy 30%

of American b1acks. 50 far, no single human gene was unequivoca1ly shown to be

associated with direct resistance or susceptibility to mycobacterial infections.

The phenomenon of inherited natura1 resistance and susceptibility to intrace11u1ar

multiplication of mycobacteria was observed in rabbits early in this century (Lurie and

Dannenberg, 1965; Lucie et al., 1952). The trait of resistance to tubercu10sis was shown

by Mende1iao ana1ysis to be dominant, multiple, and additive over that of susceptibility

(Lurieetal., 1952). Thestudies inotheranima1 models (suchas the -Biozzi- mice) have

aIso pointed to a genetic regu1ation of resistance and susceptlbility to mycobacteria1
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infections. In this partïcular model, mice bred for low antibody (L) responsiveness to

sheep erythrocytes were able to control proliferation ofMycobaaerium bovis BCG in the

spleens more efficiently !han mice bred for high (H) antibody responsiveness (Gheorgh­

iou et al., 1985).

Three parasites: ODe gene

Genetic resistance and susceptibility to intravenous injection of low doses (1()l to

lOS colony forming unit, CFU) of M. bovis BCG was observed among different inbred

mouse strains by Forget et al. (1981). The mouse strains could be separated into two

distinct, non-over1apping groups with respect to the growth of bacteria in the spleen and

the liver. Furthermore, the genetic control of the susceptibility or resistance of mice to

infection with low doses of BCG was not linlœd ta the Mlle H-2 complex (Forget et al.,

1981; Gros et al., 1981). With the use of classica1 genetic ana1ysis, Gros et al. (1981)

determined !bat resistance to BCG was controlled by a single, dominant, autosomal gene,

!bat was designated the Bcg gene. The produet of the Bcg gene was found ta influence

the early phase of the in vivo response to infection with BCG (Gros et al., 1981).

The Bcg gene was mapped on mouse chromosome l, in exactly the same locus

previously found to confer resistance and susceptibility to Salmonella typhimurium (Ity

gene) (plant and Glynn, 1979) and Leishmonia dollOvani (Lsh gene) (Bradley et al.,

1979). A full concordance of the strain distribution pattern (SDP) of resistant and

susceptible alleles of Bcg, Ity, and Lsh among the recombinant inbred strains gave

additiona1 support ta the conclusion !bat the genetic control of resistance ta M. bovis

BCG, S. typhimurium, and L. donovani was exerted by a single gene with pleiotropic

effects (Skamene et al., 1982). Additiona1 studies indieated !bat the growth of BCG

substrains and atypica1 mycobacterla such as M. konsasii and M. fortuilum (Denis et al.,

1986), M. inlrace1lulore (Denis et al., 1986; Golo et al, 1989), M. 1eproemurium
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(Brown et al., 1982; Skarnene et al., 1984), and M. smegmatis (Denis et al., 1990) were

also under the control of the Bcg gene.

EvideDœ that the macrophage is the œD type expressing the BcglLsh/Ity gene.

Immunological studies demonstrated that mice genetically resistant ta BCG

infection were able ta prevent bacteria1 multiplication without the need for an acquired

immune response. This conclusion was based on the evidence that DTH against

mycobacterial antigens (PPD), granuloma formation in spleen and liver, and resistance

ta challenge with homo10gous (BCG) and hetero1ogous (Listeria monocytogenes) bacteria,

were great1y inferior in animaIs carrying the Bcg allele (Pelletier et al., 1982). The

kinetic studies of BCG infection in congenitally athymic mice that carrioo the "nude"

mutation on Bcg (AKRIJ) or Bcg' (BALBIc) background showed that the functional

absence ofT lymphocytes did not influence the expression of the Bcg gene (Gros et al.,

1983). Furthermore, in vivo depletion of T cells or B cel1s (Skarnene, 1989) did not

affect the resistant phenotype in BCG-infected mice. On the other band, treatment of

BCG-resistant mice with silica, a chemical agentpreferentially taken up by macrophages,

was able ta reverse the resistant phenotype (Gros et al., 1983). Experiments conducted

by O'Brien et al. (1979) using Iif mice infected with S. ryphimurium, 100 ta similar

conclusions. Since M. bovis, L. donovani, and S. ryphimurium are intraceUular parasites

it is possible that the Bcg gene controls the efficiency of macrophages in combating the

infection (Skarnene et al., 1982).

Additional evidence painting ta the macrophage as the cel1 type involvOO in the

phenotypic expression of the BcglLsh/lry gene was oblainoo from in vitro experiments.

Staeh and colleagues (1984), used resident peritoneal macrophages explanted from inbred

and congenic mouse strains ta demonstrate that the multiplication ofM. bovis, (assessed

by the bacteria1 3H-uracï1 uptalœ), was raster in Be( macrophages compared ta Bcg

macrophages. Splenic and peritoneal macrophages of resistant mice infected with S.
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typhimurium (Lissner et al., 1983), and Kupffer cells infected with L. donovani (Croclœr

et al., Blackwell et al., 1984; 1989; Olivier et al., 1989; Roach et al., 1991) were also

shown to control the growth of these intraœllu1ar pathogens more efficiently than

macrophages derived from susceptible mice.

mect of BcglLshllty geue on mittobial multiplication: mittobiostatic and/or

mittobicldal?

It is not clear how the Bcg/Lshllty gene influences the microbislatic and

microbicidal activity of macrophages. The mechanism through which this gene(s)

executes its actions bas not yet been explored. Early reports (Swanson and O'Brien,

1983) suggested that the Ity gene regulates the ability of mice to control the proliferation

of intraœl1u1ar bacteria. It was found that bacterial numbers in the spleen and the liver

of Ity' mice were significantly greater than in Ity' mice 24 hours following the infection.

The extent of phagocytosis of S. typhimurium in reticuloendothelial organs was similar

regard1ess of the Ity genotype. Furthermore, phagocytosis of the bacteria was followed

by a 30-60% decline in the number of viable bacteria. that was atlributed to the

bactericidal activity of liver and splenic macrophages. The efficiency of this early phase

killing was not under Ity control since it did not differ between lty' and Ity' mouse

stIaîns.

In onIer to understand whether the effect of the Ity locus was due to differential

killing of virulent S. typhimurium or differential growth rates of S. ryphimurium,

Benjamin et al. (1990) infected Iry-congenic mice with a stationary phase S. typhimurium

containing a single copy of the plasmid pHSG422 tbat exhibits defective replieation al

body temperatuIe. Since the numbers of plasrnid-containing Solmonell4 are only süghtly

affected by bacleria1 division, decline in the numbers of plasmid-containing Solmonell4

indicated its killing. An 18-fold greater growth ofSolmonell4 was found in lty' mice than

in Ity' mice ftom 4 to 44 hours postinfection. Theœfore, it was concluded tbat the major
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effect of the Iry locus on the resistance ta Salmonella, was the regulation of its growth

in the liver and spleen.

Pleiotropic effect5 of the BcglLsh/lty gene

One of the critical questions conceming the ability of macrophages expressing the

BcglLshlIry gene is the mode of action of this gene(s). Studies aimed at comparing

funetionai and phenotypie parameters ofactivation in Bcg' and Bcg' macrophages deteeted

various examples of differentially regulated metabolie pathways which are thought ta

represent pleiotropie expression of the resistance locus. Macrophages from resistant

strains (Bcg') were superior producers ofhydrogen peroxide (H2~ and superoxide anion

(~-) compaIed ta ~phagesfrom susceptl"le strains (Bcg'), following either infection

with BCG or treatment with interleron (IFN--y) (Denis et al., 1988a; B1ackwe1l et al.,

1988). Denis et al. (1988b) showed that splenie macrophages isolated from uninfected

BALBle.Bcg' congenie mice contained a higher perœntage of la-positive cells than

splenie macrophage populations obtained from BALBle mice. Differences in la

expression have also been reported by Kaye et al. (1988), and Johnson et al. (1985).

Another exampleofplasma membrane bound molecules which are regulated diff'erentially

by Bcg' and Bcg' macrophages is the AcM.l marker of macrophage activation (Taniyama

et al., 1983). Macrophages from resistant mice infected with BCG, or activated with

IFN--y and lipopolysaccharide (LPS) significantly upregulated the expression of AcM.l

while macrophages from Bcg' mice could DOt be stimulated ta display changes in their

level of AcM.l expression under the same conditions (Buschman et al., 1989).

Sorne other pleiotropie effects of the BcglLshlIty gene have also been leported.

Wben bone manow-derived macrophages from LsJ{ and LsIf congenie strains were

activated with IFN--y and LPS, a dose-dependent cIiffetence in the amount of tumor

necrosis factor (TNF-a) released over 24h was observed. The magnitude of this respclIlse

was enhanced in macrophages preinfected with L. donovani amastigotes, suggesting that
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the parasite itself may aet as a trigger for the production and/or release of TNF-a

(Blackwell et ai., 1989). In a more recent study, macrophages from LsJf mice were

shawn to produce more TNF-a as comparee! to LsJf macrophages when they were

cultured in matrixes of extracel1ular matrix proteins, s-uch as fibrinogen and fibronectin

(Formica et ai., 1994). The addition of IFN-")' to the cultured macrophages, or infection

with L. donoVfJlÙ, increased the production of TNF-a even further.

The fact that differences in TNF-a release could be measured at the protein 1eve1

within 4h of addition of priminglactivating signais suggested that differences in the

expression of early response genes, such as c-fos, c-myc, JE and KG, might also play an

important rale (BIackwell et ai., 1991). Clear differences in the mRNA expression for

KG were indeed observed in resident peritoneal macrophages stimu1ated with LPS or

IFN-")' plus LPS. LsK macrophages expressed more KC mRNA than LsJf macrophages.

Similar differences in KC mRNA expression, but not in JE mRNA expression, in

response to lipoarabinomannan from avirulent M. tuberculosis (araLAM) were also

reported (Roach et ai., 1994). The poSS1"bility that TNF-a may play an important raie in

genetically-determiI>ed resistance and susceptl"bility to intracellular infections controlled

by the BcglLsh/lty gene was stressed by the results leported by Mastroeni et ai. (1993).

The authors tested effect of the laie administtation of anti-TNF-a antl"bodies on the

COIJŒC of virulent Salmonella typhimurium infection. Administration of anti-TNF-a

antisenun to resistant mice prevented the suppression ofexponential bacterial growth in

the MPS. These data indieate that TNF-a is essential for the control of virulent

Salmonella in mice (Mastroeni et ai., 1993). Similar observations, stressing the rale of

TNF-a and control of'growth of S. typhimurium in vivo have also been xeported (l'ite et

al., 1991; Naucie1 and Espinasse-Maes, 1992). Roach and colleagues showed the

difference in nitric oxide (NO) production in response to IFN-")' and LPS by bane

marrow-derived macrophages derived fxom LsJf and Ls1f congenic mice (Roach et al.,

1991). In this study, NO production by LsJf macrophages was significantly higher than

9



•

•

•

the production in LsJt macrophages. In addition, it seemed ta be correIated with

leishmanicidal activity and TNF-a production by the macrophages.

Additional pleiotropic effects have been reported in the S. typhimurium mode!.

Japanese investigators (Kita et al., 1992) examined the initial inflammatory response

following Salmonella infection in bath Ity' and Ity' mice and studied the kinetics of

production of severa! cytokines, including IFN--y in explanted cells. Only splenocytes

from Ity' were able ta produce IFN--y upon stimulation with Salmonella antigens.

Ramarathinam et al. (1993) reported simi1ar results when using splenocytes from Ity' and

Ity' inbred and congenic mouse straïns.

FinaIly, differences involving differential responsiveness ta granulocyte­

macrophage colony stimulating factor (GM-CSF) (Morrisy and Charrier, 1990),

myelopoietic responsiveness (Pelerson et al., 1992), membrane-associated interleukin 1

(malL-l) (Kita et al., 1992), interleukin 1.6 (lL-18) mRNA (B1acltwel1 et al., 1991), and

phagosome-Iysosome fusion (de Chaste1lier et al., 1993) have also been reported ta differ

between BcglLshlIty resistant and susceptible animals or cells derived from them. Talœn

together, these experiments suggest that the pleiotropic effects induced by the Bcg gene

in murine macrophages may be closely associated with the genetic regulation of

macrophage priming for activation (SChurr et al., 1991).

NtrDnP-l, a candidate gene for BcglLsh/Ity gene

Reeently, a candidate gene for the BcglLshllty gene was cloned (Vidal et al.,

1993; Barton et aL, 1994), and its produet is c:a1led Natural Resistance Associated

Macrophage Protein (Nramp). Northem blotting analysis indicated that N~l is

expressed in Ieticuloendothelial organs such as the spleen and liver, splenic macrophages

and macrophage celllines but Dot in other tissues or celllineages (Vidal et al., 1993).
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Nromp-l encodes a polypeptide with no apparent sequence simi\arity ta any

previously identified protein. Hydropathy ana\ysis of the predieted amino acid sequence

identifies 10-12 strongly hydrophobie domains that are similar ta the membrane-spanning

regions of polytopie membrane proteins. The Nromp-l gene produet also contains two

potential N-\inked glycosylation sites as weil as two potential sites for protein kinase C

phosphorylation (Vidal et al., 1993). Subsequently, Barton et al. (1994) described an

additional exon of Nromp-l, located 5' of the sequence published by Vidal et al. (1993).

This newly described domain is rich in proline, serine, and basic amino acids, includes

three protein kinase C phosphorylation sites and a putative Src homology 3 binding

domain. Nucleotide sequence ana\ysïs of the Nromp-l cDNA showed that in 27 inbred

mouse strains of either Bcg' and Bcg' phenotypes, the susceptibility trait was associaW!

with a nonconservative glycine ta aspartie acid amino acid substitution within predieted

transmembrane domain 2 of the protein (Vidal et al., 1993).

The Nramp protein contains a conserved sequence motif known as the "binding­

-Protem-dependent transport system inner membrane component signature", identified in

probryotie and eukaryotie transport proteins. This motif is present in the pennease for

the nitrate uptake encoded by the cm.t gene of the eukaIyote Aspergillus nidulons (Vidal

etal., 1993). The structural simi\aritybetween Nramp-l and cm.t prompted speculation

that Nramp-l could funetion as a nitrite/nitrate concentrator al the phagolysosome, and

that alterations in this putative transport system would affect the capacity of Bcg'

macrophages ta control int:raœllular replication of antigenically unre1ated microbial

targets (Vidal et al., 1993).

Based on the presence of SH3 binding domains in the amino terminal of Nramp,

Barton and coUeagues plOposed that the SH3 domain of Nramp-l could intel3ct with

members of the Src family of membrane-a.csociaW! tyrosine kinases, including carly

respoIlSC genes such as BcJc and Fgr (Barton et al., 1994)•
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A syntenic region of the mouse chromosome 1 containing the Bcg gene bas been

mapped on the human chromosome 2q35 (Schurr et al., 1990). Reeently, Cellier and

colleagues cloned the human homologue of the mouse Nramp-l gene. Mouse and human

Nramp-l display a 93% overail sequence homology. Sequence analysis indicates that

human Nramp-l encodes a polypeptide with 10-12 transmembrane domains, two N-linked

glycosylation sites and an evolutionary conserved consensus transporter motif. Northern

b10t analysis indieated that human Nramp-l mRNA was highly expressed in peripheral

blood leukocytes, and in the 1ung and spleen. Macrophages were identified as cells

expressing human Nramp-l mRNA (Cellier et al., 1994).

MECHANISMS OF MACROPHAGE CONTROL FOR

MICROBISTATICIMICROBICIDAL ACfIVlTlES.

At the cellular level, macrophages play an important IOle in killing and/or

inhibiting proliferation of many microorganisms. Since our understanding of the

microbial proliferation inside ce11s of the MPS depends on the read-out techniques

developed to detect them, a brief section is devoted to wide1y used methods of detection

of mycobacterial infection and multiplication. This section also contains a brief descrip­

tion of postuIated antimicrobial mechanisms, with emphasis on those affecting survival

of microorganisms controlled by the BcglLshlIry gene.

Metbods to assess mycobacterial iDCection and multiplication ln macropbqes.

Severa! in vitro methods are currently being used to detect the presence of

inttace11ular mycobacteria and to quanlify their growth within macrophages (Crowle et

al., 1981; Rook and Rainbow, 1981). Light mieroscopy following acld fast staining is

a wide1y used method to estimate the perœnlage of infected macrophages in a given

population, but the estimation of the Dumber ofacïd-fast bacilli in infected macrophages

(AFB) is rather subjective. The 3H-uracï1 incorporation method developed by Rook and
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Rainbow (1981), is based on the fact that around 80% of all radioactive uracil fed into

mycobacterial cultures is incorporated into RNA, while the remainder labels the DNA

fraction (5omogyi and Foldes, 1983). Although quantitative, this method does not

account for either the metabolica11y inactive (dormant) bacilli or the dead

microorganisms. The enumeration of mycobacterial CFU in infected cells and tissues is

most reliable but requires al least two weeks and sp«'1:Ïal care to avoid bacterial clumping

during seeding (Collins, 1990). Finally, the amplification of mycobacterial DNA from

ceIls and tissues harboring Mycobacteria can be examined by the use of the Polymerase

Chain Reaction (Williams et al., 1990; Eisenach et al., 1990). 50 far, this method bas

been used mainly for diagnostic purposes (Brisson-Noel et al., 1990).

R!!ac:tive nitrogeD intermediates (RNI)

UntilI987, the only inducible biochemica1 mechanism that could explain aetivated

macrophage cytotoxicity was synthesis of reactive oxygen intermediate<: (ROI) by

NADPH oxidase. The fact that antioxidant molecules did not inhibit expression of

aetivated macrophagë cytotoxicity in many experimental systems (Kaufmann et al.,

1990), and mammaIian macrophages with a genetic deficiency of the NADPH oxidase­

mC'1ljatrd respiratoIy burst were still capable of expressing cytotoxicity for tumor ceIls

as weil as for intraœ11ular protozoa such as LeisJImoniIJ and Toxoplo.sma (Pearson et al.,

1983; Sibley et al., 1985), suggestrd that other cytotoxic mechanisms of major

importance must also exist.

In 1987, it was reported that the expression of cytokine-induaole cytotoxicity by

aetivated macrophages was L-arginine-depet (Hibbs et al., 1987a; Hibbs et al.,

1987b). In this system, L-arginine is oxidiyd by an inducible NADPH~t

enzyme, nitrie oxide synthase (NOS) (BIedt et al., 1991; Xie et al., 1992; Lyons et al.,

1992; Lowenstein et al., 1992; Charles et al, 1993) to yield L-citrul1ine, nitrite and

nitrate, along with bighly RN! (Hibbs et al., 1987; Mar1etla et al, 1988). NO mediates

L-arginine dependent tumor cytotoxicity during co-cuIture with intelfetuil-'Y and LPS
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aetivated macrophages, possibly via nitrosylation reactions which remove labile iron

atoms from Fe-S prosthetic groups of aconitase and complexes 1and n of the mitoehon­

drial electron transport (Drapier et al., 1986; Drapier et al., 1988; Granger et al., 1988),

as well as inhibition of the non-herne ïron-containing enzyme ribonucleotide reduetase

(Lepoivte et al., 1990; Lepoivte et al., 1992), a key enzyme in DNA synthesis.

Inorganic nitrogen oxides have also been implicated in the microbiostatic effect

of the aetivated macrophages against the fungal pathogen Cryptoeoeeus neoformans

(Granger et al., 1988). More recently, it bas also been shown !bat NO plays a role in the

cytostatic or cytoeidal aetivities of macrophages against obligate and facultative

intraœllular, as well as extraœllular pathogens including Mycobacterium tuberculosis

(Denis, 1991; Chan et al., 1992), Mycobacterium bovis (Flesch and Kaufmann, 1991),

Mycobacterium avium (Denis, 1991), Myco1xlcUrium leproe (Adams et al., 1991),

Leishmonia t/ollOVQ1IÏ (Roach et al., 1991), Leishmonia mojor (Liew et al., 1991; Green

etal., 199Oa; Green et al., 199Ob; Evans et al., 1993), Leishmonia enrietii (Maue1 et al.,

1991), ListeM monocytogenes (Beckennan et al., 1993), Ehrlichia risticii (Park and

Rikihisa, 1992), FranciselIa tu1Iuensis (Fortier et al., 1992; Green et al., 1993),

plasmodia (Nussler et al., 1991; Mellouk et al., 1991, Matthew et al., 1994),

Toxoplasma gondii (Adams et al., 1990), TryjXlltoS01ll/l cnaj (Munoz-Fernandez et al.,

1992), CryplOCOCCUS neofarmans (Granger et al., 1990), 0IJamydia tradwmDIis (Mayer

et al., 1993), and to schisostomula of the helminth SChisWSomtl1l'lQ1/Soni (James et al.,

1989).

NO is the labile product of the metabolic aetivity of two different isoenzymes:

constitutive nitric oxide synthase (cNOS) and inducible nitric oxide synthase (INOS).

They are encoded by two different genes mapped on different chromosomes (Nathan,

1994). Even tbough !bey arepartially homologous, !bey differ in ManY respects including

tissue distribution, cofactor requirements, biologjcal aetivity and mode of regulation (for

a review, see Nathan, 1992; Lowenstein et al., 1994). The inducible form of NOS is

14



•

•

•

present in macrophages, polymorphonuclear neutrophils and endotheliaI cells. IFN--y is

the major physiological inducer of iNOS. Augmentation of iNOS mRNA and protein

levels also OCClUS in response to combinations of IFN--y and LPS, IL-l, TNF-a , or

infectious agents such as mycobacteria or leishmania.

The mechanism responsible for the microbicidallmicrobistatic effects ofNO is not

fully understood (for review, see Green et al., 1993). DNA damage was reported to

occur after treatment of Salmonella typhimurium with Nû-releasing compounds (Wink

et al., 1991). Furthermore, it bas been reported that exposure of Clostridium botulinum

to acidified NOz· results in the formation of nitrosyl-Fe complexes (Nathan and Hibbs,

1991). NO gas or NO generated byaetivated macrophages interaets both with fem:doxin

from Clostridium pasteurionum (Stuehr et al., 1989) and an iron-associate4 subunit of

Escherichia coü ribonucleotide reduetase. Cowden and Clark (1991) found that oxides

of nitrogen diffuse into Plasmodium fa1cipanlm-infected erythrocytes, couple with

cysteine or glutathione, and form intraee11u1arly toxic nitrosothiol groups that are 1000

times more effective in killing P. fakiparum in vitro than NO and sodium nittaœ or

nitrite alone. Altemative1y, disruption of pH homeostasis by NO may contn"bute to the

demise of certain intraee11ular pathogens lilœ Leishnumia by inIu"biting its H+-ATPase

(Mauel et al., 1991).

Iron deprivatiOD

The low concentration of fIee iron in body fluids cœates bacteriostatic conditions

for many microorganisms and is therefore an important defense mechanism against

invading bacteria. Bacteria need iron for growth and thus have adapted to the limited iron

avaüability in mammalian hosts by evolving diverse mechanisms for the assimilation of

iron sufficient for growth (reviewed in Wooldridge and WJ1Iiams, 1993). eenular

depletion of this metal suppresses DNA synthesis as well as the functioning of aerobic

respiratory enzymes (Weinberg, 1992).

lS



•

•

•

Iron is delivered to most mammalian cells via endocytosis of diferric-ttansferrin

bound to tlte ttansferrin receptor (TfR). In the endosome, iran is released from

ttansferrin and ttansferred to the cytosol. Once in the cytoplasm, iron is used either for

metabolic processes or sequestered in ferritin (reviewed in Thorstensen and Romslo,

1990). Mobilization of iran from both ttansferrin and ferritin is dependent upon an acidic

environment such as that found in endocytïc vesicles and lysosomes. Iron-ttansferrin

complex releases ferric ions to the intermediate iron pool only after the endocytic vesicle

is acidified. Ferritin is thought to recycle iran to the intermediate iron pool by entering

lysosomes and then undergoing pH-dependent proteolysis (Byrd and Horwitz, 1991).

Bacteria have deve10ped severa! mechanisms to scavenge iron from their

eukaryotic hasts. Siderophore-mediated iran uptake involves the synthesis of low

molecular weight iran che1ators called siderophores which compete with the hast iron­

binding glycoproteins ferritin and ttansferrin for iran. An alternative way to achieve

sufficient iron-uptake level can occur via outer membrane protein receptors that recognize

the complex of ttansferrin or ferritin with iron (reviewed in Otto et al., 1993).

The relationshipsbetween iron availability and microbistaticlmicrobicidal function

of macrophages have been studied in models ofinfection including M. tubercuJosis (Hart

et al., 1982; Crowle and May., 1989), M. avium (Douvas et al., 1993), L. monocyto­

genes (AlfonI et al., 1991), L. pneumophi14 (Byrd and Horwitz, 1991), Plosmodium

(Krogstad et al., 1985), and Histop/osmo (Lane et al., 1993; Newman et al., 1994), and

P~ (Cano et al., 1994). Results from the previous studies support the

conclusion that inletferenœ with intraeellular iron melabolism dramatically affects the

capaclty of macrophages to control proliferation of intraeellular microorganisms. Thus,

the dec:rease in the intraeellular concentration of iron, increases the ability of human

(Byrd and Horwitz, 1991; Douvas et al., 1993; Newman et al., 1994) and mouse

macrophages (Alford et al., 1991; Lane et al., 1993) to kill or arrest the growth of

seveml intraeellular microorganisms. AlfonI and coUeagues suggesœd that macrophages
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must have enougb available intraœllu1ar iron to perfonn listericidal function, but tao

much iron can favor growth of the bacterium (AIford et al., 1991).

Cellular iron bomcostasis is also very important in the post-transcriptional

regulation of gene expression. A cis-acting RNA motif, the so-ca1Ied iron responsive

clement (IRE), and a trans-acting cytoplasmic protein, known as iron regulatory protein

(IRP) cooperate to coordinate the iron-dependent expression on the intraœllu1ar storage

protein ferritin, of the TIR, and of erythroid S-amîno levulinic acid synthase (e-ALAS),

the first enzyme in the beme biosynthetic pathway. Iron deprivation stimu1ates IRE­

binding by IRP, thereby repressing ferritin and e-ALAS mRNA translation and proteeting

TIR mRNA from degradation, resulting in the increased transferrin receptor expression

(reviewed in Klausner et al., 1993).

Recently, it bas been shown that NO produced by cytokine-stimulated

macrophages is invo1ved in iron release (Drapier and Hibbs, 1988), modulation of iron­

dependent enzyme activities (Hibbs et al., 1987; Drapier et al., 1988; Lepoivre et aL,

1990), mobilization of iron from ferritin (Reif and Simmons, 1990) and formation of

coordination complexes with iron-carrying macromo1ecules (Lancaster and mbbs, 1990;

Pellat et al., 1990). More recent evidence indieates that endogenously produced NO MaY

modulate the post-transcriptionai regulation of genes invo1ved in iron homeoslaSis

(ferritin, transferrin, IRP), supporting the hypothesis that [Fe-S] c1uster of!RF mediates

iron-dependent regulation (Drapier et al., 1993; Weiss et al., 1993). Furthermore, Weiss

et al. (1994) observed that mRNA 1evels for NOS were significantly increased by

treatment with desferrioxamine and reduced by Fe(3+). This increase in the steady-state

1evels of NOS mRNA was due to increased transcription rates of NOS mRNA.

Therefore, parasites consuming iron would contribute to increased formation of NO and

therefore to enhanced cytotoxicity toward themselves (Weiss et al., 1994).
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Pbagosome-Iysosome fusion

Ingestion of a pathogen by cells of the MPS sets off a series of events including

phagosome fusion to lysosomes. Lysosomes fuse with the pathogen-eontaining phagQSOme

and release their acid hydrolases that are able to damage the ingested parasites.

Intrace1lular parasites, however, have developed several strategies to avoid fatal

consequences of phagosome-Iysosome fusion. For example, S. typhinuuium and L.

donovani are able to survive and multiply inside the phagolysosome. Mechanisms such

as presence of enzyme-resistant cell surfaces, secretion ofenzyme inhibitors or secretion

of molecules that increase intraphagolysosomal pH (ammonia), have been proposee! to

explain the survival of these parasites (reviewed in Moulder, 1985).

In the case of Mycobacleria, several strategies that might explain the survival of

the bacteria in hast cells have been observed. The prevention of phagosome-Iysosome

fusion bas been proposed as the main survival mechanism of M. 1Ubercl4iosis.

Mycobacterial products have been proposee! to interaet with Iysosomal membranes

rendering them nonfusible. However, this is not the only explanation for survival, since

some mycobacterial species such as M. lepraemurium as weil as M. 1Ubercu1osis, survive

in phagosomes that have fused with lysosomes, and M. leprae was shown to be capable

of escaping from the phagosome into the cytoplasm (Moulder, 1985).

The importance of the phagosome-Iysosome fusion in the control of mycobacterial

growth inside macrophages bas been stressed by experïmenb in which agents suspected

to promote phagosome-lysosome fusion were utilized. F1esch and Kaufmann (1988)

observed that chloroquine induced a dose dependent growth inIu"bition of M. bovis in

unstimulatedbone marrow macrophages, and specuIated thatphagosome-lysosome fusion

was involved. More recently, De ChasteIIier et al. (1993) studied the implications of

phagosome-lysosome fusion in restriction of M. avium growth in bone marrow

macropbages from BCG-resistant and -suscepl1"ble congenic mice. The autbors found that
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the percentage of phagosome-Iysosome fusions was twice as high in Bcg compared to

Bcg macrophages. In addition, the percentage of intact viable bacteria residing in acid

phosphatase-negative phagosomes was about twice as low in Bcg as in their Bcg
counterparts. An enhanced phagolysosome fusion in Bcg macrophages was proposed as

the exp1anation for these findings (De Chastellier et al., 1993).

Since piOper function of hydrolytic enzymes present in lysosomes depends on

acidic pH, control of the phagolysosome pH might play an important role in the

antimicrobial effect. The vesicles containing mycobacteria (phagolysosomes), were

believed to be acidic vesicles (with a pH of approximately 5). However, Crawie et al.

(1991) presented evidence indicating that this belief was proœbly correct only for dead

or impaired M. tubercu10sis and M. avium. Appelberg and Orme (1993) observed that

the addition of weak acid to culture medium containing IFN--y-stimu!ated and M. avium­

infected mouse macrophages enhanced the bacteriostatic effect of IFN-y, while the

presence of weak base counteraeted this effect. The authors hypothesized that the

mycobacteriostatic effect of IFN-y was mediated through the acidification of the infected

phagosome, perbaps through activation of proton pumps in the phagosomal membrane

(Appelberg and Orme, 1993). A direct assessment of intraœ1lu1ar acidity indicated that

the vesicles in cultuIed human mononuclear phagocytes which contained living and

healthy M. tubercu10sis and M. avium were most 1ike1y the phagosomes that were not

acidic (Crawle et al., 1993).

Reactive Oxypn Intermediates (ROI)

During phagocytosis, or upon appropriate stimulation, ce1ls of the MPS produce

substantial amounts of Oi and H2~' These substances may subsequently inteIaCt whith

each other and produce hyciroxyl radicals (OH·) and singlet oxygen ~~. The incIeased

production of ROI is coupled to a large increase in oxygen consumption, and in the

activity of the hexose monophosphate shunt pathway (Badwey and Karnovsky, 1980;
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Nathan, 19CJ1). Most data suggesting that Mycobacteria are sensitive ta the action of ROI

come from indirect evidence showing that: 1) macrophages produce ROI during the

phagocytosis ofMycobacteria, 2) macrophages actîvated by cytokines, bacterial produets,

or pharmacologica1 agents, ego phorbol myristate aœtate (PMA), produce substantial

quantities of ROI, 3) in cell free systems, ROI are able ta kill Mycobacteria and, 4)

under certain cïrcumstances, scavengers of ROI partially inlubit the ability of activated

macrophages ta ki11 Mycobacteria.

Evidence aœumu1ated during reœnt years, however, suggests that ROI do not

play a prominent role in the control of intraœ11ular proliferation of microorganisms.

Macrophages derived from patients with chronie granulomatous disease (eGD) have a

genetie defect of NAPDH oxidase (a key enzyme involved in production of ROI), and

are able ta kill intraœ11ular microorganisms including Mycobacteria. Furthermore, use

of scavengers of taxie oxygen metabolites (superoxide dismutase, cataJase, histidine,

diazabicyclooctane) failed ta influence the capacity of IFN""'Y""actîvated bane marrow

macrophages ta inhibit the growth of M. bovis (Flesch and ICaufmann, 1988). Douvas

et al. (1986) also showed that human monocyte-derived adherent cells, during a period

of incœased mycobactericidal actîvity, do not have incœased amounts ofrea.."tive oxygen

species. In addition, Rook et al. (1986) also found that IFN-y failed ta stimulate human

macrophages ta suppress or ki11 M. tuberculosis even though the macrophages had an

enhanced capacity ta produce ROI as demonstraled by the ability ta reduce nitroblue

tettazolium when stimu1ated by phorbol myristate acetate (PMA). Similarly, O'Brien et

al. (1991) found that guinea-pig alveolar macrophages weœ able ta kill M. tuberculosis,

but the killing was independent ofsusceptlbility to hydrogen peroxïde or triggering of the

respitatory bum.
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Tryptopban deprivation

Results published in 1984 (Pfefferkom et al., 1984) indieated that human

fibrobIasts infec:ted with ToxopÙJS17l(l gondii and stimu1ated with IFN-y, were able ta kill

the protazoan parasite. They showed that the minimal concentration of IFN-y that

bloclœd the growth of T. gondii was consistently two fold higher in Dulbecco's modified

MEM !han in Eagle's minimal medium. An analysis of these media indieated that

tryptophan was the factor responsible for this difference (tryptophan concentration was

higher in the former). Consistent with these observations, pfefferkom and colleagues

(1986) have found that the increase in the concentration of tryptophan in the medium

diminished the antitaxoplasma effect of IFN-y. The microbiostatic activity of human

bladder carcinoma cells against Chkun:ydùl psÏlllJCi induced by IFN-y could be entirely

reversed by the addition of exogenous tryptophan (Byme et al., 1986). Similar

antimicrobial mechanism seemed ta be involved in IFN-y-stimu1ated macrophages

infected with Leishmonia donovani (Murray et al., 1989) and LegioneUo. pneumophila

(Gebran et al., 1994).

Tryptophan is an essential amino acid and is the least abundant of the amino acids

requiml for lI'.ammalian cellular integrity. Two mammalian enzymes catabolize L­

tryptophan: indoleamine2,3-dioxygenase (IDO), and hepatic tryptophan 2,3-dioxygenase

(IDO). IDO eata1yzes the initial pyrrole ring oxidative c1eavage step in the degradation

of L-tryptophan ta produce N-formylkinurenine and kynurenine. IDO differs from TDO

in its broader substrate specificity, broader tissue distribution, and nonconstitutive nature

as weil as its inducibility by cytokines such as IFN-')' (Carlin et al., 1987). IDO can be

induced by cancer, viIal infection, bacterial LPS, IFN and intedeukin 2 (IL-2) (reviewed

by Carlin et al., 1989). Increased urinary excretion of tryptophan metabolites bas been

reported to occur in severa! diseases inc1uding tubercu10sis (Werner et al., 1987).

Human peripheral bl00d mononuc1ear cells (PBMC) and macrophages, as weil as

murine macrophages are able to synthesize IDO in response to a variety of stimuli
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including IFNs (Byrne et al., 1986; Carlin et al., 1987; Murray et al., 1989; Gebran et

al., 1994; Thomas et al., 1994). Furthermore, increases in IDO activity, and subsequent

catabolism of tryptophan, have been correlated with the ability of human and murine

macrophages ta control proliferation of some intraeellular microorganisms in vitro

(Murray et al., 1989; Schmitz et al., 1989; Gebran et al., 1994).

REGULATION OF MUe CLASS n ANTIGENS IN Bcg AND

Bc( MACROPHAGFS

The class n genes of the major histocompatibility complex (MHC) encode highly

polymorphic, cell surface glycoproteins (called la antigens). These molecules play a

central role in the immune response by forming a fundamental part of the ligand for the

antigen-specific T cell receptor. The la antigen-T cell receptar interaction is required for

bath the development of the T-cell repertoire in the thymus and the presentation of

antigenic peptides ta helper T cells in the periphery. Proper function of the la antigens

depends not only on the polymorphic nature of their structures and their ability ta bind

the antigenic peptide but also on the regulated expression of these proteins on the surface

of cells interaeting with the appropriate T lymphocyte.

In the mouse, there are two isotypic forms of la: I-A and I-E. Each is a

heterodimer composed of an a chain (33 ta 34 ID) and a B chain (28 ID) associated

noncovalendy on the cell surface (reviewed in Mengle-Gaw and McDevitt, 1985). The

four murine cIass n genes are coordinately reguIated and display a complex pattern of

expression.
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Rqulation or MDC dass n expression

Class II 6ene expression in the ceIls of B Iineage is developmentaIly regu1ated.

Immature pre-B celis are cJass II negative (Kincade et al., 1981), while mature B ceIls

express cIass II antigens constitutively (Mond et al., 1981; Greenstein et al., 1981).

Tenninally differentiated plasma ceIls lose their capacity ta express class II antigens

(Halper et al., 1978). While cIass II molecules are expressed constitutively in B ceIls,

they can be induced in macrophages by severa! stimuli. 80th macrophage-like celllines

and tissue macrophages can be induced ta express cIass II antigens by IFN--y (King and

Jones, 1983; Zlotnik et al., 1983; Stuart et al., 1988), but other cytokines have also been

reported ta modulate the ,expression of la antigens, including TNF-a, GM-esF and ll.-4

(Glimcher and Kara, 1992).

The regulation of surface cIass II expression is achieved through the combination

of transcriptional and post-transcriptional effects. TIanscriptional effects are mediated by

factors that interaet in a sequence-specific manner with elements found in the gene

promoter, or within introos. Admtional enhancer elements, located both in the introns

and at the positions some distance upstream of the stIrt of transcription, have been

described for the cIass II genes (Glimcher and Kara, 1992; Ting and Baldwin, 1993;

Sullivan et al., 1987). Most work on the cIass II cis-acting elements bas invo1ved the

proximal promoter region, encompassing approximate1y 200 bp upstream of the

transcription stIrt site.

Initial comparisons of the sequences of the human and murine cIass II genes

tevealed two highly conserved sequence elements in the region 40 ta ISO nucleotides S'

of the stIrt site oftranscription. These elements have been calIed the X and Y boxes, and

severa! studies have shown them ta be important for both the constitutive and induced

expression of cIass II genes in the human and murine ceIls (Dom et al., 1987; Thanos

et al., 1988; Yang et al., 1990). Some other sequence motifs have also been considered

important for cIass II gene exptession. Experiments invo1ving deletions at the S' end of
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the X box have revealed that a stretch of 30-40 bp, the ZJW area, including the 7 bp S

box, play an important role in the c1ass n regu1ation (Thanas et al., 1988; Basta et al.,

1987; Dedrick and Jones, 1990).

The Bcg gene and the influence on MHC class n expression in macropba&es

One of the most important observed pleiotropic effects of the BcglI.sh/lry gene

refers to its ability to upregul3l.e MHC c1ass n expression in macrophages. The first

indication that macrophages from resistant and susceptible mice may differ in their la

expression was reported by Johnson and ZwiI1ing (1985). They reported that la antigen

was stably expressed by macrophages from BCG-resistant mice but was expressed

transiently by macrophages from BCG-susceptible mice Qohnson and ZwiI1ing, 1985).

The clifference in I-A expression was linked to the Bcg gene by showing that I-A could

be induced to be clifferentially expressed by macrophages from BALBlc (Bct) and its

congenic resistant counterpart BAU3lc.Bcg (C.D2, Bcg) (ZwiI1ing et al., 1987). Later,

experiments condueted by Denis et al. (1988a) showed t.hat the perœntage of Ia+

macrophages was significantly higher in the spleen of noninfeeted C.D2 mice when

compared to BALBlc mice. Adl!itional studies have shawn that the frequency of Ia+

macrophages was marlœdly increased in Bcg, but not in BcK mice following BCG

infection (Schurr et al., 1989). Similar clifferences in la expression were reported by

Kaye et al. (1988). They reported that splenic adherent ce1ls (SAC) obtained from LsJ(

mice infected for 7 days with L. donovani expressed more I-A antigen than Lsff mice.

Furthermore, peritoneal macrophages from Lsl( mice infeeted with amastigotes of L.

donovœli, and stimu1ated with IFN--y, expressed more l-A antigen than peritoneal

macrophages from Lsff mice treated in an identical maMllI' (Kaye et al., 1988). The

differences in MHC cIass II expression observed in clifferent population of macrophages

obtained from BCG-resistant and -susceptible animais may be partially exp1ained by

clifferences at the macrophage l-A mRNA level as published by Radzioch et al. (1991).
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The reported differences in the amount of class n antigens expressed on the

surface of Bcg' and Bcg' macrophages have been used to explain some other functional

characteristics that differ between BcglLsh/lty resistant and susceptible animais. Thus,

Denis et al. (1988b) reported that Bcg' macrophages supported the mixed leukocyte

reaction (MLR) across the H-2 barrier much better !han the Bcg' macrophages, and Kaye

et al. (1988) reported that L. donovani-infected LsJ( mice showed a rapid increase in

acœssory ce1l activity, aIIowing for a greater subsequent T-cell expansion as comparee!

to LsJf mice. In addition, differences in the antigen presentation ability of macrophages

obtained from BCG-resistant and -suscepb.ole animais (Denis et al., 1988a), and L.

donovani-resistant and -susceptible animais (Kaye et al., 1988) have been published.

However, some other investigators reported no differences in antigen presentation by

BCG-resistant and -susceptible mice (Hilburger and ZwilIing, 1994).
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OB.JECTIVFS

Macrophages constitute an essential line of defense against intraeellular microorganisms

ineluding Mycobacteria.

The major objective of the study was 10 define the molecular mechanism underlying the

phenotypie differences observed between macrophages derived from mice resistant

(BI0A.Bcg') and susceptible (BI0.A) 10 infection with Mycoboaerium bovis BCG.

Speclf"K: aims:

Using bone marrow-derived macrophage lines generated frOm BI0.A (Bcg'"; BIOS ceU

lines) and its congenie resistant counterpart BIOA.Bcg'" strain mice (Bcg'"; BIOR cell

lines), the following specifie aims were address:

•

1.

2.

3.

study the molecular basis responsible for differential nitrie oxide

production in response 10 infection with Mycobaclerium bovis BCG and

stimulation with IFN-"Y, in the context of its biological importance for

antimycobacteria1 activity.

molecular mechanisms underlying the difference in MHe class n antigen

expression between macrophages derived from mice susceptible and mice

resistant 10 infection with M. bovis BCG.

one of the important aims was also 10 deve10p a fast, simple and reliable

method 10 estimate mycobacteria1 infection and multiplication in

macrophages.
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CHAPrERll

ASSESSMENT OF MYCOBACTERIAL INFECTION AND

MULTIPLICATION IN MACROPHAGES BY FeR.

PREFACE

Reliable in vitro methods for the detection of myc:ubacterial growth within

macrophages are essential for the objective determination of the resistant or susceptible

phenotype dictated by the Bcg host resistant gene. Realization of the shorteomings of the

cllI'l'eIItly available assays, namely the lack of objectivity and the lengthy readout time,

prompted us ta exploit the polymerase chain reaction (PCR) methodology. This

methodology allows the quantitation of mycobacteria-specific DNA sequences within

infected macrophages. Twenty-base oligonucleotide primers that recognize a 123 bp

repeated sequence present in M. bovis and M. tubercuJosis DNA have been used to

describe the conditions of the PCR. This time-efficient technique yielded highly

reproducible results which corre1ate well with those obtained by two independent,

CIlI'l'eIItly available methods. 'The assay bas proven ta be useful for the rapid

detennination of the level of mycobacteria1 growth in infected cells, in the routinely

studied experïmental models of infection with Mycobacteria.

SUMMARY

'The Polymerase Chain Reaction (PeR) bas been successfully used for the

diagnosis of mycobacterial dïseases. 'The amplification of mycobacteria1 DNA bas been

performed using 2o-bp oligonucleotideprimers that recognize a 123 bp repeated sequence
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present in M. bovis and M. tuberculosis DNA. Here we describe in detail the conditions

of PCR reaction which allow a quantitative assessment of mycobacterial content in

infected macrophages. The technique shows good correlation with the widely used

Colony Forming Unit (CFU) and [lH]uracil incorporation methods. It is highly

reproducible, effective and time-efficient. Our method allows a quantitative assessment

of the level of M. bovis BCG infection in macrophages from a variety of sources

including peritoneal macrophages an~ macrophage lines, within few hours.

INTRODUCTION

Mycobacteria are facultative intraœllular parasites which replieate inside cells of

the mononuclear phagocyte system. Failure to control the intraee1lular growth ofdifferent

species of mycobacteria by monocytes and macrophages leads to cell destruction and

discase in sevcral hosts including man, eatt1e, rabbits, guinea pigs and micc (16, 18).

SCveral in vitro methods have been developed to deteet the presencc of

intraee1lular mycobacteria and to quantitate their growth within macrophages (3,13).

Although these procedures are informative to some cxtent, there are some limitations

associated with each method. Firstly, light microscopy and an acid-fast stain may be used

to assess the pcrcentage ofinfected macrophages in a given population, but the estimation

of the number of acid-fast bacilli (AFB) per infected macrophage is rathcr subjective.

Sec:ondly, the enumeration of mycobacterial CFU in infected tissues is most reliable, but

requires at least two weeks and special tare to avoid bacterial clu.lnping during seeding

(4). ThinIly, the widely used measurement of rHJuracil incorporation by metabolically

active bacteria (13), although quantitative, does not account for eithcr the metabolically

inactive (dormant) bacilli or the dead microorganisms, precluding estimation of the total

load of intraee1lular bacteria undcr specific cxperimental conditions.
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Recently, amplification of mycobacterial DNA by the Polymerase Chain Reaction

method (PCR) was sucœssfully used for dîagnosis ofM. leprae (17) and M. tubercuiosis

(1,6) in c1inica1 samples. Using primers specifie for mycobacterial DNA ~uences, we

describe the conditions which allow precise quantitative assessment of BCG content in

infected macrophages. Furthermore, we have comparee! the resuits obtained using this

method with wide1y used CFU and rHluracil incorporation methods.

Overa11, the quantitative PCR method provides a reliable, simple, reproducible

and a rapid tool for the assessment of mycobacterial content in infected macrophages.

MATERIALS AND MEIBODS

Bacteria.

Mycobocteriutn bovis BCG substrain Montreal was used. The stock culture was

cultivated twiœ for 7 days in Dubos-Tween-Albumin liquid medium, and the 1ast culture

was filtered through aS ",m membrane (Gelman, Ann Arbor, MI) to eliminate bacterial

c1umps. The resulting bacterial suspension was centrifuged at 10,000 x g at 4"C for 20

min and, the cell pellet was resuspended in Neuman-TyteIl medium (Gibco, Grand

Island, NY) supplemented ....-:1th 10% fetal bovine serum (FBS) (HyClone, Logan, Ul)

without antibiotics (Neuman-TyteIl Complete Medium, NTCM).

Macropbaps 8Dd macrophage Iines.

To obtain resident peritoneal macrophages, miœ were killed by COz inhalation and the

peritoneal cavity was f1ushed with 10 ml of ice-cold NTCM. The resulting cell

suspension was centrifuged at 800 x g for 10 min at 4"C and resuspended in NTCM.

The pen:elltage of macrophages in œil suspensions was estimated by perfonning a

differential count on cytocentrifuged ce11s following Diff-Quik staining (ARS dei CanDe

Inc., Puerto Rico), and the ce11s were subsequently seeded at lxl<f macropbageslwe1l
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in 24-well cultures plates (Falcon, Lincoln Park, NJ). After ovemight incubation at

37"C, 5% C~, cells were washed with warm NTCM ta remove non-adherent cells.

Macrophage lines B10R and B10S derived from congenie B10A.Bcg" and B10A.Bcg'

murine strains, respectively, were established as describecl in detail (12). Cel1s were

grown in Dulbecco's modified medium (ICN Biomedicals Ine., Costa Mcs.:-, CA)

supplemented with 10% FBS, 2 mM L-glutamine (ICN Biomedicals Ine., Costa Mesa,

CA) and antibiotics. Celllines were used when they became confluent.

Puril"acation of genomic DNA from BCG

The bacterial suspension was centrifuged at 10,000 x g for 20 min at 4"C and

resuspended in TE buffer, pH 8.0 (Tris.HCl 10mM, EDTA hnM). Bacteria were

disrupted by bead-beating for 5 min in a Mini Beadbeater (Biospec Products, Bartlesville,

OK) using 1 ml of O.lmm zirconium~ (Biospec Products, Bartlesville, OK) pre­

equilibrated in TE, pH 8.0. DNA was extraeted with 2 vOLumes of

phenol:chloroform:isoamyl alcohol (25:24:1) twice and 3 times with chloroform:isoamyl

alcohol (24:1). The DNA was precipitated with 3 vols 100% ethanol,200 ,.ü of 3M

NaAcetate and 10 Ilg of yeast tRNA at -2O"C. After ovemight incubation, samples were

centrifuged at 25,000 x g for 20 min at 40C in an Eppendorf centrifuge, washed two

times with 70% ethanol and dried by speed vacuum centrifugation. DNA was

resuspended in TE, pH 8.0 and the concentration was estimated by spectluphotometry

at260 nm.

Amplif"acation of mycobacterial DNA by KR

Amplification reactions were performed using Taq polymerase derived from T.aquolicus

and other reagents as directed by manl!facturer's instructions (GeneAmp kit, Perlàn­

Elmer cetus, Norwalk, Cf). The primers used were specifie for M. bovis and M.

IUbercuJosis as prev:iously deseribed (6). The reaction was perfonn.ed using an autamated

thermal cycler (DNA Thermal Cycler, Perlàn-Elmer cetus, Norwalk, Cf).

Amplification reactions were perfomled as descnOed (6). Briefly, samples were
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denatured al 94"C for 5 min, and 25 amplification cycles were perfonned. Each cycle

consisted of denaturation al 94"C for 2 min, annealing of primers al 68"C for 2 min, and

primer extension at 72"C for 2 min. The extension was increased by 5 s with each

subsequent cycle. In sorne experiments, the annealing time was modified. The

amplification product was analyzed by electrophoresis on 1% agarose gels containing

ethidium bromide.

Infection of macrophage monolayers.

Macrophage lines and resident peritoneal macrophages were used. Cells were seeded

into 24 weil culture plates, incubated ovenûght and infected al a bacteria:macrophage

ratio of 1:1, 5:1, or 10:1 with M. bovir BCG for different periods of time. At the end

of infection period, cel1s were washed extensively with wann NTCM and then Iysed with

1% NP-40 in TE, pH 8.0 or 0.25% saponin in NTCM.

When experiments using the [3H]uracll incorporation techniqueor the CFU determination

were done, cel1s were seeded al IxlOS/weil in 96-well fiat bottom microtiter plates

(Nunclon, Nunc, Denmark). After Iysis, II'Ci/well of [3H]uracll (sp. act. 27 Ci/mmol,

New Engiand Nuclear) was added to each weil for 18h. Celllysates were collected in

fiberglass membranes (Skatron, Sterling, VA) using a semiautomatic cel1 harvester

(Skatron, Lier, Norway) and the radioactivity incorporated in the individual wells was

quanti.tated by scintillation counting using a .6-counter. For the CFU assay, severa!

dilutions prepued from Iysates of the infected cel1s were done and seeded in Dubos solid

medium al 37"C. Colonies were enumerated following a 3 week incubation period.

PurülClltion or mycobacterial DNA from iDfected ceIls.

0.5 to 1 ml of infected macrophage Iysates were disrupted with 0.5 ml of zùconium

beads for different periods of time using 2 ml Sarstedt Micro tubes (Newton, NC).

Following disruption, supernatants were transferred to new vials and heated in boiling

water for 10 min to inactivate proteases. DNA was subsequently extIacted twiœ with 1
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vol of TE-equilibrated phenol, pH 8.0 (14), and once with ehloroform:isoamyl alcohol

(24:1). DNA was precipitated and the DNA pellet was resuspended in DEPC-trcated

water. In sorne experiments, DNA was neither extraeted nor purified. After lysis and

boiling, 10 IÙ of crude extract were used for DNA amplification.

QuantitatiOD of ampliiacatioD products.

To quantitate products of the amplification reactions, blots were hybridized with purified

PCR product labelled with f2P]dCTP (sp. act. aprox. 3000 Cilmmol, Amersham,

Arlington Heights, a). The 123-bp PCR product was purified by electrophoresis in 3%

low melting agarose gel (NuSieve, FMC, Rockland, ME). After electrophoresis, the

band corresponding to the amplified product was eut out and purified by a modification

of the method of Heery et al. (10) using glass beads and DNA was precipitated with

ethanol. To quantitate amplification reactions, DNA was separated by electrophoresis in

1% agarose gels and transferred to nylon membranes (Nytran, SChleicher and Schuell,

Keene, NH). The membrane was removed from the blotting apparatus and baked at 8O"C

for 30 min, prehybridized for 4h at 48"C in prehybridization buffer (Hybridisol, Oncor,

Gaitherburg, MD), containing 100 l'g/ml of denaturated Salmon Sperm DNA, and

hybridized for 24h with the same buffer containing 107 cpm of the 123 bp probe labelled

by Dick translation using ~]dCTP. The membranes were washed twice in 10X SSPE,

1%SDS, lS min at room temperature, once in IX SSPE. 1%SDS, lS min at 37"C and

once in O.lX SSPE. 1% SDS, lS min at 6SOC. Hybridization was detected by

autoradiography with Kodak X-omat-AR films (Rochester, NY). In sorne experiments,

the intensity of bands present in the autoradiograms were quantitated using laser

densitometry (LKB mtroScan XL Laser Densitometer).

RESULTS AND DISCUSSION

Since DNA amplification by the polymerase chain reaction (PCR) is a highly

specifie and sensitive method, it is applicable even when small amounts of DNA are

54



•

•

•

present. This fact is partieuJarly important in the case of detection of bacteriaI or viral

DNA from cells when a low level of infectivity is suspected (9,11). Moreover, often

onIy Iimited numbers of macrophages from key organs such as the spleen are available

for in vilro studies on infection and replication ofintrace1luJar parasites. We present here

the conditions which a110w a quantitative estimation of the mycobacterial DNA content

in infected resident peritoneal macrophages and in infected macrophage Iines.

The 2o-bp oligonucleotideprimers specifie for M. bovis BCG and M. tubercu/osis

which recognize a 123-bp tq)"'ated sequence were recently reported by Eisenach et al (6).

As a first step we studied the sensitivity of the method using our specifie conditions.

Genomie DNA was extraeted from 107 M. tovis BCG, purified, and the DNA

concentration was estimated. Decreasing amounts of DNA (lng to lOfg) were used as

templates for PCR reactions. As shown in Fig.1 even 10 femtograms of template

mycobacterial DNA could be detected using this method. Since the size of the M. bovis

BCG genome measures approximately 2,800 kb (2), 10 femtograms correspond to

roughly 100 bacteria. Based on these results and thase published by Eisenach et al (6)

and Williams et al (11), it is reasonab1e to expect that sma11 numbers ofbacteria may be

deteeted.

Since in the experimental conditions routinely used in bactericidal assays, the

average number of bacteria ranges from lOS-107, per sample, we tested whether or not

PCR amplification of mycobacterial DNA would remain quantitative within this range.

Initially, we used logarithmie dilutions of bacteria in the range of 10' to lOS. As shown

in Fig.2, lOS bacteria were detected by hybridization with the labelled PCR fragment.

Moreover, the intensity of the deteeted signal was diœct1y pxoportional to the number of

bacteria used for DNA exttaetion.

Having established basicparameters for the quantitativedeteetion ofmycobacterial

genomic DN,\, we next tumed our attention to the quantification ofBCG-specific DNA
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FIGURE 1. Detection of purifJed &eDomic DNA from M. bovis BCG by PCR. 1110

vol of eacb reaction was sepaIated in a 1% agarose gel. 1.. /f>X174 Hae m digested

DNA ladder. Input DNA: 1, lng; 2, lOOpg; 3, lOpg; 4, lpg; S, lOOfg; 6, lOfg.
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FIGURE 2. Detection of M. hom BCG by feR. PCR produets were separated in

l " agarose gel, labeIled, prehybridized and finally hybridized with FP]-labe1ed 123-bp

purified PCR ftagment. L, 4lX174 Hae m digested DNA ladder; C+, 100 ng of input

genomic DNA from BCG. Lanes 1-5, serial dilutions of BCG: 1, 10'; 2, 10'; 3, 10';

4, 1<'; 5, 10'.
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sequences in a variety of infected macrophage populations, at various times post­

hfection.

When resident peritoneal macrophages were infected for 4 or 48h using

bacterïa:macrophage ratios of 1:1 (\anes 1 and 4),5:1 (Ianes 2 and 5) or iO:l (lanes 3

and 6), the amplification of mycobacterial DNA was proportional to th'l infectious doses

4 hours after the initial infection and, even more importantly, we could monitor the

relative proliferation of BCG inside of the macrophages two days after the initial

infection (Fig 3). Since it bas been reported that an excess of eukaryotic DNA could

interfere with the amplification of bacterial DNA (17), we performed experiments in

which a constant concentration of mycobacterial DNA was amplified in t.'1e presence of

increasil1g amounts (sOng-l1lg) of genomic DNA iso1ated from macrophages lines.

No modification of the level of amplified mycobacterial DNA content was

deteeted in the presence of eulcaryotic genomic DNA within this range of concentrations

(results not shawn).

Since macrophage genomic DNA content did not seem to affect the PCR

amplification of bacterial DNA, our next~ was to establish whether or not crude

lysates of infected macrophages which also contain proteins, could be used as temp1ates

for PCR amplifu:ation reactions. To test this possibility, macrophages were infected for

96h and mycobacterial growth was estimated using purified DNA or the crude

macrophage lysate. The results indieated that the use of either purified DNA (Fig.4A)

or the crude macrophage lysate (Fig.4B) resulted in similar amounts of amplification by

the PCR technique. These results clearly indieated that the procedure could be simplified,

since DNA purification was not required for adequate amplification.

Next, we infected different macrophages lines witi. BCG and monitored the

replication of the organism by PCR. Following 24h infection with BCG a clear

amplification signal was delected in ail macrophage lysates tested (Fig.sA). Similarly,
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FlGURE 3. MycobacteriaI DNA amplificatioD or resideDt peritoneal macropba&es

iDlected witb M. bom BCG. Macropbages were infected for 4h (lanes 1-3) or 48h

(laDes 4-6) with a mycobactma to macrophage ratio of 1:1 (laDes 1 and 4). 5:1 (1anes

2 and S) and 10:1 (1anes 3 and 6). Half of the final volume (10 pl) was used for the

amplification reaction (35 cycles).
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FlGURE 4. AmplirlC8tiOD of DNA from M. bovil BCG from infected macropba&es

USÙII the cnide extract. Resident peritoneal macrophages (lxlO'/well) were infected

for 4h, washed and cultured for 4 additional days. At the end of the culture period, cells

were lysed and PCR pexformeci as indicated•

Panel A: Amplification using purified DNA. Halfof the final volume (20 "d) was used

for the amplification reactions (3S cycles). Lane l, 1:1 infection; lane 2, S:l infection;

lane 3, 10:1 infection.

Panel B: Shows results generated when crucIe extraets were used. Ten microliters (I/SO

of the final volume) were used for the amplification reactions (3S cycles). L, I()X174

Hem digested DNA ladder; C+, lOOng of input purified genomic DNA from BCG.
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FIGURE S. Mycobacterial DNA ampHrae:atioD from iDfectecl macropba&es Iines.

Mac:ropbages (lxlO'/well) were infected with BCG (mycobacteria to macropbage ratio,

10:1) for 24b, lysed and mycobacterial DNA amplification (35 cycles) peiformed using

balfof the final volume (20,.ll) (Panel A), or 10 ,.Il of the crude extraet (1/50 of the final

volume) (Panel B). L, 4>X174 HaeIII digested DNA Iadder; C+, 100 ng of input

genomic DNA purified from M. bovis BCG; 1, B1<IS; 2, BI0R.
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when samples comprised of the crode extract were used in the reaetion, an aImosl

identical amplification was obtained (Fig.5B), indicating!hat neither maerophage-derived

DNA nor other cellular components, sueh as proteins, interfered with the amplification

of the mycobacterial DNA. Note !hat the quantity of BCG-DNA amplified in the

macrophage line derived from the susceptible mouse strain was greater !han !hat obtained

from the line derived from its resistant congenie counterpart.

A final series of experiments was undertaken in order to follow the bacterial

growth within macrophages, using three complementary methods in parallel: namely,

PCR, rHluracil uptake and CFU.

The macrophages were infected for Sh with different numbers of BCG, washed

to eliminate extraœllular bacilli and the bacterial growth was monitored 4 days later. The

results Sh following infection of the macrophages demonstrated !hat there exists a direct

relationship between the size of the inoculum of BCG, and the results obtained from the

densitometrie scanning, isotopie uracil uptake and the enumeration of the CFU (Fig.6A).

The results obtained 4 days after the infection are shown in Fig.6B. An increase in ail

the parameters measured (total DNA load, metabolical1y active and live bacteria) led us

to conclude that multiplication of the intraœllular bacteria lOOk place during this period

and thus, a comprehensive view of the fate of the intraee11ular mycobacteria could be

reached by using the three methods.

50 far, most reports detailing PCR amplification ofDNA sequences derived from

infected tissue have emphasized the practical use of the methodology for elinical

diagnostics (l, 6, 15, 17). In this report, we present the conditions whieh allow the use

of PCR teehnology for quantitative monitoring of the mycobacterial infection of

macrophages derived from peritoneal cavity, and of macroPhage lines derived from

genetical1y-resistant or -susceptible inbred strains of mice.
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FIGURE 6A. ComparisoD of tbree differeot methods used for 855 .1fDt of

mycobacterial arowth witbin macropbaps. Results obtained 8 bours folloWÏIII

iDfectioD. The BIOS macrophage line (lxlOS) was infected witb diffeœnt ratios (1:1,

5:1,10:1) ofBCG forSh. Afterlysis, intraœ1lularmycobadrrlalgrowth wasquantified

by densitometric lIIIlI1ysis of the autoradiogmms obtaïned lifter 2S cycles of PCR,

['H]uracil uplùe and CFU. AU*mm=absorbaDce unitslmillimetre; ['H]uracil uptake in

cpm; CFU=coIOllY forming unit.
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FIGURE 6B. Comparison 01 tbree different methods used lor ass uent 01

myeobacteriaI Il'Owth witbiD macrophages. Resllits obtaiDed 4 days 10UowiD&

iDlection. lOS ceIls (BIOS macrophage line) were infected with diffcrent Iatios of BCG

(1:1, 5:1, 10:1) for Sh, washed and cultured for 96 hours. After lysis, intracellu1ar

mycobacœrial growth was quantified by densitometric analysis of the autoradiograms

obtained after 30 cycles ofPCR reaction:s, ['H]1IJ3cil la1Jl3ke and CFU. AU*mm=abso­

rbanœ UDitslmillimetre; rHJIIJ3cil uptake in cpm; CFU=colony forming UDiL

64



•

•

•

The results of our experiments clearly show that the procedure ca., he applied to

the study of mycobacterial infection and proliferation in peritoneal macrophages, as weil

as in macrophage lines. This method is fast, reliable and correlates with data obtained

using CFU and fH]uraeil incorporation methods. Use of this method will facilitate study

of the course of mycobacterial infection in different macrophage subpopulations

especiaIly splenic macrophages. Severa! reports describing the course of in vivo infection

with BCG indicate that spleen macrophages are one of the main effector cell populations

during the early growth phase of the organism (5, 7, 8). In vilro studies in this system

have been hampered by the low yields and poor quality of splenic macrophages due to

the extensive manipulation required for their purification. Our adaptation of the PCR

method is an excellent 1001 in the study of infection and multiplication of M. bovis BCG

in macrophage lines activated for bactericidai function by treatment with cytokines such

as interferon-gamma. The results of the present study open the possibility that PCR

teehnology may he used as a quantitative, fast, reliable method of typing the resistance

or susceptibility of hosts to infection by a vclI'Ïety of microorganisms, under a variety of

conditions designed to test the immunologicaIly-and biochemicaIly-mediated mechanisms

of defense.
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CHAPI'ERill

NITRITE PRODUCI'ION BY MACROPHAGES DERIVED FROM

BCG-RF.SISTANT AND -SUSCEPI'IBLE CONGENIC MOUSE

STRAlNS IN RFSPONSE TO IFN""Y AND INFECTION WlTH

BCG.

PREFACE

Recent results from a number of1aboratories suggest that the secretion of reactive

nitrogen intermediates maybe an important means by which macrophage microbicidal

activity is generated. We have found that exposure ofM. bovis BCG to the nitric oxide­

generating agent, namely NaN~ causes a dose-dependent inhibition of bacterial

proliferation. This discovery confirms the importance of reactive nitrogen intermooiates

in host resistant to mycobacterial infection. Furthennore, the BIOR macrophages

producOO significantly more N~· than their BIOS counterparts. This result reflected the

finding that the expression of nitric oxide synthase mRNA, tested in several BIOR and

BIOS macrophage clones, was higher in BIOR as compared to BIOS independent

macrophages treated with IFN-')'. These data suggest that the differential production of

reactive nitrogen intermediates by BIOR and BIOS macrophages may account for the

observoo phenotypic differences in their ability to inhibit mycobacterial growth.

SUMMARY

Reactive nitrogen intermooiates (RNI) have been implicated in the lFN--y-inducOO

antimicrobial action of macrophages against a wide variety of pathogens. We have been

studying the production of N~· by macrophage lines derived from the bone marrow of

either BIO.A (Bclf) strain mice (BIOS cell lines), or their congenic BCG-resistant

partners of the BIOA.Bcg" (Bclf) strain (BIOR celllines). We have discoverOO that there
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is a significant difference in the production of NOi of BIOS as compared with BIOR

macrophages in response to IFN--y. By 48 hours following treatment with 10 U/ml IFN­

"f, BIOR macrophages produce approximately three fold higher level of N~· than BIOS

macrophages. Simi1ar results were obtained when experiments were performed with total

splenic cells harvested from the spleens of BIO.A.Bcg' and BlO.A strain mice. The

bacteriostatic aetivity, as assessed by the 3H-uracil incorporation by M.bovis BCG, was

higher in BIOR macrophages as compared to BIOS macrophages. The bacteriostatic

aetivity of BIOR and BIOS macrophages correlated with the amount of nitric oxide

produced by the macrophages. The antimycobacterial aetivity was inhibited by

NIMMLA, a specific inhibitor of nitrite and nitrate synthesis from L-arginine. Addition

of L-arginine to IFN--y-stimuIated macrophages in the presence of NIMMLA restored

nitrite production and bacteriostatic aetivity of macrophages. Northem blot analysis of

macrophage nitric oxide synthase (!NOS) revea1ed that the difference in NOi production

by IFN--y treated BIOS and BIOR lines was ret1ective of the difference in iNOS mRNA

expression.

INTRODUCTION

Macrophages are the natural habitat for proliferating pathogenic mycobacteria

sucb as M. tubercuJosis, M. leprae and M. bovis. Macrophages aIse constitute the first

and essential line of defense against Mycobocteria and other intrace1lular parasites

including Lei.sJunonia and Salmonella.

Studies performed in rabbit, guinea pig and murine models have revea1ed a

genetica1ly-determined differential ability to control the proliferation of Mycobocteria

within host macrophages (1). The development of recombinant inbred strains of mice

from BCG-suscepn"ble and BCG-resistant parental strains confirmed an inherited pattern

of resistance and suscepn"bility to the multiplication of M.bovis BCG in the spleens and

livers of infected hasts (1,2).
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ParaIell studies of the host response to Salmonella typhinuuium (3) and

Leishmania donovani (4) revealed a pattern of genetically-controlled resistance similar

to that observed in the case of BCG. Further study revealed the existence of a common

locus that confers resistance to these illtracellular parasites, mapped to the centromeric

region of murine chromosome 1 (Bcg/Ity/l.sh gene) (2,4) to a region found to be

synthenic with human chromosome 2q35 (5).

In vitro studies have shown that in splenic and resident peritoneal macrophages

derived from Bcg' and Bcg' recombinant inbred and congenic strains of mice, there is a

din:ct correlation between the in vivo resistance and susceptibility to M.bovis and the

capacity of the macrophages to control mycobacterial multiplication (6,7).

Macrophages derived from mice ofBcg' mouse strains have been shown to secrete

higher levels of reactive oxygen intermediates (ROI) than those harvested from Bcg'

susceptible strains. Bath class n MHC antigens and I-A. mRNA expression are elevated

in Bcg' strain macrophages when stimu1ated with PMA and/or IFN--y (8,9). The precise

molecular mechanism(s) by which the as yet unidentified Bcg gene produet is able to

determine the fate of MycoboCleria, Salmonella or Leishmania remains obscure.

A novel biochemical pathway of activation of IFN--y-treated macrophages bas

been described (10). In this pathway, the macrophage utilizes L-arginine in order to

produce L-citrulline and intermediary produets such as nitric oxide (NO·) (11). Current

investigations indieate that NO or reactive nitrogen intermediates (RNI) are closely

associated with the ability of mouse macrophages to inhibit the proliferation of L.mojor

(12), L.enrieai (13), L.donovani (14), M.bovis (15), M.tubercuJosis (16), and other

intracellular microorganisms (17). Recently, a candidate for the putative Bcg gene

(denominated Nramp-I) was cloned by Vidal et al.(18). The Nramp-I gene was found

to be expressed exclusively in macrophage populations from reticuloendothelial organs

and macrophage lïnes. Interestingly, a structural similarity was found between Nramp-l
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and the membrane transporter CmA, responsible for nitrate import in the eukaryote

A.nidu/ans (18).

To facilitate and standardize our studies of macrophage functions regulated by the

expression of the Beg gene, we have established macrophage lines from strains of mice

congenic at the Beg locus as described previously in detail (9), and designated BlOR and

BlOS macrophage lines, respectively.

In this report, we describe studies of inducible nitric oxide synthase (INOS) and

nitrite production in response to M.bovis BCG and IFN-')' stimulation by BlOR and BlOS

macrophage lines and by splenic cells of BlO.A (Be?:) and BlO.A.Beg' congenic mice.

We have found that macrophage lines produced low levels ofN~' in the presence

of live M.bovis BCG but its production was increased dramaticaIly when the cells were

stimulated with IFN-')'. When cell suspensions prepared from spleens harvested from

congenic Beg' and Be~ strain mice were used, a significant difference in nitrite

production was found when the cells were stimulated with IFN-')'. The elevated

production of nitrite by BlOR macrophages was consistent with the enhanced level of

iNOS expression observed in response to IFN-')'.

MATERIAIS AND MEIBODS

Reagents.

Nl-monomethyl-L-arginine (NIMMLA), acetate salt, was obtained from Calbiochem­

Behring Corp., (La Jolla, CA), Neuman and Tytell Serumless Medium was obtained

ftom Gibco (Grand ISland, NY), Penicillin-Streptomycin was obtained from ICN

Biochemicals (Costa Mesa, CA), Fetal Bovine Serum was obtained ftom Hyclone

(Logan, UI'), and Bio-Rad protein assay kit was obtained from Bio-Rad Laboratories

(Richmond, CA), Bovine Serum Albumin, sodium nitrite, d3-phosphoric acid, L-glutami-
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ne, saponin, sulfanilamide, and N-(l-naphtyl) ethylenediamine were all purchased from

Sigma (St. Louis, MO). [5,6-3H]Uracil (sp. act., 34 Cilmmol) was purchased from New

England Nuelear (Boston, MA). Guanidine isothiocyanate, CsCl and Agarose, from

Gibco-BRL (Gaithesburg, MD), Dubos OIeie Agar Base from DIFCO (Detroit, MO),

Fonnaldehyde form Fisher Scientifie (Fair Lawn, NI). Recombinant IFN--y was

purchased from AMGEN Biologicals (Ibousand Oaks, CA); the specifie aetiv'ty was

>4xl()6 unitslmg of protein.

Mice.

Mice, male and female, at 9-12 weeks of age were used for the experiments. B10.A

strain mice were purchased from the NCI (Frederiek, MO). BlOA.Bcg" mice were bred

in the Montreal General Hospital Research Institute Animal Facility, under specifie

pathogen free (SPF) condition.

Macrophage œU lines.

Macrophage lines were derived from the bone marrow of B10.A and B10A.Bcg" strain

mice, congenie at the Bcg locus, as previously published (9). The cultured cells were

used in experiments when they approached confluence. Viability, determined by trypan

blue exclusion, was greater than 90%.

Splenic: œOs.

To obtain splenie cells, the spleens were ground through mesh, the red blood cells Iysed

with 0.85% ammonium chloride, and the suspension was washed two times in PBS

without calcium and magnesium.

QUllntif"'cation or nitrite production by macrophages.

The estimation ofNOi in supematants of stimulated and nonstimulated macrophages was

performed by colorimetrie spectrophotometry at 543nm using the Griess reagent (19).

Background values were subtraeted from those obtained for aIl experimental samples.
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Results are expressed as t.'1e nitrite production (mmol) per total protein content of

macrophages (estimated by the Bradford method at 595nm).

Infection and/or SÜlDulation of macrophage Iioes and mouse œlIs.

To study the production of nitrite, IxIas macrophages were seeded in one ml volumes

of Neuman and Tytell medium süpplemented with 10% fetal bovine serum, 50 U/ml

penicillin, 50 "glml streptomycin (complete medium, CM) in 24-well fIat bottom plates.

After 2h of adherence, macrophage lines were infected with M.bovis BCG (Montreal

strain) for 48h using a 5:1 ratio of bacteria to macrophages (without washing). Cells

treated with IFN'""Y were administered 10 U/ml of the cytokine for the same period of

time. We have also measured the nitrites production in macrophages seeded into 96-well

fIat bottom micwtiter plates (Nunclon, Nunc, Denmark). In this case, macrophages were

initially infected with BCG for 4 h using a bacteria to macrophage ratio of 20 to 1 then

they were washed 6 times. The macrophages were stimulated with IFN'""Y and/or plated

in the presence of Nl-monomethyl arginine (NIMMLA) to a final volume of 200 ~.

After 4h, a period of time sufficient to allow phagocytosis of the bacteria, the cells were

extensively washed (6 times) with 200~ volumes ofwarm CM to eliminate extracellular

bacilli, and IFN'""Y or NIMMLA was replaced to the original concentration. To ascertain

for the presence of extracellular bacilli into the washed wells, the number of CFU of

each individual culture was detennined by culturing serial dilutions in Dubos solid

medium. Less than 0.01 %of the initial inputofbacteria remained afterthe washing step.

Following the stipulated period of time, the medium was collected and replaced with 200

~ of CM containing 0.1 % saponin (final concentration) and l "Ci of 3H-uracïl. After

16h, cells were harvested using a semi-automatic cell harvester and the radioactivity was

estimated by liquid scintillation using a P-eounter.

To assess the ability of mouse cells ta produce nitrite in response ta immunomodulators,

splenic cells, were cultured for 48 hours at 37 "C, 5% COz, in absence or presence of

different concentrations ofIFN-')'. Nitrite present in supernatants was quantified as above.
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Evaluation oC L-a."'ginine addition on the ability oC macrophages to control

intraceUular growth oC BCG.

Ixl()5 macrophages were seeded in 200 l'lof medium containing 10% FBS but without

antibiotic. Macrophage infection, Iysis and quantification of the incorporation of3H-uracil

after 48 h were done as previousiy described in Materials and Methods section. IFN-')',

10U/ml,~, 200 JLM, and increasing concentrations ofL-arginine (0.1 mM and

up to 10 mM) was added to the wells (final volume, 200 JLi). Results were expressed as

the percentage oC bacteriostatic activity and they were compared to the amount of nitrite

present in the wells. The bacteriostatic activity of the macrophages was calculated as

follows:

% bacteristasis =

[1 - (c.p.m. Mt/> + bacteria + modulator)/(c.p.m. Mt/> + bacteria)] x 100

where the modulator is NlMMLA, IFN-')', or L-arginine, depending on the particular

experiment.

Four replicas were done for each treatment. Results represent the average oC 3

independent experiments. The Neuman and Tytell medium used for cell culture contains

200 JLM of L-arginine.

Northern blot anaIym.
A 2.3Kb fragment of the putative macrophage nitric oxide synthase gene (20) was

subcloned in pCL-BS3 plasmid conferring Amy (kindly provided by Dr. S. Snyder,

Johns Hopkins University, Baltimore, MD.). To perform Northern analysis of iNOS,

lx107 macrophages were seeded in lOOmm plastic Petri dishes and stimu1ated with IFN-')'

for the selected periods of time. cells were subsequently Iysed with the guanidium

isothiocyanate solutions and total cellular RNA was prepared as described (21). Briefly,

the RNA was iso1ated by cerltrifugation on CsCl cushions and separated on 1.2% agarose

gels containing 2.2 M formaldehyde. lxl()6 cpm per ml of the NOS probe labelIed by

random priming was added to the hybridization buffer. The GADPH probe was generated
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by PCR using the following oligonueleotide primers: sense primer, S' CCC TIC ATI

GAC crc AAC TAC ATG G 3', antisense primer, S' AGT CTT crG GGT GGC AGT

GAT GG 3'. After PCR amplification, the 456 bp PCR produet was iso1ated and used

as a probe in the Northern analysis. The expression of GAPDH mRNA, that is

constitutively expressed and not modulated by IFN--y in macrophages, was used as an

internaI control to ensure that the same amount of RNA per Jane was loaded. The RNA

was transferred to Nytran nylon membranes (Schleicher & Schuell, Keene, NH), and

hybridized with probes which were labelled to high specifie activity (>}(1 cpm/I'g) by

the random priming technique using the Random Priming System (BRL, Gaithersburg,

MD).

Effect of acldif'Jed NO; on M.bovis BCG.

lxl()6 colony fonning units (CFU) of M.bovis BCG Montreal were seeded into flat­

bottom microtiter plates and incubated at 37 OC for 48 h in 200 1'1 of CM medium

(without antibiotics) containing different concentrations of sodium nitrite (range 0.1 to

10mM) titIated to a pH 5.0. Ba.cteria were pulsed with 1.0 l'Ci of ['HJUracil for 16 h.

The antimycobacterial effect of N~' was determined by the decrease of ['HJUracil

incorporation in N~'-œntainingsamples compared with controls. The incorporation of

the radioactivity was counted in a t1-œunter.

Statistic:al aoaIysis.

Non-parametrical statistical analysis was used. Significance of the difference between

groups was determined using the Mann-Whithney Two Sample Test. P values were

caleulated using the one-tailed or the twv-tailed t Test.
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RESULTS

Production of NOi by BIOS and BIOR macrophage Iines treated with BCG or

IFN--y.

We bave established macrcphage lines from mouse strains congenic at the Bcg

locus, diffe':ing in their susceptibility ta infection with Mycobocterium bovis BCG. As

previously described (9), these Iines preserve the difference in the ability ta control

mycobacteriaI ceII growth observed in vivo in macrophages derived from the BIO.A

(Bcg') and BIO.A.Bcg' murine strains.

Our initial aim was ta measure the production of nitrite by both types of

macrophages in response ta either M.bovis BCG or IFN--y. Twelve different macrophage

Iines, six BIOR and six BIOS, were used throughout this study.

To determine whether or not the BIOR and BIOS macrophage Iines differed in

their capacity ta produce N~' in response ta IFN--y and BCG, we studied the N~'

production by the macrophages infected for 48h with M.bovis BCG, or stimulated with

10 U/mI of IFN--y for the same period of time. As shown in Fig.I, stimulation of the

macrophages with IFN--y resulted in a potent induction of NOi production in both BIOS

and BIOR macrophages as compared ta nonstimulated controls. Comparison of the nitrite

production by BIOR and BIOS macrophages in response ta IFN--y indicated that BIOR

produced a significant higher amount of nitrite, approximately 3.9 times more than BIOS

(p=0.0022). Infection with BCG induced a modest increase in N~' production over

nonstimulated controls both in BIOS and BIOR macrophages (3.8-fold increase in BIOS

vs 4.S-fold increase in BIOR). Although BIOR macrophages produced approximately 4.6

times more N~' as compared with BIOS, this difference was not significant statistically

(p=0.093I).
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FIGURE 1. NOz' production by BIOR and BIOS macropba&e liDes iD respoDSe

to M.bovis BCG and lFN--y. The basal production of NOi as weil as their response

ta BCG and IFN--y after 48h of stimulation is depieted. Values represents a minimum

of 3 and a maximum of 6 experiments perfonned in each macrophage line. The p

values were 0.065 for basal production, 0.0931 for BCG stimulation, and 0.0022 for

IFN--y stimulation. Bars represent stIIldanf deviation (5D)•
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NO iDhibits the proliferation of M.bollÏS BCG.

Since the macrophage lines produced N~' in response ta BCG infection and IFN­

'Y stimulation, our next step was ta detennine whether or not nitrie oxide, the postuIated

effector molecuIe in the L-arginine pathway of macrophage activation, could eurtail the

proliferation of Mycobacteria. We therefore treated M.bollÏS BCG bacilli with NaN~,

whieh bas been reported 10 induce nitrie oxide in an acid pH environment (13,16).

As shown in Fig.2, by 48 hours after treatment there was a significant decrease

in the incorporation of uracil inta BCG, in a concentration-dependent manner. Maximal

inhibition of uracil incorporation (89%) was achieved at a concentration of 10mM

NaN~. The reduction in the proliferation of BCG was not due ta the acidie conditions

IIecessary 10 generate nitrie oxide, since the uracil incorporation by BCG cultured in

acidie medium alone was similar 10 the proliferation of BCG eultured at physiologie pH

(pH 7.2).

Inhibition of macrophage lFN--y-iDduœd nitrite production by Nl-monomethyl

arginine.

NJMMLA has been described as an specifie competitive inhibitor of the L­

arginine mediated pathway of nitrite production (11,12). To detennine whether the

macrophage N~' production in response 10 BCGIIFN--y was derived from the L-arginine

pathway, different concentrations of the inhibi1Or, ranging from 200 10 500 ~, were

added 10 wells containing macrophages treated with IFN--y. As shown in Fig.3,

NJMMLA was able 10 reduce drarnatically, but not complete1y, the production of N~'

by the macrophage lines. Maximal inhibition was observed at 500~ NIMMLA (82.9

vs 89.7% inhibition of N~' production by BIOR and BIOS lines, respectiveIy).
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FIGtlRE 2_ lDhibition ofthe proliferation of M.bovis BCG by NaN02_ lxl()6 colon)

forming unit (CFU) of BCG were seede4 in 200 td of CM m~um in 96-we1l plates in

the absence or presence ofdifferent concentrations ofNaN~. ACter 48h, ll'Ci/well of

3H-UIacil was added to the cultures and the isotope incorporation was measured during

the last 16h of the culture period. Hexaplieate samples were used for each treatment. SD

was <15%.
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FIGURE 3. SpeciCIC inhibition of NOz' production in BIOR and BIOS macrophages

by Nl-monometbylarginine. Mal:rophages were treated for48h with 10 U/mlofIFN""Y

in the presence or absence of various concentrations of NIMMLA. DaIa represents

analysis of tripIieate samples. SD was <10%•
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TABLE 1

EFFECT OF W-MMA ON THE NITRIC maDE PRODUCTION AND BACTERIOSTATIC

ACTIVITY OF BCG-INFECTED MACROPHAGES STIMULATED WITH IFN-y

NMMA N02production bacteriostatic

cell treatment a addedb (nmoll 48h)C activity ( %) d

B10R B108 B10R B108

9.5 0.4
(7.6) e (0.5)

+ 2.1 0.4 9.2 -24.1

• (1.8) (0.4) (39.9) (-14.2)

IFN-y 43.1 19.3 62.1 27.9
(17.2) (17.8) (17.6) (20)

+ 19.0 5.0 39.9 8.0,
(13.9) (5.8) (22.7) (17.1 )

a. 1x1 05 macrophages were infected with 2x1 OS BCG for 4h. Extracellular bacilli were eliminated as
described in Materials and Methods. IFN--y (1 0 Ulml) and NMMA were added simultaneously.

b. NMMA. 500 j&M
c.d. nitrite production and bacteriostatic aClivity were quantified as described in Materials and Methods.

Data represent mean of 3 independent exp. Values are from 4-6 replicas per treatment
e. 0.80
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BIOR macrophages are more efficient in controlling BCG proliferation than BIOS

macrophages. Effect of NLmonomethyl L-arginine and L-arginine addition.

The next series of experiments was designed to verify the role of nitric oxide on

the differential ability of BIOR and BIOS macrophages to control the intrace1lu1ar

proliferation of M.bovis BCG. We addressed titis question by the use of the competitive

inhibitor of L-arginine, NLmonomethyl ~.rginine. The results shown in Table 1 indicate

that in the presence of IFN--y, the bacteriostatic activity of BIOR macrophages was

approximately 2.2 times higher than the bacteriostatic activity of BIOS macrophages

(62.1 % vs 27.9%, resp.). The bacteriostatic activity positive1y correIated with the

concentration of nitrite present in wells 48 h after macrophages were stimulated with

IFN--y. BIOR macrophages secreted 43.1 nmolesN~·while BIOS macrophages produced

19.3 nmoles N~·. We have observed that the treatment of BIOR macrophages with

NKMMLA resulted in a slight increase in the % of bacteriostasis rather than a decrease

as seen in the case of BIOS macrophages. However, due to the high SD, titis difference

was not statistica11y significant (p>0.0S). The presence of NlMMLA inhibited the

bacteriostatic activity ofboth BIOR and BIOS macrophages (35.7% and 71.3%, resp.),

although the inhibitory activity was more pronounced in BIOS macrophages. Further­

more, the ability of BIOR and BIOS macrophages to inhibit the 3H-uracil uptake by

M.bovis BCG directly corre1ated with the amount of nitric oxide produced by the

stimulated ce11s. Neverthe1ess, a complete abrogation of the mycobacteriostatic activity

by the macrophages was not observed during the Iapse of time studied.

To further verify that the bacteriostatic capacity of the macrophages was re1ated

to nitric oxide production, increasing concentrations of L-arginine were added to BCG­

infected macrophages stimulated with IFN--y cultured in the presence of NIMMLA. As

shown in Fig.4, the increase in the amount of L-argïnine added to the culture medium

was paraI1e1ed by a linear increase in the amount of N~· secreted (Fig.4A) as weil as

by an increase in the bacteriostatic activity (Fig.4B) of both BIOR and BIOS

macrophages. Both the highest production of nit.ric oxide and bacteriostatic activity were

reached with 10 mM L-arginine.
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FIGURE 4A. L-arginine addition to culture wells increase nitrite production by

macrophages. lxlOS macrophages were infected with 2xl(Jl CFU of M:bovis BCG for

4h, washed extensively and then simultaneously treated with IFN-y (10 U/mI) and

~ (200 J&M). Increasing concentrations of L-arginine were added ta selected

wells. Nitrite production and bacteriostatic aetivity by the macrophages were quantified

after 48h of treatment. DaIa represent avezage of 3 independent experiments. Values

lep! sent avezage of 4 ta 6 replicas. The diffeœnces in bath N~· production and

bacteriostatic aetivity between BlOR and BlOS macrophages were statistically significant

for all doses of L-aIginine tested (0.002<p<O.OS)
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FIGURE 4B. L-arginine addition to culture wells iDcrease bacteriostatic actiVÏty by

macropbages. lxlOS macrophages were infected with 2xlCJ'i CFU of M:bovis BCG for

4b, wasbed extensively and then simultaneously treated with IFN""'Y (10 U/nù) and

NEMMLA (2oo~. Increasing concentrations of L-arginine were added te seIected

wells. Nit!Ïte production and bacteriostatic aetivity by the macrophages were quantified

after 48b of tteatmenL Data represent average of 3 independent experiments. Values

represent average of 4 te 6 replicas. The differences in both N~- production and

bacteriostatic aetivity between BlOR and BlOS macrophages were Slatistically significant

for aIl doses of L-arginine tested (0.002 <p<0.05)
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Overa1l these in vitro results indieate that there was a close association between

nitrite secretion and bacteriostatic ability of macrophages tawards M.bovis. They also

show that the superior ability of BI0R macrophages ta control mycobacterial growth are

maybe related ta the competence of BI0R macrophages ta produce nitric oxide.

Superior ability of tissue macrophages obtaiDed from Bcg:. st!'ain miœ to produce

NOi in respouse to IFN-')'.

Previous studies have indicated that macrophages harvested from BCG-resistant

animaIs are more efficiently aetivated in response ta IFN-')' as compared ta macrophages

obtained from BCG-susceptible mice (6,7,9). It bas also been shown that M.bovis BCG

replieates preferentially in spleen and liver of BCG-susceptible strains (1,2).

Our next objective was ta compare the ability of splenie ce1ls, derived from

BI0A.Bcg'"and BI0.A (Bcg'") mice, ta produce NOi in response ta stimulation by IFN-')'.

As shown in Table 2, unseparated splenie ce1ls derived from mice of the BCG-resistant

congenie strain (BI0A.Bcg'") secreted, approximate1y 1.6-fold more N~- in response ta

either 50 U and 100 U of IFN-')' than ce1ls derived from BCG-susceptible strain.

Bloa macrophages express bigber iNOS mRNA levels than BIOS macrophages in

respouse to IFN-')' in vitro.

To test whether or not the differential production of N~- by BIOS and BI0R

macrophages was a consequence of differential mRNA expression of nitric oxide

synthase, wc performed Northem blot analysis using a probe specifie for macrophage

nitric oxide synthase. Kinetie analysis revealed that the expression of iNOS reached

maximum between 8-12 hours (data not shown) and then reached a plateau level by 24h.

The levels of nitrie oxide synthase expression were higher for aIl doses used and at aIl
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TABLE 2

Nitrite production by splenic cells stimulated with IFNya

NOi (nmol 15x1 06 cells 148M)

Expt. #1 Expt. #2 Expt. #3

B10Rb B108 B10R B108 B10R B108

medium 1.97 1.27 0.88 1.0 0.85 0.85

IFN-y 50 U/ml 4.41 1.47 7.42 5.18 5.28 3.71

• IFN-y 100 U/ml 2.76 1.36 8.14 5.40 nd nd

a 5x1 06 unseparated splenic cells per ml were cultured for 48h in absence or
presence of 1FN'Y.

b 81 OR =810A.f3cg' : 810S =81 O.A

C nitrite was quantitated as indicated in Materials and Methods.
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time points tested in the BIOR macrophages as compared to their BIOS counterparts,

representative results are presented in Fig.5.

DISCUSSION

Macrophages play an important IOle in controlling the proliferation ofintraee1lular

microorganisms. lbis function is of paramount importance during the onset of the

immune response, when macrophages alone or in col1aboration with NK cel1s are able

to inhibit the proliferation of and can kill pathogenie intraee1lular microorganisms at an

early stage of the infection (22).

It bas been established, using distinct inbred and congenie mouse strains, that

there is a genetie component in the ability of the host to resist mycobaeterial infections,

expressed at the level of the macrophage. 1bis differential ability of host macrophages

to control the growth of mycobaeteria was shown to be regulated by the expression of

a gene mapped to the centromerie portion of murine chromosome l, and designated Bcg

(1,2). Interestingly, the Bcg locus bas been mapped at or near the loci conferring

resistance or susceptl"bility to both L.donovani (Lsh gene) and S.typhimurium (lty gene)

(4).

Little is known about the molecular mechanisms which govern the ability of

macrophages to control the intraee1lular growth of parasites. Among the mechanisms

ploposed are microbial deprivation of L-tryptophan (23), IFN--y-induced reduction in

monocyte tIansfetrin œceptors (24), and the liberation of reactive oxygen intermediate:s

(ROI) including hydrogen peroxide (H20z) and superoxide anion (Oz·) by the

macrophages (25,26).
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FIGURE S. Macropbage Ditrie oxide syutbase mRNA expression by BIOR and BU)S

macropbage Iioes. 10 Ilf, of total RNA purified from IFN--y-stimulated macrophage

lines were hybridized with a 32p-eDNA probe for the macrophage iNOS as described in

Materials and Methods.
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Recently, reactive nitrogen intennediates (RNI), produced by macrophages and

other œll types in response to IFN--y, or IFN--y plus TNP-a and IL-l, have been shown

to play an importlnt IOle in the control of the intIaœllular growth of microorganisms.

IntIaœllular parasites such as Leishmania, Trypanosoma, Plasmodium, Toxoplosma, as

well as bacteria, including Mycobaaeria and FrancischelJa, have been reported to be

inhibited or killed by RN! (12-16,27). NO' generated damage at the level of DNA in

S. typhimurium bas also been reported (28).

The results of the present study suggest that the production of RN! are maybe

under the control of the Bcg gene. Specifically, our work bas addressed two questions:

1) Do macrophages expressing the Bcg' or the Bcg' alleles differ in their production of

RN!?, and 2) Are RN! involved in the differential ability of macrophages derived from

BCG-resistant and -susceptible strains of mice to control mycobacterial growth?

Our data have shown that macrophages expressing the Bcg' allele produce more

NOz' than those expressing Bcg'. Firstly, using macrophage lines derived from mice

congenic at the Bcg locus, we found significant difference in the capacity of BI0R and

BIOS lines to produce NOz' in response to IFN--y. Furthermore, splenic adherent ccl1s

of BI0A.Bcg' mice stimulated with IFN--y secreted more nitrite in comparison with

BI0.A cells.

To date, there have been two reports comparing the ability of macrophages

derived from resistant and susceptible hasts (Bcg'1Ls1f) to produce NOz·. Appelberg and

S3nnento (29), using inbred (CS7Bl/6, DBAI2, C3H1He, CDl) and Bcg congenic mouse

strains (CD2, BALBlc), measured the production of NOz' by M.avium-elicited peritoneal

macrophages, 15 and 30 days after infection, in the presence or absence of LPS. They

found that there was no direct correlation between resistance and susceptibility to

M.avium and the capacity to produœ NOz- in response to LPS. Furthermore, in the case

of mouse macrophages, it is more relevant to study splenic adherent cells instead of

90



•

•

•

peritoneal macrophages since in vivo experiments have demonstrated that the former

macrophage population is able to express the resistant or susceptible phenotype at the

level of more effective bacteriaI killing (1,2).

Recently, a study conducted by Roach et al. (14), indicated that bane marrow

macrophages derived from B10.A.Lslf strain mice were more potent leishrnanicidal

effector ce11s than their B10.A (Lslf) counterparts, and that there was a direct correIation

between leishrnanicidal activity and nitrite production. Interestingly, elicited peritoneal

macrophages from the congenic mice did not dispIay such a correIation, suggesting that

different macrophage subpopu1ations may differ in the expression of the Lsh gene. Thus,

our results using bane .~l3JTOw-derived macrophage lines are consistent with the study of

Roach et al. (14).

A candidate gene for the Bcg gene (Nramp-l) was recently cloned by Vidal et al.

(18). Nramp-l encodes an integral membrane protein that has structural homology with

known prokaryotic and eukaryotic transport systems. Thus, Nramp has a structural

similarity with a membrane transporter ofA.nïduJans, CmA, implicated in the transport

of nitrogen compounds. The authors speculate that Nramp-l functioos as a concentrator

of nitrite/nitrate in phago1ysosomes, and it is possible that alterations in this putative

transport system would affect the capacity of Bcg' macrophages to control intrace11ular

replication of antigenically unrelated ingested microbial targets. It was shown by Vidal

and colleagues (18) that susceptibility to infection (Bcg') in 13 Bcg' and Bcg' strains

tested was associated with a nonconservative Gly-J05 to Asp-10' substitution within

predicted transmembrane domain of Nramp.

De Chastellier et al. (30), studying the intrace11ular growth of M.avium in Balb/c

(Bcg') and its congenic resistant, C.D2 (Bcg') strain mice found that, the perœntage of

phagosome-1ysosome fusion was twice as high in Bcg macrophages, and the perœntage

of intact viable bacteria residing in acid-phosphatase-negative phagosomes was twice as
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low in Bcg macrophages as in their counterparts. This result suggest that at least two

different, maybe linked, mechanisms ofantibacterial activity could be responsible for the

resistant and susceptible phenotype of antibacterial activity by macrophages.

We clearly observed an innate difference in the ability of BI0R and BIOS

macrophages ln curtail the growth of BCG using infected macrophages in the presence

or absence of IFN--y and NIMMLA. Specifica1ly, the bacteriostatie capacity of BI0R

macrophages was higher than the bacteriostatie activity of BIOS macrophages. The

production of nitrie onde by the IFN--y-treated macrophages could at least contribute ln

their ability ln inhibit the 3H-uracil uptake by mycobacteria. Firstly, the bacteriostatie

activity ofboth BI0R and BIOS macrophages was inhibited by NIMMLA; secondly, the

addition of L-arginine was able ln re-establish, in a dose-dependent manner, the ability

of BI0R and BIOS macrophages ln inhibit the tritiated uracil uptake by BCG. Thirdly,

there was a positive correlation between NOi produced by the macrophages in response

ln IFN--y and the bacteriostatie activity of the macrophages•

Interestingly, it had been shown that in sem mice, IFN--y, probably derived from

NIC ceIls, is aIso present following infection with L.nwnocytogenes or BCG (22),

indieating that this lymphokine may allow the host ln MOunt a nonspecifie antimicrobial

response within a short period Qf til11e after infection. We have observed that IFN--y

rnRNA is expressed in cultured spleen ceIls within 24 hours following in vitro infection

with BCG (31), and thus, the differential responsiveness of macrophages from susceptible

as compared ln resistant mice ln IFN--y could play a pivotaI role in the outcome of the

infection.

In conclusion, this study bas shown that dramatie differenœs in NOi production

seen between macrophages expressing aIternativealleles ofthe Bcg gene could contribute

ln the inhibition of mycobacterial proliferation in the resistant animaIs .
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CHAPTERIV

I-A EXPRESSION REGULATION IN MACROPHAGES

DERIVED FROM MICE SUSCEPI'IBLE OR RESISTANT TO

INFECTION wrm M. bovis BCG.

PREFACE

One of the most important pleiotropie effects of the Bcg gene is re1ated to the

ability of Bcg' macrophages to express increased leveIs of MHC eIass n antigens

compared to Bcg' macrophages, either constitutively or in response to stimulation signals

incIuding IFN-')'. These differences have been suggested to play an important role in the

development of specifie immunity against invading Mycobaaeria, Leishmania, or

Salmonella. However, the molecuIar mechanisms for the differentiaI I-A surfaI::e and

mRNA expression are not yet precisely delineated. Using the BlOR and BIOS

macrophage Iines, we have found that both transcriptional and post-transcriptional

mechanisms mayexpIain the reported differences in I-A antigen and mRNA. Specifically,

we observed a modest difference in the transcription of the I-A, gene between BIOR and

BIOS macrophages. The differentiaI expression of I-A. mRNA deteeted in the

macrophage Iines bas been traced to the presence of unique proteins functioning as

transcription regu1alory factors which bind to specifie regions within the I-Aa gene

promoters in BIOR and BIOS macrophages. Our studies have focused on identifying

interactions between proteins and motifs of the I-A, promoter containing the X, Y and

S boxes, using a gel retardation assay. We have gathered evidence suggesting that

nucIear proteins bind strongly to X and Y box sequences of the I-A, promoter, and that

the differences between BIOR and BIOS macrophages are quantitative rather than

qualitative in nature. Furthermore, significant differences in the I-A. and I-A., mRNA

stability were found between BIOR and BIOS macrophages. BIOR macrophages
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transfected with an antisense Nramp-lIBcg DNA containing a ribozyme construet

expressed decreased surface I-A leve1s compared 10 controls. This result may suggest that

MHC cIass II expression in macrophages is dependent on Nramp-llBcg gene.

SUMMARY

The innate capacity of mice 10 control mycobaeterial multiplication early after

infection is controlled by the reiistant alle1e of the Nramp-llBcg gene. Thus, inbred

mouse strains are either resistant (Bcg) or susceptible (Bcg) 10 mycobacterial

multiplication. The Bcg gene seems 10 be involved in a pathway leading 10 macrophage

activation for microbiostaticlmicrobicidal function. It differentially affects the ability of

BCG-resistant and -susceptible strains of mice 10 express important macrophage genes

inciuding Major Histocompatibility Complex (MHC) cIass II genes. We have

investigated the molecular mechanisms involved in IFN--y-induced MHC cIass II

expression using macrophages derived from mice resistant or susceptible 10 mycobacterial

infections (BlOR and BIOS, respective1y). We have found that differences at the leve1 of

I-A. gene transcription, and I-A mRNA stability may be responsible for observed

differences between steady-state leve1s of I-A. mRNA in BIOR and BIOS macrophages

and consequently in the la surface protein expression. Furthermore, we have studied the

binding of proteins preparee! from nuciear extraets of non-stimulated and IFN--y­

stimulated BIOR and BIOS macrophages 10 the 5, Xand Ycis-acting e1ements of the I-Aa

promoter. Differences observed in protein binding 10 the X box may explain the

difference in transcription activation of the I-Aa gene. In addition, we found that BIOR

macrophages transfected with an Nramp-l antisense cDNA containing a ribozyme

construet expressed lower amounts of la antigen compared 10 mock-transfected

macrophages in response 10 IFN--y. 0veraIl, these findings strongly suggest involvement

of the Nromp-llBcg gene in the control of la antigen expression in macrophages.
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INTRODUCTION

The class II genes of the Major Histoeompatibility Complex (MHC) encode highly

polymorphic, ce11 surface glycoproteins (called la antigens). These molecules play a

central role in the immune response by fonning the fundamental part of the ligand for

the antigen-specific T ce11 reœptor. The la antigen T-eell reœptor interaction is n:quired

bath for the development of the T-eell repertoire in the thymus and the presentation of

antigenic peptides ta he1per T ce11s in the periphery. PIoper function of the la antigens

depends on the polymorphic nature of their structures and their ability ta bind the

antigenic peptide. 0vera11, the n:gulation of expression of these proteins on the surface

of antigen-presenting ce11s, specifically macrophages, is not fully undClstood.

In the mouse, there are two isotypic forms of la, I-A and I-E. Each is a

heterodimer composed ofan lX chain (33 ta 34 lai) and a 8 chain (28 lai) associatM non­

covalendy on the ce11 surface. The four murine chlss II genes are coordinately regulated

and display a complex patterr of expression (reviewed in 1).

Class II gene expression is developmentally regulated in the ce11s of B ce11

lineage. Immature pre--B ce11s are class II- (2), while mature B ce11s express class II

antigens constitutively (3,4). Terminally differentiated plasma ce11s lose their capacity ta

express class II antigens (5). While class II molecules are expressed constitutive1y in B

ce11s, they can be induced in macrophages by several stimuli. Bath macrophage-like ce11

lines and tissue macrophages can be induced ta express class II antigens by IFN--r (6-8).

Othercytokines including tumor necrosis factor alpha (TNF-a), granulocyte-macrophage

colony stimulating factor (GM-CSF) and inter1eukin-4 (11..-4) (9) have been reported ta

modu1ate la antigen as weil.

The regulation of surface class II expression is achieved through the combination

of transeriptiona1 and post-transeriptiona1 effects. Transcriptiona1 effects are mediated by
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factors that interaet in a sequence-specific manner with elements found in the gene

promoœr, or within introns. Additional enhancer elements, located both in the introns

and the positions some distance upstream of the transcription stan site, have been

described (9-11). M:-st work on the class II cis-acting elements bas involved the proximal

promoœr region, encompassing approximateiy 200 bp upstream from the transcription

stan site.

Initial comparison of the sequences of the human and murine class II genes

revealed two highly conserved sequence elements in the region spanning 40 to 150

nucleotides 5' of the stan site of transcription. These elements have been called the X

and Y boxes, and severa! studies have shown them to be important for both the

constitutive and induced expression of class II genes in the human and murine cells

(12-14). Some other sequence motifs have also been considered important for class II

gene expression. Experiments involving deletions at the 5' end of the X box have

revealed that a stretch of 30-40 bp, the 'ZJW area, including the 7 bp S box, play an

important role in class II regulation (13,15,16).

Studies performed during the last decade have demonstrated that the ability of

recombinant inbred and congenic strains of mice to control intraeellular growth of

M.bovis BCG during the early phase of infection depended on the activity of a single,

autosomal, dominant gene called the Bcg gene (17-19). Interestingly, the same locus

controls growth ofLei.shnuJnia donovani (Lsh) and Salmonella typhimurium (Ity) (19-23).

The cellular studies searehing for the cell type expressing the resistant or suscepb"ble

phenotype pointed to the mature macrophage as the cell type directly involved in the

phenotypic expression of the BcglLsh/1ty gene (24-27). These studies also suggested that

the activity of the Bcg gene influenced severa! important functional characteristics of

macrophages, including the ability of macrophages to express MHe class II antigens

(28). Three lines ofevidence havebeen reported regarding the difference in la expression

between macrophages derived from resistant mice and their susceptible counterparts: 1)
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the percentage of Ia+ macrophages in the spleens of Bcg' congenic mouse strains was

higher than the percentage in the spleens of their Bcg' counterparts (28), 2) the stability

ofIFN-y-induced cIass ilantigens expressed by macrophages derived from BCG-resistant

mouse strains bas been shown ta differ from that of the BCG-susceptible mouse strains

(29-32). In this particular case, the membrane cIass il antigens are expressed for a longer

period of time on macrophages resistant compared ta susceptible strains following IFN--y

stimulation, and 3) we have reported that the steady-state levels of the IFN-y-induced

lAt-mRNA were higher in macrophages derived from the BlO.A.Bcg' mouse strain

(BIOR macrophage line) compared ta levels in macrophages derived from the BlO.A

(Bcg') mouse strain (BlOS macrophage line) (33).

Overall, the fact that the differential expression of la antigens was found in the

suscepn"ble mice compared ta its congenic resistant counterpart which differs only in a

short segment of DNA containing the Bcg gene, suggested that the Bcg gene might play

an important role in the regulation of la. Rccently, a candidate for the putative Bcg gene

(designated Nramp-l) was c10ned (34,35). The Nramp-l gene was found ta be expressed

exclusively in macrophage populations from reticu1oendothelial organs and macrophage

Iines. Based on the sequence of the cDNA encoding Nramp-l, five consensus sites for

protein kinase C (pKC) phosphorylation as weil as one Src homology 3 (Sm) binding

domain were found, suggesting that both PKC and tyrosine kinases (TICs) MaY play a

role in regulation of the Nramp-l gene produet (34,35).

In this report, we present evidence indicating that BlOR macrophages expressed

significantly more surface la antigen than BlOS macrophages when stimu1ated with IFN­

'Y. The difference in la surface expression corre1ated with the steady-state Ievels for the

I-A, mRNA in BlOR and BlOS macrophages. A superior capability of BlOR

macropbages ta expiess I-A, mRNA following IFN--y stimulation was found in both

kinetic as weil as IFN--y close-response studies. Our data indieate that the transcription

and mRNA stability MaY be responsible for the difference in the I-A, mRNA steady-state
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Ievels between BIOR and BIOS macrophages. In addition, we performed kinetic anaIysis

of the binding of proteins present in nucIear extract preparations of BIOR and BIOS

macrophages ta the S, X and Y consensus element motifs of the I-A. gene promoter.

Sorne quantitative differences in the DNA-protein binding activity ta the X box were

detected between BIOR and BIOS macrophages. The roIe of the Bcg gene in the

differentiaI ability of BIOR and BIOS macrophages ta express surface MHC cIass n
antigens was further supported by the fact that BIOR macrophages transfected with an

Nromp-l antisense cDNA containing a ribozyme construet reveaied significantiy reduced

amounts of la antigen following IFN--y stimulation compared ta their mock-transfected

controIs.

MATERIALS AND MEIHODS

Materials

Dulbecco's modified Eagles Medium (DMEM), penicillinlstreptamycin, L-giutamine,

phosphate buffer saline (PBS), Hepes buffer, were purchased from ICN (Costa Mesa,

CA); Neuman and Tyte1l serumless medium was purchased from GIBCO (Grand Island,

NY). Bovine serum albumin (BSA), actinomycin D, aminoguanidine (hemisulfate salt),

Nonidet P-40 (NP-40), goat IgG were obtained from Sigma (St. Louis, MO); guanidine

isothiocyanate, N,N' ,methilenebisacrylamide, giycerol, agarose, Dick translation kit, end

Iahelling kit, were purchased from BRL (Gaithesburg, MD). Recombinant rat interferon­

(IFN--y), was obtained from Amgen (Thousand Oaks, CA); cesium chIoride (CsCl),

sodium dodecyl sulfate (SDS), were purchased from USB (Cleveland, OH); fonna1de­

hyde, magnesium chIoride (MgCl:z), sodium azide were obtained from Fisher Scientific

(Fair Lawn, NJ). Tris base, (EthylenedinitriIo)tetraaœtic acid disodium salt (EDTA),

dithiotreital (DTI), poly[d(I-<:)], acrylamide, were obtained from Boehringer Mannheim

(Mannheim, Germany). Sodium chIoride (NaCI) and boric acid were obtained from

Anachemia (Rouses Point, NY). Bradford Reagent was purchased from Bio-Rad

(Hercules, CA). [a-32p]dCTP(3000CilmmoI), [-y-32p]dATP (5000 CilmmoI), [a-32p]UTP
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(3000 Cilmmol) were purchased from Amersham (Amersham, UK). Nytran nylon

membranes were obtained from Schleieher & Schuell (Keene, NH). Fluoresceine

isothiocyanate (FlTC) conjugated mouse anti-mouse I_At.r.f.. was purchased from

Phanningen (San Diego, CA). Kodak XAR films were obtained from Kodak (Rochester,

NY).

CeIb

Macrophage lines were derived from the bone marrow of BI0.A (BIOS macrophage

lines) and BI0A.Bcg'" strain mice (BI0R macrophage lines), congenie at the Bcg (Nramp­

1) locus, as previously described in detail (33). The eultured cells were used in the

experiments when they approached confluence. Viability, determined by trypan blue

exclusion, was greater titan 90%.

BI0R macrophages, stlbly transfected with a fiagment of Nramp-1 antisense eDNA

containing a hammerhead n"bozyme construet targeting a GUC site at position 434 of the

Nramp-1 mRNA (BI0R-NrampRb), were established in our laboratory. The Nramp-1­

specifie ribozyme comprises the antisense ta Nramp-1 sequence 12 bp upstream and 14

bp downstream of the cleavage site, and the 22 bp long sequence of hammerhead

ribozyme eata1ytie domain substituting for a nucleotide complementary ta C of the

ribozyme cleavage motif (GUC) on Nramp-1 mRNA (Kramnik, 1., et al., manuscript in

preparation).

Measuremeot of œil surl'ace la expression

Maaopbages were seeded at lxlO' per 6O-mm tissue culture <Iishes (Falcon, Lincoln

Park, NJ) and treated for 24 h with IFN--y. Ce1ls were removed from <Iishes by scraping

with a rubber policeman (Sarstedt, Newton, NC), washed in PBS and fixed in PBS

containing 5% BSA and 0.1% sodium azide. After blocking Fe receptars with goat IgG

for 20 min, cells were washed, peIleted, resuspended in the buffer COIItaining optimal

amounts of FITC-eonjugated mAbs, and were then incubated for 30 min on ice. Stained

104



•

•

•

cells were anaIyzed using a dual laser FACstar Plus flow cytometer (Becton Dickinson).

Fluorescence (iog-amplified; four decade range) and Iight scatter signais were acquired

and stored in Iist mode fashion using the Consort 40 Vax Data Management System

(Becton Dickinson).

DNA Probes

The pGEM-A. containing a 500 bp Pst 1 fragment and pGEM-A,. containing the 800 Bst

E1I-Pvu II fragment of the I-Asd gene were kindly provided by Dr. R. Germain. The 18s

rRNA probe (EcoRI-saII) was kindly provided by Dr. Arnheim (State University of New

York). pBluescript (KS+) was purchased from Stratagene. The GAPDH probe was

generated by PCR using the following oligonucleotide primers: sense primer, 5' CCC

TIC ATIGAC crc AACTAC ATG G 3', antisenseprimer, 5' AGTCTT CTG GGT

GGC AGT GAT GG 3'. After PCR amplification, the 456 bp PCR product was

subcioned by PCR in pBluescript KS+ and sequenced.

Nortbem Blot ADalysis

To perform Northem anaIysis of I-As, 1-2xl0' macrophages were seeded in 150mm

plastic Petri dishes (Falcon, Thousand Oaks" CA) and stimu1ated with IFN-')' for the

selected periods oftime. Cells were subsequently lysed with the guanidium isothiocyanate

solutions and total cellular RNA was prepared as previously described (36). Briefly, total

RNA was isolated by centrifugation on CsCl cushions and separated on 1.2% agarose

gels containing 2.2 M formaidehyde. lxl()6 cpm per mI of the I-As or I-A,. probes

labeIled by nick translation was added to the hybridization buffer.

Measurement of I-A. and I-A. mRNA stability

Macrophages (2xl0') were cultured in Neuman and Tytell medium supplemented with

10% FBS and ann"biotics using 15~mm plastic culture dish in the absence or presence

of 100 UlmI ofIFN-')' for 24 hours. At this point, 5 ~mI ofactinomycin D was added

to the ceIls for a defined period of time. Then, cells were lys:d, total RNA was purified

and Northem blot anaIysis was performed as descn"bed in Materials and Methods. To
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control the arnount of RNA loaded, the blots were rehybridized with a probe specifie for

the 185 rRNA. The viability of the ce1ls decreased dramatically when the macrophages

were treated with aetinomycin D for more than 10 hrs. Since it bas been reported that

the loss of viability of macrophages in culture after stimulation with IFN--y is partly due

to nitric oxide production (37), aminoguanidine (500 ~, an inhibitor of nitric oxide

production (38,39) was used in sorne experiments. Under these conditions, enough RNA

was recovered even after 24 hours in the presence of aetinomycin D. No significant

differences in I-A surface expression nor in the decay of I-A. rnRNA were detected

during the first 10 hours after the aetinomycin D treatment when macrophages were

cultured in Dulbecco's modified Eagles Medium or in the conditions reported here

(results not shown).

ln vitro Duclear traDscriptiOD essay

Macrophages (12x1()6) were cultured in a 15O-mm plastic culture dish, and stimu1ated

with 100 U/ml of IFN--y for the state.:! times. AlI subsequent steps and solutions were at

4"C. The nuclei were isolated essentially as described (40) and resuspended in 100 IÙ of

storage buffer containing 50 mM Tris-HCl, pH 8.3, 5 mM MgClz, 0.1 mM EDTA and

40% glycero1, immediateJy frozen in liquid nitrogen and stored at -80 "c.

For the IabeIling reaction equal numbers of nuclei per sarnple were thawed on ice and

reactions were carried out as previously described (40). Using a solution of 2x SSC with

0.1 % SDS the filters were washed 3 times at 45"C for 20 minutes followed by 3 washes

each time for 20 minutes at 65"C in O.lx SSC with 0.1 % SDS. The filters were then

exposed to X ray film using an intensifying screen at -7fJ'C.

Nuclear extract preparatioD

Macrophage nuclear extraets were prepared using the procedure of Dignarn et al. (41).

Protein concentration was measured by the Bradford method utilizing a commercial kit

(Bio-Rad Laboratories, Richmond, CA), using BSA as a s-:mdard.

106



•

•

•

EIectropboresis Mobility Shift Assay

The binding reaction was perfonned in a total volume of 25 /oÙ in 125mM HEPES pH

7.5, 250 mM NaCl, 5 mM DIT, 0.25% Nonidet P-40, 50% glycerol, the indieated

amounts of poly[d(I-e)] or poly[d{A-T)], 20,()()()...40,OOO cpm of 32p-labelled DNA, and

the defined amounts of nuclear extract. Oligonucleotides were labelled with [-y-32p]dATP

(5,OOO Cilmmol; Amersham) by the end 1abelling using T4 polynucleotide kinase.

Binding was allowed to proceed for 30 min al 2O'C. Samples were then applied onto a

4% polyacrylamide gel (acrylamidelbisacrylamide, 29:1), O.5x TBE (0.045 M Tris­

borate, 0.001 M EDTA) containing 0.01 % NP-40, and electrophoresis was carried out

al 200 V {IO V/cm)for 2 h al room temperature. The gels were then fixed in 10%

ethanol, 7% acetic acid for 15 min, dried and exposed to X-ray film (XARS; Kodak) al­

7O"C. The amount of nuclear extract, poly [d(I-e)], and 32p-labelled oligonucleotide were

titrated for each one of the MHC class II I-A. promoter sequence motifs studied. Optimal

amounts were used for the binding reactions under study.

The sequences of the double stranded (ds) oligonucleotides used to study DNA binding

activity of proteins present in nuclear extracts as weil as those used for the competition

assays were as follows: X box (27-mer), 5'-CAATGTCTACCCAGAGACAGATGAC­

AG-3', spanning from -110 to -84 of the I-A, promoter; Y box (lB-mer), 5'­

ATGCTGATTGGTTC-eTCA-3', spanning from -71 to -54; S box (36-mer), 5­

'AGACCATGCCG-eGCATAGAGAGCCTITGTAAACAAT-3', spanning from -142 to­

107. AIl the sequences were synthesized based on the sequence published by Celada et

al. (42).
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RESULTS

BIOR macropbages express higber IeveJs of sIa and I-A. mRNA than BUIS

macrophages.

The level of surface la (sJa) expression in non-stimulated or IFN--y-stimulated

B10R and B10S macrophages was studied by cytofluorometry. As shown in Fig.1, the

levels of sJa induced by 24-hour treatment with IFN--y were significantly higher in B10R

macrophages compared 10 B10S macrophages.

To test whether the differential expression ofsJa in B10R and B10S macrophages

resulted from a differential expression of mRNA, we have assessed the steady-state levels

of I-A. mRNA by Northern blot analysis using a probe specifie for I-A, (Fig.2). A

kinetie analysis of the I-A, mRNA expression in B10R and B10S macrophages is shown

in Fig.2A. No I-A, mRNA expression was detected in non-stimulated macrophages. We

observed a time-dependent increase in the levels of I-A. mRNA in B10R and B10S

macrophages starting 8 hours following IFN--y stimu1alion. Twenty four hours after IFN­

'Y stimu1alion, the accumu1alion of I-A, mRNA was maximal in both types of

macrophages. Leve1s of I-A. mRNA were maintained in B10R macrophages but started

10 decline in B10S macrophages after48 hours in thepresence ofIFN--y. The steady-state

levels of I-A. mRNA were higher in B10R macrophages at each of the time points tested

following IFN--y stimu1alion.

To study responsiveness 10 IFN--y, B10R and B10S macrophages were stimulated

with 1 10 100 U/mI of IFN--y for 48h. As shown in Fig.2B, increased levels of I-A,

mRNA were detected in response 10 1 U/mI of IFN--y and the maximal expression was

achieved at the range of 10-100 U/mI. The levels of I-A, mRNA were higher in B10R

macrophages at aD concentrations of IFN--y tested•
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FIGURE 1. Induction of MBC cIass n I-A antigeD expression iD BIOR and BIOS

macrophages. Cells were incubated for 24 br in the absence or presence of IFN--y (10

U1ml), and the expression of I-A was analyzed by f10w eytometry after staining for

surface I-A by direct immunofluorescence, using a FlTC_IAt.r,o,t monoclonal antlDody as

descnDed in MateriaIs and Methods. Shaded histograms indieate the exptession of I-A

antigens on BIOR (A) or BIOS (8) macrophages treated with IFN--y. HistogIams show

ceIl number (Y-axis) vs log fluorescence (X-axis).
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nGtlRE 2A. Northem blot lUIII1ysk of the MBC cIass ni-A, mRNA steady­

state leveIs in BIOR and BIOS macropba&es. KiDetics of induction of I-A. mRNA

by the macropba&es. Ce1ls were cultured for the indieated periods of time in the

absence (non-stimnJatM, ns) or presence of IFN-y (10 U/mI). Ten micrograms of

total RNA was blotted on nylon membranes and hybridized with a a'2P-eDNA I-A.

probe as described in MaJerials and Methods•
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FIGURE 28. Northem blot analysis of the MHe cIass nI-As mRNA steady-state

levels in BIOR and BIOS macrophages. Levels of I-A. mRNA in œsponse to various

doses of IFN-y. Cells were cultuœd for 48 br in the absenœ (os) or presence of

IFN-y. Ten micrograms of total RNA was blotted on nylon membranes and

bybridized with a anP-eDNA J-As probe as described in Materia1s and Methods.
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The traDsc:riptiOD oC the I-A. gene is more efrJcient in DUclei Crom BIOR

macrophages.

One of the mechanisms that could exp1ain the difference in the I-A. mRNA

steady-state levels between BIOR and BIOS macrophages might be differentia1

transcription of the I-A. gene. Therefore, we condueted experiments to measure the

transcriptional eIongation of the I-A. mRNA using nuclei prepared from non-stimulated

and IFN--y-stimulated BIOR and BIOS macrophages. RNA was prepared from the nuc1ei

and hybridized to probes specifie for I-A., GAPDH, and pBluescript control p1asmid

DNA.

As shown in Fig.3, the transcription of the I-A. gene reached a maximum 12

hours after IFN--y stimu1alion in BIOR macrophages. The transcription of the I-A. gene

in BIOS macrophages followed a different kinetie, reaching maximum transcription 24

hours after IFN--y stimu1alion. An ana1ysis of the densitometrie values obtained after

nonnali",tion of the I-A. values against the values obtained with GAPDH, indicated an

approximateIy 3.I-fold increase in the transcription in BIOR macrophages as comparecf

to 1.9-fold increase in BIOS macrophages following 12 hrs of IFN--y stimu1alion. No

significant differenœs were found between BIOR and BIOS macrophages 4 hours after

the stimu1alion with IFN--y.

I-A.mRNA stability in BIOR and BIOS macrophages treated with IFN--y.

The difference in transcription of the I-A. gene between BIOR and BiOS

macrophages can partially exp1ain the differences found in the steady-state leveI of the

I-A. mRNA. However, lower expxession of I-A. mRNA in BIOS than in BIOR

macrophages could also be due to posttranscriptional events.

To measure the ha1f-life of the I-A. mRNA, BIOR and BIOS macrophages were

cultured for 48 hours with or without IFN--y. Total cellular RNA was prepared and
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FIGURE 3. FlI'ect or IFN-')' 00 the rate or I-A. &eDe transcriptiOD iD BIOR aud

BIOS macropbqes. Panel A shows the autoradiograph from a represenlalive nuc1ear

run-on experiment carried out on macrophages treated with medium oo1y (ns) or with

IFN-')' (100 U/ml) for the indieated periods of time before extraction of nuc1ei. Labe1led

transcripts were hybridized to nylon filters containing excess probe. PaoeI B shows the

densitometric quantification data. The X-uïs represents the time (hours) after treatment

with IFN-')'. The Y-axis represents tlae ratio ofI-A, to GAPDH ttanseripts for each time

point studied. pBL denotes DNA from pBluescript.
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subjected to Northem blot anaIysis. As shown in Fig.4A, we observed a Iinear decay

of the I-A. mRNA in bath BIOR a:ld BIOS macrophages. We found a faster decay of

IFN--y-induced I-A. mRNA in BIOS macrophages (13.7 hours) than in BI0R

macrophages (18.9 hours). In addition, we aIso estimated the half-Iife of the I-A" mRNA

in BI0R and BIOS macrophages stimuIated with IFN--y. We founda significantdifference

in thepredieted half-Iives for the I-A mRNA between BI0Rand BIOS macrophages (24.7

h vs 17.5 h for BI0R and BIOS macrophages, respectively) (Fig.4B).

0veraII, these data suggest that the different half-Iives of the I-A. and I-A"

mRNAs in BI0R and BIOS macrophages might significantly contribute to the difference

in the steady-state level of I-A. and I-A" mRNAs of BI0R and BIOS macrophages.

Cold 5peCÜac I-A. promoter elements compete with the radiolabelled I-A.

promoter eJements for the bindiD& to 5peCÜac traDscriptiOD factors.

The S, X and Y sequence motifs of the MHC cIass n geries have been shown to

play an important role in their transeriptionaI activation. Sinœ we found that the

transcription of the I-As gene was different between BI0R and BIOS macrophages, we

performed studies to estabIish the differences and simiIarities in DNA-protein interactions

for the S, X and Y cis-aeting elements of the I-A. promoter.

To characterize DNA-binding factors that might bind to the X, Y and S sequence

elements, oIigonucIeotides Iepresenting the respective sequence motifs were radioIabelled

and used in a mobility shift assay. The nucIear extracts were prepmd using unt:reated

or IFN--y-stimuIated BI0R and BIOS macrophages as described above. In preliminaIy

experiments we observed a series of potential protein-DNA complexes when each one

of the radioIabelled X, Y, or S sequence motifs were used.

The specificity of the complex formation cao be assessed by monitoring the

binding of the nucIear proteins to the radiolabelled elements of a promoter in pœsence
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FIGURE 4A. MaC class n mRNA stability in the BIOR and BIOS macropha&es.

Decay and predicted baIf-life of I-A.. cens were eultured in the presence of IFN--y

(100 U/mI) for 24 br bcfore addition of Actinomycin D (5 "g1mI) for the indieated

periods of time. Ten micrograms (BI0R) or twenty micrograms (BIOS) of total RNA

were hybridized to 32p-cl>NAs specifie for I-A. mRNA. Densitometrie sans were used

to calculate the percelitlge of specifie mRNA remaining after Actinomycin D t:reatment.

The hybridization signaIs for I-A. mRNA were normalized to the amounts of GAPDH

mRNA and expressed as a percentlge of the tel value (100%). The half-life (tll~

calcu1ated for these experiments was extrapolated nom the logarithmically transformed

best fit line by linear regression analysis. ns: no stimulation.
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FIGURE 4B. MUe dass D mRNA stability in the BI0R. and BUIS macropbaces.

Decay ud predlcted baIf-Ufe of I-A.- CeIls were cultured in the presence of IFN--y

(100 U/ml) for 24 br before addition of Actinomycin D (5 "g/ml) for the indieated

periods of time. Ten micrograms (BIOR) or twenty micrograms (BI05) of total RNA

were hybridized to 32p~NAs specifie for I-A., mRNA. Densitometrie scans were used

to calcu1ale the perœntage of specifie mRNA remaining afler Actinomycin D tIeatment.

The hybridization signais for I-A., mRNA were nonnalized to the amounts of GAPDH

mRNA and expressed as a perœntage of the tel value (100%). The half-life (tll2l
calcuJated for these experiments was extrapolated ftom the logarithmically transformed

best fit line by linear regression analysis. ns: no stimulation•
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of the increasing concentrations of the cold clements of the same promoter region.

Nuelear extracts obtained from non-stimulated or IFN--y-stimulated BlOR and BlOS

macrophages were preincubated with an excess of unlabeIled competitor DNA. The

labeIled probe was then added, and complex formation was assessed by the gel mobility

assay. In these experiments, an unlabeIled specifie DNA fragment should compete for

factor binding ta the labeIled probe.

Four complexes 0'-1 ta X-4) were efficiently competed when protein binding ta

the X box was analyzed. We have found !bat an addition of a lo-fold or So-fold molar

excess of the unlabeIled X box oligonucleotide effectively inhibited formation of

complexes X-l ta X-4 in both BlOR and BlOS macrophages. Competition for complexes

formed was more efficient when extracts from BlOS macrophages were used, suggesting

a lower amount of protein and/or lower affinities of binding in the case of BlOS

macrophages. Complex X-l, was the most efficiently competed by the cold X box

oligonucleotide, while the efficiency ofcompetition was the lowest for complex X-3. The

efficiency of competition was intermediate for complex X-2. A representative example

of results which were similar for BlOR Md BlOS macrophages is shown in Fig.SA.

Three prominent complexes (Y-l ta Y-3) were efficiently competed when protein

binding ta Y box was analyzed. The efficient displacement of binding for the Y box

required at least a lOO-fold molar excess of the cold Y oligonucleotide. A SOO-fold molar

excess of the cold Y oligonucleotide was even more efficient. Since results using BlOR

and BlOS macrophages were similar, only results for the competition studies using

extracts from BlOR macrophages are presented (Fig.5B). We found!bat the complex Y-3

was the most efficiently competed when a SOO-fold molar excess of the cold Y

oligonucleotide was used. Thus, densitametrie analysis indieated a 7.4-fold œduction in

the binding for non-stimulated, and 12.3 and l6-fold reductions 1 hour and 24 hours after

IFN-")' stimulation, respectively (data not shown). The competition for complex Y-2

showed the lowest efficiency (1.7-fold reduction for non-stimulated, and 3.3, and 4.8­

fold œductions for 1 hour and 24 hours after IFN-")' stimulation, respectively). The
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FIGURE 5. SpeciC'1C complexes are formecl between proteillS present in DUcIear

extrads from BIGa and BIOS macrophages, and the X, Y, and S cis-actiDI elements
of the I-A. promoter. EMSAs and competition assays were perforrned with
radiolabelled X, Y, or S oligonuc1eotides as described in Materia1s and Methods. A
lepcesentative example the specifie complex formation is shown in the panels A-e. Panel
A shows competition for the X box. Five microgI311lS of nuclear extract from B10R
macrophages were incubated with 20,000 cpm (0.1-0.2 ng) of radiolabelled
oligonuc1eotide probe in the pœsence of 32 ng of poly[d(I-e)]. Competitor DNA was
present in 10 or SOX molar excess ofcold X box oligonuc1eotide. Panel B illustIates the
competition studies for the Y box. Five microgI311lS of nuc1ear extract from BIOR
macrophages were incubated with 20,000 cpm (0.1-0.2 ng) of radiolabelled Y box
oligonuc1eotide in the pœsence of 2 Jlg of po1y[d(I-e)]. Competitor DNA was 100 or
SOOx excess ofcold Y box. Panel C shows competition for the S box. Five microgI311ls
ofnuc1ear extract from B10R macrophages were incubated with 40,000 cpm (0.1-0.2 ng)
of radiolabelled S box oligonuc1eotide in the presence of 125 ng of poly[d(I-e)].
Competitor DNA was SO or 100x molar excess of cold S box. Fp, ftee probe. Arrows
indicate the position ofspecifie complexes as deterrnined by the competition expeIiments.
Complexes are identified by a capita1letter (X, Y or S), foUowed by a number (1-4)
identifying the position of the complex in the autoradiogmm•
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competition for complex Y-1 was intermediate between complexes Y-3 and Y-2 (S.4-fold

reduction for non-stimulated, and 7.2 and 8.9-fold reduetions for 1 hour and 24 hours

after IFN--y stimulation, respectively).

TItree prominent complexes were observed when protein binding to S box was

analyzed. Results of the competition studies using the S box are shown in Fig.5C. A

decrease in a formation of complexes by a cold competitor was observed when SG-fold

to 100-fold molar excess ofcold S oligonucleotide was used. Only results involving 100­

fold molar excess of S oligonucleotide are described. No significant differences between

B10R and B10S macrophages were observed. A representative example from results

obtained using BlOR macrophages is shown in Fig.5C. Complex S-l, the slowest

migrating complex, was the most efficiently competed. Densitometrie analysis indicated

a 7.3, 11.4, and 12.2-fold decrease in binding for unstimulated, 1 hour and 24 hours

after IFN--y stimulation, respectively (data not shown). Complex S-2 presented the lowest

competition with a 2-fold reduction in binding present in nuclear extraets from

macrophages stimulated with IFN--y for 1 hour (data not shown). This comp1ex was

barelyobserved in nue1ear extraets from cells stimulated for 24 hours with IFN--y, thus

making it more diffieult to quantify the inhibition precisely. The efficiency ofcompetition

was intermediate for comp1ex S-3, with a 2.6 and 6.5-fold reduetion in binding for

unstimulated and 1 hour stimulation with IFN--y, respectively (data not shown).

DNA-protein interactiom aud traDsc:riptiooal activation of the I-A. activation

gene in BIOR aud BIOS macrophages.

Once the numbers of specifie DNA-protein complexes were established for each

of the X, Y, and S boxes, a kinetie analyses of DNA-protein binding was performed for

B10R and B10S macrophages.

Two time points for study following stimulation of macrophages with IFN--y were

selected. One hour and 24 hours post-stimulation with IFN--y were chosen to follow both

the very early and late interactions between the nuclear proteins and X, Y and S
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sequences. It was aIso important to analyze very early modulation in the binding of

nuclear proteins that could result from the phosphorylation of proteins present in the œll

at the moment of stimulation, or from the rapid translation of immediate early genes

following IFN--y stimulation.

When nuclear extracts from non-stimulated BIOS macrophages were used for the

study of DNA-protein interactions with the X box, two prominent complexes were

identified (X-2 and X-3) (Fig.6). Two additionaI complexes were clearly observed in

some nuclear ext:raet preparations (denominated here X-l, and X-4). The number of

complexes was the same when nuclear extracts from BIOS macrophages stimulated with

IFN--y for 1 hour were analyzed. An increase in the binding was observed for aIl

complexes, suggesting that treatment of macrophages with IFN--y enhanced the binding

of these complexes to the promoter motifs. Interestingly, the number of complexes

ob~erved, as weil as the intensity of the binding, were modified when extracts prepared

from BIOS macrophages stimulated with IFN--y for 24 hours were analyzed. Thus,

complexes X-l and X-4 were no longer observed, and the intensity of the binding to X-2

and X-3 complexes decreased compaIed to their respective intensities when extracts from

macrophages stimulated for 1 hour with IFN--y were analyzed. Three prominent

complexes (X-2 to X-4) were present when nuclear extracts prepared from unstimulated

BIOR macrophages were analyzed in the gel shift assay (Fig.6). One hour following the

IFN--y stimulation, there was a dramatic increase in the binding for complex X-2 and X-3

and no increase in the binding of the fastest migrating complex X-4. When extracts from

BIOR macrophages stimulated with IFN--y for 24 hours were analyzed in the gel shift

assay, a sharp decrease in the intensity of the binding was observed for aIl complexes.

Complexes X-2 and X-3 were barely detectable, whiJe the decrease in binding for

complex X-3 was not as marlœd as the reduction in complexes X-2 and X-3.

The binding of nuclear proteins to the Y box is pœsented in Fig.7. Three

prominent complexes (Y-I to Y-3) were observed when extracts from unstimulated BIOS

macrophages were analyzed, with the Y-2 complex being the less prominenL No
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FIGURE 6. Nuclear protein bindiD& to the X box in the I-As promoter. EMSA

analysis ofbinding to X box (-116 to -84) in the I-A. promoter. Nuclear extraets (2 "g)

from non-stimulated (0 br) or IFN--y-stimulated (1 or 24 br) B10R and B10S

macrophages were used in the binding studies. Binding reaction containing about 0.2 ng

of1abe1led probe and 125 ng ofpoly[d(l-C)) was performed as described in Materials and

Methods. Fp, free probe; X-l, complex X-1; X-2, complex X-2; X-3, complex X-3; X­

4, complex X-4.
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FIGURE 7. Factor bindiDg to the I-A. promoter Y box. EMSA analysis of binding

to y box in the I-A, promoœr (-71 to -S4). Nuclear extracts (10 /-tg) from non-stimulated

(0) or IFN-y-stimulated (1 or 24 br) BIOR and BIOS macrophages were used in the

binding studies. Binding reaction containing about 0.2 ng of labeIled probe and 2 Jolg of

poly[d(l-C» was performed as described in Materials and Methods. Fp, free probe; Y-l,

complex Y-I; Y-2, complex Y-2; Y-3, complex Y-3.
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modification in the number ofcomplexes nor a significant increase in the intensity of the

binding was observed in extraets from macrophages stimulated with IFN--y for 1 hour.

However, when nuc1ear extraets from macrophages stimulated with IFN--y for 24 hours

were analyzed, complex Y-2 was very faint and the intensity of the binding ta Y-l and

Y-3 complexes was dramatically reduced. A simi1ar pie:tl1re was observed when nuc1ear

extracts from BIOR macrophages, unstimulated or IFN--y-stimulated (1 br) were

analyzed. Three prominent complexes were observed with almost no change in the

intensity of the binding for complexes Y-2 and Y-3, while a significant increase in the

binding was observed for complex Y-l. As in nuc1ear extraets pn:pared from BIOS

macrophages, there was a dramatic decrease in the binding for complexes Y-l and Y-2

in extraets from BIOR macrophages stimulated with IFN--y were analyzed. Interestingly,

complex Y-3 was no longer detected, suggesting that proteins forming this DNA-protein

complex could be assoclated with the differences in transcription observed between BIOR

and BIOS macrophages.

As shown in Fig.S, three prominent DNA-protein complexes (5-1 ta 5-3) were

observed when extracts from unstimulated BIOS macrophages were analyzed for binding

ta the 5 box. The same number of complexes were observed when nuclear extract

preparations f-'11 macrophages stimulated with IFN--y for 1 hour or 24 hours were

analyzed. 1-: ..,., the intensity of DNA-protein binding decreased when extracts from

macrophages stil_.dated with IFN--y for 24 hours were analyzed. The same number of

complexes (5-1 ta 5-3) were also observed when nuclear extraets from unstimu1ated

BIOR macrophages were analyzed. One hour following IFN--y stimulation of BIOR

macrophages, augmentation in the amount of 5-1 and 5-2 complexes could be observed.

Bloa macropbages tramlected witb an Nramp-I antise.. DNA coDtaÎgÎng a

ribozyme constnJct express lower amounts of surface la.

Fina11y, the ability of the Nromp-l/Bcg gene ta directly modu1ate the expression

ofMHe class fi antigens was tested by transfection studies. BIOR macrophages stably
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FIGURE 8. Factor biDdiq to the I-Aa promoter S box. EMSA analysis of binding

to the S box in the I-A, promoter (-110 to -90). Nuclear extraets (3 ",g) from Don­

stimulated (0 br) or lFN--y-stimulated (1 or 24 br) B10R and B10S macrophages were

used in the binding studies. Binding reaction CODlaïning about 0.2 Dg of labeIled probe

and 1~ ofpo1y[d(I-C)] was pedormed as described in Materials and Methods. Fp, ftee

probe; S-l, complex S-l; 502, complex S-2; S-3, com;-~ex S-3.
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transfected with a fragment of the Nramp-l cDNA containing the ribozyme target GUe

site at the position 434 (BIOR-NrampRb), and mock-vector control BIOR macrophages

were stimu1ated for 24 hours with IFN-y. The surface expression of the la antigen was

then assessed by cytofluorometry. A significant reduction in the amount of the la antigen

occurred in the BIOR-NrampRb macrophages as compared to mock- transfected

macrophages (Kramnik, 1., et al., manuscript in preparation). These results strongly

suggest that the Nramp-J/Bcg gene may be involved in the regulation of la antigen

expression.

DISCUSSION

Previous studies in our Iaboratory and others (reviewed in 43,44) have suggested

involvement of the gene Bcg/L.shllry in the mechanisms of priming for macrophage

activation. This conclusion bas been made based on severa! observations, including the

superior ability of tissue macrophages and macrophage cell lines derived from BCG­

resistant animaIs to more efficiently control in vivo and in vitro the intraœ1Iular

proliferation of microorganisms such as Mycoboaeria, Leishnulnia and Solmonella.

Furthennore, a number of reports showed many pleiotropie differences between tissue

macrophages from congenie resistant miœ and their susceptible counterparts. They

included production of toxie reactive nitrogen (45,46) and oxygen (47) intermediates,

surface expression ofactivation markers sueb as the AcM-I antigen (43) and 5'oueleotid­

ase (48), expression of the early response gene KC, and production of IL-18 and TNF-a

(49). Differences in la surface antigen (28,29) and I-At mRNA expression (33) as we1l

as differences in antigen presentation ability (50) have been observed in both tissue

macrophages and macrophage lines derived from BCG-resistant and susceptible inbred

and congenie mouse strains.
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Using macrophage lines generated from BI0.A and its congenic resistant

BI0A.Bcg'" mouse strains, we have investigated in detail the molecular mechanisms

underlying differences in the steady-state levels of I-A mRNA.

It was therefore important ta detennine whether differences in the steady-state

level of the I-A, mRNA between BI0R and BIOS macrophages could be explained by a

differential transcription of the I-A, gene. Results obtained from run-on experiments

indieated that the transcription of the I-A, gene was higher in BI0R compared ta BIOS

macrophages. The transcriptional induction of the MHe class n genes by IFN-')' is well

documented. It bas been proposed as the main mode of regulation of class n genes bath

in mouse and humans (51-56). The difference in the steady-state mRNA leve1s MaY be

due ta post-transcriptional events resulting in the alteration of the half-life of a mRNA.

Our experiments showed us that the half-life of I-A, mRNA in BI0R macrophages was

significantly longer than in BIOS macrophages. In arder ta detennine whether the

differences in the stability were restricted ta I-A, mRNA, we perfonned simfiar studies

on the I-A,. mRNA. We found that the half-life of the I-A,. mRNA in BI0R macrophages

was longer than in BIOS macrophages. Calman and Peterlin (57) reported a half-life of

5 hours for the HLA DR gene mRNA of human mutant B cell lines. In the study

reported by Kern et al.(51) half-lives ofclass n mRNAs in the myelomonocytic cellline

WEHI-3 and B celllymphoma line A20f}J were studied. Half-lives of 16-20 hours for

A,. and E.. mRNAs in WEHI-3 were Ieported and an estimate of more than 10 hours for

the half-lives of A,., A" ElO' and Es in A2OI2J was found (51). It is important ta stress

that the values obtained for WEHI-3 were obtained from the Illte of decay of class n
RNA without the use of actinomycin D.

We have found the difference between BI0R and BIOS macrophages bath at the

level of transcription and I-A, mRNA stability. Differences in the protein t,inding ta

important mguJatory sequence motifs of the I-A, promote1', namely the X, Y and S

boxes, MaY explain the difference in I-A, gene transcription between BI0R and BIOS

macrophages•
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Several cis-acting elements in the proximal promoter region of the MHC c\ass II

genes seem to play a critica1 reguIatory role in their expression (reviewed in 9,10,58).

The conserved S (H), X, and Y sequence motifs, located between approximate1y 40 and

160 base pairs upstream of the start site of transcription of a11 c\ass II gene promoters,

have been implieated in IFN--y responsiveness and the transcriptional activation of c\ass

II genes (reviewed in 9). These transcription regulatory elements are recognized by

tissue-specific and nonspecific trans-acting factors (59-64). Our studies using nuclear

extracts from non-stimulated and IFN--y-stimulated macrophages aIIowed us to identify

two to four specific DNA-protein complexes for the S, X, and Y sequence motifs. Some

of the proteins binding to MHC c\ass II regulatory elements have been cloned and

characterized (65-70). At least three different proteins interaeting with the X box have

been described (12,14,16,66). We were able to detect several quantitative as weil as

qualitative differences in the DNA-protein binding profiles between BI0R and BIOS

macrophages. Interestingly, the increase in the protein binding was usua11y detected early

after IFN--y treatment of macrophages (0.5 to 2 hours), and was reduced al Iater time

points (4 to 48h, data not shown). second, we consistently observed a reduction in

binding activity that peaked 24 hours after IFN--y stimulation. This binding activity

increased in Iater time points (36 to 48 hours, data not shown). These differences in the

amount ofcomplexes and/or binding activity may explain the differences in transcription

displayed by BI0R and BIOS macrophages. Other investigators have been able to detect

increases in binding activities from ce11s treated with IFN--y both in vilro and in vil'O

(71,72). This periodicity in DNA-protein interactions observed by us in vilro, is

reminiscent of the observations made by Kara and Glimcher (72) who were studying the

in vil'O occupancy of the DR promoter by in vil'O footprinting using murine B ce11lines.

Similarly, Ombra et al (73) studying transcriptional activation of a defective MHC c\ass

II-negative human B ce11 mutant, observed an inverse correlation between the Ievel of

DNA-protein complex formed and the level of MHC c\ass II gene mRNA. Therefore,

our observations suggest common mechanisms oftranscriptional activation ofMHC c\ass

II genes between macrophages and B ce11s.
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Evidence generated in our 1aboratory (28,33), and by others (29,74,75) bas shown

a differential ability of macrophages obtained from resistant and susceptible animaIs to

express surface MHC class n antigens. The studies on la antigen expression in BIOR­

NrampRb transfected macrophages further support the possibility that the Beg gene is

involved in the control of MHC class n antigens in macrophages. The mechanism(s)

responsible for the difference bas not been elucidated. We have presented results

indicating that the basis for differential class n expression between BIOR and BIOS

macrophages may lie in differences found both at the level of I-A, transcription and its

stability. Alternative explanations, such as la antigen ~t.ability have been proposed

(29,30,32). Nath and colleagues reported differences in la antigen expression between

peritoneal macrophages of BCG-resistant and BCG-suscepbllle strains but neither the

transcription nor mRNA stability were analyzed (76).

The molecular mechanïsm(s) tluough which the Nramp-llBcg gene influences

expression of MHC class n antigens is not mown. Prevïously published results suggest

that the tissue macrophages and macrophage lines obtained from BCG-resistant animaIs

respond more efficiently to activation stimuli, including IFN-')', comparecl to tissue

macrophages or macrophage lines obtained from BCG-suscepbllle macrophages (43).

These findings suggest that the Nramp-llBcg gene is involved in the priming for

macrophage activation. Based on the deduced amino acid sequence for the Beg gene

candidate, the Nramp-l gene (34,35), two hypothetical functions have been proposed for

the Nramp-llBcg gene. Vidal et al. (34), liased on the structural similarity between

Nramp-l and the membrane transporter responsible for nitrate import in the eulcaryote

A. nidulans, CmA, proposed that the two proteins may be functionally related and

implicated in the transport of simple nitrogen compounds. Therefore, Nramp could

function as a nibitelnitrate concentrator for phagolysosomes and alterations in this

putative transport system would affect the capacity of Bef macrophages to control

intracellular replication of antigenically unreIated ingested microbial 1argets. Barton et

al.(35), based on the finding of an Src homology 3 (SH3) binding domain located in the
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S' region of the Nramp-1 cDNA, propose that the SID binding domain of Nramp could

mediate specific protein-protein interactions with molecules involved in macrophage

signal transduction such as Hck and Fgr, or that phosphoryIation of the Nramp-l SID­

binding domain on tyrosines might itseIf reguIate transport of important substrates such

as L-arginine. It is known that in the mouse system bacteriostaticlbactericidai activities,

MHe class n expression, production of reactive nitrogen intermediates and TNF-a, are

mostly dependent on binding of IFN--y to its receptor (reviewed in 77-80). It is tempting

to specuIate that the Nramp-11Bcg gene produet could coIIaborate with the IFN--y receptor

to achieve an efficient signal transduction. Successful generation of antibodies against

Nramp-11Bcg as weIl as the deveIopment of Nramp-lIBcg knock-out mice (bath in

progress) will heIp to establish the precise function of Bcg gene.
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POLYMERASE CHAIN REACTION AS A TOOL TO

STUDY MYCOBACTERIAL INFECTION AND

MULTIPLICATION IN MACROPHAGES

PCR-based methodologies have previously been used to deteet mycobacteria1

DNA present in tissue samples only for the purpose of clinical diagnosis (Brisson-Noel

et al., 1989; Eisenach et al., 1990; Williams et al., 1990; Shankar et al., 1991; Narita

et al., 1992). Using primers specifie for mycobacterial DNA sequences (Eisenach et al.,

1990), we developed a simple, reproducible and rapid taol for the assessment of

mycobacteria1 DNA content in infected macrophages. We have found a linear correlation

between the number of CFU, 3H-uracil incorporation by the bacteria, and densitometrie

analysis of mycobacteria1 DNA present in infected macrophages. Therefore, the use of

PCR represents a fast and extremely sensitive approach to study mycobacteria1 infection

and multiplication in macrophages. Becanse of the sensitivity of the method, the number

of macrophages required for the analysis can be dramatically reduœd. Furthermore, this

method bas obvious advantages compared to CFU estimations which usually take 2-5

weeks. The development of a quantitative PCR methodology allowed us to monitor

precisely the amount of mycobacterial DNA (mycobacteria1 genomie DNA equivalents)

present in infected BCG-resistant and -susceptible macrophages under different

experimental conditions. Since the amount of bacterial DNA present correlates with the

number of CFU (the most reliable estimation ofviability), quantitative PCR can provide

us with information conceming the critical issue of bacteriostatie and/or bactericidal

activity of macrophages•
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MACROPHAGE LINES AS A MODEL TO STUDY

FUNCTIONAL EXPRESSION OF THE Bcg GENE

Macrophage lineage consists of severa! different populations of cells, at different

stages of differentiation. It is not fully understood how this heterogeneity arises. It bas

been postulated that it may arise either as a response to differentiation signaIs

encoantered by the macrophages in the microenvironment, or as a genetically-determined

pathway ofdifferentiation, or thirdly, nature and nurture together collaborate for the final

macrophage phenotype (reviewed in Rutherford et al., 1993).

Cracker et al. (1987) compared the in vitro expression of the !.sh gene for its

ability to control the proliferation of L. donovani by different macrophage populations.

They observed that Kupffer cells, splenic and lung macrophages, as welI as short (J

days) and long term (6 weeks) cultured bane marrow-derived macrophages supported

growth ofL. donovani. However, resident peritoneal macrophages grown in adherent or

in suspension cultures neither supported growth ofL. donovani nor showed any evidence

of !.sh gene expression in vitro. Denis et al. (1988a) reported that splenic but not

peritoneal macrophages derived from the BAU3/c.Bcg' mouse strain more efficiently

presented soluble and particuIate antigens ta T cells compared to macrophages derived

from the BALBIc mouse strain. Roach et al. (1991) observed that bane marrow-derived

macrophages from BI0A.l.s/f strain mice were more potent leishmanicidal effector cells

than their BI0.A (LsJf) counterparts. Furthermore, a direct correlation between

leishmanicidal activity and nitrite production was also found. In contrast, the analysis of

elicited peritoneal macrophages from the congenic mice did not display such a

correlation, suggesting that different macrophage subpopuIations may differ in the

expression of the l.sh gene.

To overcome the difficulties associated with the heterogeneity of freshly iso1ated

macrophages as welI as the low yie1d of macrophages iso1ated from certain tissues, wc
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have generated ma...--rophage lines from the bone marrow of the BIO.A (Bei, BIOS

macrophages) mouse strain and its congenie resistant counterpart BIOA.Beg' (BIOR

macrophages).

Both BIOR and BIOS celllines morphologically resemble typical macrophages.

They display surface markers associatM with the macrophage phenotype such as F4/SO,

complement and Fe receptors, MIIC cIass II antigens, as weil as biochemical markers

such as lysozyme production. In addition, they perform typical macrophage functions

such as phagocytosis, tumoricidal and bacteriostltic/bactericidal activities. Overall, these

eharacteristics allow us to conclude the BIOR and BIOS macrophage lines represent tissue

macrophages (appendix). Importantly, differences observed between BIOR and BIOS

macrophages conceming phenotypie functions such as MIIC elass II expression and NO

production have been maintained.

Bcg GENE, ANTIMYCOBACTERIAL ACTIVITY AND

NITRIC OXIDE

Until the discovery of NO as one of the major antimycobacterial Molecules

produced by macrophages, ROI were believed to play an important role in the control

of intIaœ1lular proliferation of mycobacteria as weil as other intIaœ1lular pathogens.

However, MOst of the evidence collected during recent years tends to support the

conclusion that ROI do not play an essential role in the antimycobacterial activity of

macrophages (Rutherford et al., 1993; Appelberg and Orme, 1993; Chan et al., 1992;

O'Brien et al., 1991; Flesch and Kaufmann, 1988; Stokes et al., 1986).

There is now ample evidence, mostly from in vitro experiments, showing a close

correlation between production ofRNI by macrophages and antimicrobial activity (Green

et al., 1993). Our results, using the BIOR and BIOS macrophages support the notion the

NO is a key antimycobacterial Molecule produced by activated macrophages. We were
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able to positively correlate the production of nitrite with the capacity of BIOR and BIOS

macrophages to arrest the intraœllular proliferation ofM. bovis BCG. This antimycobact­

erial function of the aetivated macrophages was inhibited by monomethyl L-arginine

(WMMLA), a specifie competitive inhibitor of NO, and promoted by L-arginine, in

conditions in which the nitric oxide production by the macrophages was inhibited. Similar

conclusions were made by Roach and colleagues (1991) using a model of Leishnumia

infection.

Evidence collected from in vitro experiments suggests that the capacity of mouse

strains carrying the BcglLsh//ty resistant allele to control intraœllular proliferation of

BCG, L. donovani, and S. typhinull'ium results from their superior ability to produce NO

in vivo. Sa far, no direct evidence bas been provided to unequivocally implieate NO as

an antimycobacterial agent in vivo. Evidence provided by Liew et al. (1991) and Stenger

et al. (1994) using mice infected with L. mojor, suggests that NO plays a critical role in

the capacity of resist:illt and susceptible animaIs to control proliferation of the protozoan

parasite. Similar results were published by Green et al. (1993) using F. tularensis, and

Beckennan et al. (1993) in the ÜSle1'Ùl model. Our results indieate that the production

of NOS mRNA and NO in response to IFN--y was higher in B10R compared to B10S

macrophages. Splenocytes oblained from B10A.Bcg'" mice were also superior producers

of NO in response to IFN--y compared to splenocytes oblained from the congenic B10.A

(Bclf). This result suggests that NO production by tissue macrophages from BCG­

resistant and -susceptible mouse strains may also differ.

Recently, Vidal et al. (1993) found in the Nramp-/ gene a sequence encoding a

20 amino acid consensus motif termed the binding-protein-dependent ttansport system

inner membrane component signature. This motif was found in prokaryotes as weIl in

eukaIyotes (Vidal et al., 1993). Interestingly, the same transporter motifis present in the

CrM gene of the fungiAspe'iÏllus nidulans (V"ldal et al., 1993). Since CrM is involved

in nitrate import, the authors speculated that Nramp-1 could function as a nitrite/nitrate
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concentrator in phagolysosomes. The defect in this putative transport system of Be(

macrophages would affect their capacity ta control intraeellular multiplication of

antigenically unrelated microbial targets (Vidal et al., 1993). Furt.iermore, we have

found that BIOR macrophages transfected with antisense Nramp-l cDNA containing a

ribozyme construct (BI0R-NrampRb) produce significantly lower levels ofNO compared

ta mock-transfected BIOR or non-transfected BIOR macrophages after stimulation with

IFN--y (Kramnik et al., manuscript in preparation). These results suggest that production

of NO is under the control of the Nramp-IlBcg gene.

Brown et al. (1993) studied the production of NOi in splenic macrophages in

unrestrained (low plasma levels ofglucocorticoids) and restrained (high plasma levels of

glucocorticoids), BALBIc.Beg' and BALBIc.Be( animais in the presence of IFN--y

and/or LPS. No difference in NO production by the splenic macrophages was found in

unrestrained control animais. Since the basallevels of NOi production are not reported

by the authors, it is not possible ta ascertain whether the extent of stimulation was the

same in the BCG-resistant and -susceptible macrophages. Furthermore, we have found

that the culture conditions, such as the duration of in vitro culture, will critically

influence the ability of splenic adherent cells ta respond ta stimulation (L.F. Barrera,

personal observations).

.'-

De Chastellier and colleagues (1993) found a difference in the level of

phagosome-lysosome fusion between Beg' and Be( macrophages that could explain, at

least in part, a superior control of mycobacterial infection by Beg' macrophages.

Mycobacterial proliferation inside macrophages was also shown ta depend on pH (Crowle

et al., 1991; Appelberg and Orme, 1993) and iron levels (Lepper et al., 1988).

Interestingly, both the œgulation of iron levels and pH may depend on the presence of

NO or RNI. For example, it bas been shown that NO activates IRPIIRF, and therefore,

endogenously produced NO may modu1ate the post-transcriptiOnal œguIati;)n of genes

involved in iron homeostasis (Drapier et al., 1993; Weiss et al., 1993). In addition, the
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intracellular level of iron regulates transcription of iNûS, and therefore, the quantity of

iNOS in macrophages (Weiss et al., 1994). The dependency ofMycobacreria on extemal

sources of iron bas been very wel1 established (Ratledge, 1982). Mycobacreria rely on

the production of iron cheIating molecules such as the siderophores, mycobactins and

exochelins (Neilands, 1981). It bas been reported tbat an increase in the concentration

of iron caused an appreciable increase in the growth of severa! strains of mycobacteria

including M. rubercuIosis (Raghu et al., 1993). The same study also shows that the

production of siderophores was significantly higher in virulent compared to avirulent

strains, suggesting that the capacity of pathogenic Mycobacreria to chelate iron may be

related to its capacity to proliferate intracellularly (Raghu et al., 1993).

Regulation ofcytoplasmic pH in macrophages has been associated with monocyte

differentiation, proliferation of monocytes and macrophages, and macrophage activation,

as well as microbicidal activity (reviewed in Swallow et al., 1990). Prpic et al. (1989)

reported tbat concentrations ofIFN...,. which activated murine peritoneal macrophages for

tumoricidal activity also caused a 0.1 pH unit cytoplasmic alkalinization. Furthermore,

these investigators found that co-incubation with amiloride, an inhibitor of the Na'ofH+

antiport, resulted in a 60-70% inhibition of the IFN--y-induced accumulation of mRNA

for the early response geneJE, and the mRNA for the MHC class fi gene I-A•• Although

the mechanisms reguIating intracellular pH in macrophages are not fully understood,

different transport systems including the Na+fH+ antiport, the Na+-dependent anion

exchange, or the vacuolar-type H+ ATPases, were shown to play an active role in the

maintenance of cytoplasmic pH (Swallow et al., 1990, 1991). Moreover, it bas been

reported that phagosomaI acidification is mediated by a vacuolar-type the W -ATPase in

murine macrophages (Udœcs et al., 1990; Swallow et al., 1990). Interestingly, Swallow

et al. (1991) reported that NO derived from L-arginine decreased W-ATPase-mediated

recovery rate ta normal physiologic pH in acid-loaded peritoneal macrophages.
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The IOle of phagosomal and/or phagolysosomal acidification in the control of

intraee11u1ar Mycobacteria, bas been well illustrated by the observations of Crowle et al.

(1991), and Appelberg and Orme (1993). In the study of Crowle et al. (1991),

immunoc)'tOchemical anaIysis showed that phag6soma! acidity was associated with kil1ed

but not living mycobacteria in macrophages. Appelberg and Orme (1993) found that the

addition of a weak acid enhanced the mycobacteriostatic effect of mouse macrophages

stimulated witlt IFN--y. The authors suggested that the bacteriostatic effect ofIFN--y may

be meiiated through acidification of the infected phagosome, perhaps through activation

of proton pumps in the phagosomal membrane (Appelberg and Orme, 1993).

Overall, the precise mechanism(s) involved in the mycobacteriostaticlmicrobicidal

aetivity of macrophages remains to be elucidated. The data collected from reœnt years

point to NO or RNI as the effector molecule(s) for the antimicrobial aetivity of

ma..-rophages. The microbicidal aetivity by NO or RNI is roediated indirectly. NO

produced by macrophages may participate in phagosomal or phagolysosomal

acidification. The acidification may, in turn, interfere with the iron avai1ability for the

invading microorganism. It is known that under acidic conditions, the soluble ferric iron

(Fe3+) is reduced to the most insoluble ferrous iron (Fe'l+), and therefore, the avai1ability

of soluble iron for the bacteria might become a limiting factor for growth. Another

possibility is that NO or RNI directly interferes with the siderophores produced by some

Mycobacteria. Although mycobactïns, siderophores present in mycobacteria, do not have

[Fe-S] clusters in their structure, it bas not been tested whelher NO could affect their

iron-ehelating ability. In addition, little is known about the chemistry and mechanism(s)

of iron chelation by exochelins, siderophores secreted by mycobacteria. Our results

indieate that Bcgz macrophages produce more NO than Bcgz macrophages in response to

IFN--y stimulation. Since Nramp-l may be a protein in'!olved in the transport of RNI,

it is possible that the Nramp-l/Bcg gene influences bacteriaI multiplication in the MPS

through production and/or transport of RNI to phagosomes and the sublaluent iron

deprivation of the bacteria.
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l\mc CLASS II EXPRESSION AND Bcg GENE

One of the most prominent pleiotropic effects of the Bcg gene is associated with

the upregulation of MHe class il genes in Bcg' macrophages. Johnson and Zwilling

(1985) reported that petitaneal macrophages obtained 7 days after the i.p. injection of

BCG transiently expressed I-A, while macrophages obtained 28 days after injection,

continuously expressed I-A for up ta 1C days in culture. Furthermore, the continuous

expression of I-A by macrophages following the injection of BCG correIated with the

genetic reastance ofcertain strains of mice ta this microorganism (Johnson and Zwilling,

1985). Not only BCG bat sorne other stimuli, incIuding Corynebaaeriwn parvum or IFN­

"(, induced continuous I-A expression by macrophages frorn BCG-resïstant but not from

BCG-susceptible mice (Zwilling et al., 1987). Using mice congenic for the Lsh gene,

Kaye et al. (1988) found that resistant mice showed a rapid increase in their accessory

cell activity, subsequently allowing T-eeII expansion. This change in the accessory cell

function activity correIated with inereased class il antigen expression relative ta

susceptible mice, bath in vivo during carly infection and in vilro in response ta induction

by IFN-')'. In addition, Denis et al. (1988) observed that purified splenic macrophages

from uninfected Bcg' mice contained a significantly greater percelltage of Ia+-bearing

macrophages compared ta Bcg' mice.

The results from our studies using BI0R and BIOS macrophages stimu1ated with

IFN-')' indieated that cytokine-induced surface leveIs of I-A antigen were higher in BI0R

compared ta BIOS macrophages. This difference in surface I-A expression correIated

with differences in the I-A, and I-A,. mRNA steady-state leveIs. BI0R macrophages not

onlyexpressed more I-A. mRNA in response ta all doses oflFN-')' tested (1-100 U/ml),

but were superior in I-A, mRNA expression in all time points tested (8-48 hours).

Most of the evidence published indieate that the MHe class il antigens are mainly

regu1ated at the transcriptiOnaI level (Kara and Glimcher, 1993). Therefore, wc
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performed studies ta deter.mine the molecular basi~ for the difference in I-A.. mRNA

steady-state levels between B10R and BIOS macrophages. Run-on analysis of the I-A.

gene mRNA in nuclei from B10R and BIOS macrophages stimulated with IFN--y, showed

a modest difference in transcription of the I-As gene between B10R and B10S

macrophages. This diff=ce May partially explain the difference deteeted at the I-A.

mRNA steady-state levels. The estimation of the transcriptional induction of MHC class

II antigens either in murine macrophages (Fertseh-Ruggio et al., 1988; Figuereido et al.,

1989; CeJada et al., 1989; Woodward et al., 1989) or macrophage lines (Bottger et al.,

1988; Woodward et al., 1989), varies depending on the macrophage population or the

particular gene studied. Induction of transcription ranges from 2 ta 8-fold, with the peak

of transcription ranging from 8 ta 48 hours (Fertseh-Ruggio et al., 1988; BoUger et al.,

1988; Figuereido et al., 1989; Celada et al., 1989; Woodward et al., 1989).

It is widely accepted that the regulation of surface class II expression is achieved

mainly through transcription, although post-transcriptional effects have also been

observed (IeViewed in Glimcher and Kara, 1992). The transcriptional effects are mainly

mediated by highly conserved S, X and Y sequence elements located in the proximal

promoter region of the MHC class II gene promoters (reviewed in Glimcher and Kara,

1992; Ting and Baldwin, 1993). The difference between B10R and B10S macrophages

in protein binding ta important regulatory sequences of the I-As gene promoter MaY

explain the difference in the transcription rate observed between B10R and B10S

macrophages. We observed sevml quantitative as well as qualitative differences in the

DNA-protein binding profiles of B10R lind B10S macrophages. The transfection of cells

with DNA construets containing reporter genes, expressed onder the control of the

sequences ofinterest (i.e., X, Y, S sequence motifs), would allow the relative contribu­

tions of these particular sequence motifs in tlIe transcriptional activation of the I-As gene

in B10R and B10S macrophages ta be ploperly addressed. Our attempt ta perform

transient transfection assays in these macrophages have not yet been successfull even

though wc could perfurm sœù:e transfection quite easily (data not shown)•
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The difference in the I-A. steady-state mRNA levels between BIOR and BIOS

macrophages may also he due to post-transeriptional events resulting in the alteration of

the I-A. mRNA half-life. The results of our experiments clearly indieate that the I-A,

mRNA ofBI0R macrophages was significantly more stable than the I-A. mRNA ofBIOS

macrophages. We also have found a significant difference in the half-life of the I-A.. gene

mRNA between BI0R and BIOS macrophages. Kem et al. (1989) reported a half-life of

more than la hours (16-20 hours) for the I-A and I-E mRNAs in the WEHI-3

myeiomonocytic cells stimu1ated with IFN--y. The half-life value was obtained from the

decay rate of steady-state levels of I-A and I-E mRNA following IFN--y treatment but in

the absence of actinomycin D due to its toxicity (Kem et al., 1989). It bas also been

reported that the half-life for DR mRNA of the human B-cell line, Raji, and subclones

is about 5 hours (Calman and Peterlin, 1988).

The precise mechanism(s) responsible for the differences in the MHC class II

antigen expression among macrophages from BCG-susceptible and -resistant mice is not

fu11y understood, but post-translational mechanisms have been proposed (Vespa and

Zwilling, 1989). Severa! reports have indieated that peritoneal macrophages explanted

from BCG-resistant inbred and congenic mouse strains (Johnson and Zwilling, 1985;

Vespa et al., 1987; Zwilling et al., 1987; Vespa and Zwilling, 1989; Brown et al.,

1993), or macrophage-macrophage hybrids derived from WEHI-3 (cellline derived from

BALBIc mice, Bc~ fused to peritoneal macrophages from the C3H1HeN mouse strain

(Bcg') (Faris and Zwilling, 1990, 1991) are able to continuously express la antigen in

response to i.p. infection with Mycobacterium bovis BCG (Johnson and Zwilling, 1985),

H. copsuiolum (Johnson and Zwilling, 1985), or C. parvum (Johnson and Zwilling, 1985;

Zwilling et al., 1987), or in viIro treatment with high doses of IFN--y (Zwilling et al.,

1987; Vespa and Zwilling, 1989; Faris and Zwilling, 1990; Brown et al., 1993)

compared to BCG-susceptible strains. Nath and colleagues compared the steady-state

mRNA levels for I-A between BALBlc and C.D2 mice in response to stimulation with

IFN--y (Nath et al., 1988). These authors found that peritoneal macrophages from C.D2
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animaIs expressed surface la antigen even though I-A mRNA was undetectable, while in

macrophages from BALBIc animaIs, there was a parallel reduction of I-A surface antigen

and I-A mRNA. Based on these results, they concluded that the differences in I-A

expression by macrophages from Bcg' and Bcg' mice were due ta post-transcriptionaI

events (Nath et aI., 1988). Tltese conclusions were proposed without an assessment of

the transcription of any of the MHC cIass fi genes and secondly, the stability of MHC

cIass fi genes was not measured. Our data implieate bath transcriptionaI and post­

transcriptionaI mecbanisms in the control of surface I-A antigen expression in Bcg' and

Bcg' macrophages. Given the significant differences in half-lives for the I-Aa and I-A,.

gene mRNAs between Bcg' and Bcg' macrophages, mRNA stability may be the main

component involved in differentiaI I-A surface expression. However, wc did not perfonn

any studies diIected al testing I-A protein stabiIity, and therefore, wc can not fonnally

exclude protein antigen stability as a factor involved in MHC cIass fi antigen expression

in Bcg' and Bcg' macrophages. Furthermore, severa! potentiaI problems should be solved

concerning the hypothesis proposed by Zwilling et aI. (1987) for cIass fi antigen stabiIity•

Firstly, differences in I-A expression are only reached in the presence of high

concentrations of IFN--y (more titan 100 Ulml), unlilœly ta occur in in vivo situations.

Secondly, most of the evidence indieates that the acquisition of peptide by recycIing of

cIass fi antigens is an unlilœly event (reviewed in Neefjes and Momburg, 1993), and

therefore consequences of antigen presentation are compromised. Thirdly, it bas been

leported that the half-life ofcIass U1antigen complexes in vivo in the spleen is short (3-8

hours) (Muller et aI., 1993); therefore new synthesis is necessaIy ta maintain levels of

surface cIass fi molecules.

The potentiaI immunologicaI importance of the difference in expression of MHC

cIass n antigens bas been bighlighted by the resuIts obtained from in vitro and in vivo

experlments. TItus, Denis and colleagues (1988) r.:ported that splenic cells obtained from

BCG-resistant mice were more efficient antigen-presenting cells (APC) for soluble and

partîculate antigens titan those obtained from BCG-susceptible mice. Buschman and
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Skamene (1988) estabIished that during BCG infection, specifie T heiper ceIl responses

were elicited earlier in BALBIe.Bcg" compared to BALBIe.Bcg' animaIs. In addition,

these authors showed by FACS analysis that the number of splenie T lymphocytes

increased after infection in the resistant mice (Buschman and Skamene, 1988). Similar

results were obtained by Kaye and colleagues (1988) who showed that splenie adherent

cel1s obtained from LsJf mice infected with L. dooovani, displayed an increase in

accessory ceIl a..'1ivity that generated a greater T-eeIl expansion compared to LsJf mice.

This accessory ceIl activity correI3:ed with la antigen expression by splenie adherent ceIls

in vivo and by enhanced responsiveness of peritoneal macrophages to IFN..,. in vilro

(Kaye et al., 1988).

The development of acquired immunity in response ta BCG or L. dooovani

infections appears to be more efficient in BCG-resistant compared to -susceptible mice.

However, these results contradiet somewhat the results pubIished by Pelletier et al.

(1982) who observed that markers of acquired immunity such as the number of

granulomas in the liver and the spleen, the deiayed-type hypersensitivity to PPD, and the

resistance to a challenge with BCG or L. monocylogenes were superior in BCG­

susceptible inbred mice compared to BCG-resistant mice. The evidence presented by

Unanue et al. (1985) showing a direct correlation between the density of class n
molecules and antigen-specifie T ceIl proliferation, support the possibility of a more

efficient deveIopment ofacquired immunity in Bcg" mice. On the other band, it bas been

estimated that T cel1s were activated by antigen presenting ceIls in which as low as 0.1 %

of the I-A molecules presented specifie antigen (Harding and Unanue, 1990; Srinivasan

et al., 1991).

The MHe class ndifference at the levei ofgene expression in these macrophages

may be seen as mart.ers of differential responsiveness of BcglL.shllty gene expressing

ceIls to stimulatory cytokines such as IFN..,. (Buschman and Skamene, 1989) and/or may

be causaUy implicated in the acquisition of specifie immunity.
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NRAMP-l AND IFN-y, A POTENTIAL LINK?

Most of the data generated in the murine system indieate that IFN--y is the major

physio1ogical activator of macrophages (reviewed in Farrar and SChreiber, 1993). It bas

been established that NO production, MHC class nexpression, and bacteriostatic and/or

bactericidal activities (reviewed in Farrar and Schreiber, 1993) depend on the presence

of IFN--y. ParticuIar1y relevant for this discussion bas been the in vivo data collected in

recent years using knock-out mice for IFN--y (Dalton et al., 1993) or IFN--yR (Kamijo

et al., 1993; Huang et al., 1993). Results obtained by Dalton and colleagues, who

generated mice by a targeted disruption of the IFN--y gene, showed that mice deficient

in IFN--y had impaired production of NO and reduced expression of MHC class n
antigens (Dalton et al., 1993). Furthennore, the same investigators observed that IFN--y­

deficient mice were killed by a sub1ethal dose of M.bovis BCG (Dalton et al., 1993).

Similar1y, Kamijo and colleagues demonstrated increased mortality of IFN--yR knock-out

mice in response to an infection with BCG that was corre1ated with a drastically reduced

production of TNF-a comparee! to control mice (Kamijo et al., 1993).

One of the main conclusions from the research of the Bcg gene function(s), is that

the Bcg' allele confers an increased ability to respond to stiml:\atory signais such as IFN­

'Y. The differences found between B10R and B10S macrophages in NO production, iNOS

mRNA expression (chapter 4), la surface antigen and I-A mRNA expression (chapter 5),

as weil as enhanced mycobacteriostatic function of B10R macrophages in the presence

of IFN--y (chapter 4), suggest that the presence of a fully functional Nramp-l/Bcg gene

allows B10R macrophages to respond raster, to lower doses, or to mount a higher

response to this physio1ogical stimulator.

Immœroregu1atory functions induced by IFN--y, such as the induction of MHC

class 1 and class n antigens, activation of macrophages, regu1alion of immunoglobulin

class switching, and upregu1ation of Fe receptor expression are invo1ved in modulating
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a va.riety of other hast defense mechanisms (reviewed in Farrar and SChreiber, 1993).

The first event in inducing these responses is the specifie binding of IFN--y to its cell­

surface receptor encoded on mouse chromosome la (Mariano et al., 1987). Recen!ly, it

was shown that signals elicited through the IFN--yR need the presence of an accessory

factor (Kalina et al., 1993; Soh et al., 1993; Hemmi et al., 1994). Transfection of cells

with specifie accessory factor induced a variety of biological effects including 2,5'­

oligoadenyIate-synthetase, resistance to virus cytopathie effect, and MHC elass 1antigens

(Kalina et al., 1993; Soh et al., 1993)

While the IFN--yR accessory factor(s) participating in MHC class II expression,

nitrie oxide production, TNF-a production and bacteriostatic/bactericidal activity of

macrophages bas not been described, it is tempting to specuIate that Nramp-l/Bcg could

coUaborate with the IFN--yR for the efficient signal transduction.

Better understanding of the Nramp-l/Bcg gene funetion will allow the elucidation

of the mechanisms of recognition, phagocytosis and killÏJ1g of intrace1lular parasites by

macrophages.
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APPENDIX

GENETIC RESISTANCE/SUSCEPI'IBlLITY TO

MYCOBACTERIA: PHENOTYPIC EXPRESSION IN BONE

MARROW DERIVE» MACROPHAGE LINES.

PREFACE

Alternative alle1es of the Bcg gene, Bcg', conferring resistance, and Bcg',

conferring susceptibility to infection with Mycobaaeria, Leishmania, and Salmomella,

are expressed in host macrophages. Circumstantial evidence bas suggested that the gene

may regu1ate the innate level of activation of the phagocytes for bactericidal activity. My

interest bas been to explore this hypothesis by undertaking a systematie comparison of

the molecular parameters of activation in macrophages expressing alternative alle1es of

the Bcg gene.

As a first step in the pursuit of this goal, we have established immortalized

macrophage lines from bene marrow of mice of the BCG-resistant and -susceptible

congenie strains, BI0A.Bcg'and BI0A.Bcg', respective1y. The genome of the two strains

differs ooly in the segment of chromosome 1 whieh carries the alle1e determining resis­

tance or susceptibility to intraœ11ular pathogens. We have completed a full surface

marker analysis of the œil lines which estab1ishes their identity as macrophages. In

addition, we have confirmed that the phenotype of BCG resistance or susceptibility,

apparent following in viW) infection of the mouse strains described above, is faithfully

ref1ected by the in vitro function of BI0R (resistant) and BIOS (susceptible) macrophage

lines. Specifically, we have demonstrated that the BI0R macrophages are more efficient
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at killing Mycobacteria in vitro, and that the expression of I-Ae mRNA is upregulated in

these cells as compared ta their BIOS counterparts.

SUMMARY

Congenie strains of mice susceptible (BIOA.Bcg') or resistant (BlOA.Bcg') ta

BCG were established. Here we describe the mode1 system which bas been established

ta analyze the functional activities of macrophages in the two strains. We have immortal­

ized bane marrow macrophages from BIOA.Bcg' and BIOA.Bcg"congenie strains of mice

and derived eloned macrophage lines designated BIOS and BIOR, respective1y. BIOR and

BIOS ceU lines exhibited surface markers and morphology typica1 ofmacrophages. BIOS

and BIOR were similar in their phagocytie activity, in the leve1 of e-fms, in TGF-P

mRNAs expression and in their expression of tumoricidal activity in response 10 IFN-')'

plus LPS. However BIOR macrophages expressed higher level of la mRNA when

activated with IFN-')' compared 10 BIOS macrophages. Analysis of the bacteriostatie

activity of the two alllines revealed that BIOR macrophages were much more active in

inhibiting M. smegmatis replication than BIOS. To measure the intraœllular destruction

of bacilli, a bactericidal assay based on hybridization with a oligonueleotide probe

specifie for mycobacterial n"bosomal RNA was designed. The results demonstrated that

BI0R macrophages were endowed with enhanced constitutive bactericidal activity as

compared 10 BIOS.

In conclusion wc have obtained macrophage lines from bane marrow of

BIOA.Bcg' and BIOA.Bcg" mice tIo.!lt express 10 a similarextent functional and phenotypie

characteristic of macrophages. However wc demonstrate that relative ta BIOS

macrophages, the BIOR macrophages have higher expression of la mRNA and that they

are constitutive1y more active in expressing mycobactericidal activity•
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INTRODUCTION

The Bcg gene is located on the centromeric part of murine chromosome 1, which

bas homology with a linkage group located on the telomeric end of the long ann (q) of

human chromosome 2 (27). The development of murine strains congenic for Bcg,

genetically identical except for the segment of chromosome 1, containing the Bcg gene

(24), opened new opportunities for studies on the cellular and molecular mechanism

controlled by the Bcg gene. The analysis of recombinant inbred mice showed that Bcg

gene is iGentical with or very closely linked ta two other host resistance genes, one

controlling resistance and susceptibility ta infection with S. typhimurium designated as

Ity and the other controlling resistance and susceptibility ta Leishmonïa donovani,

designated as Lsh (S,18,23,33). The results from numerous laboratories clearly

demonstrated that macrophages are the cells responsible for the expression ofthe resistant

or susceptible phenotype (1,8,15,21,30). It bas been shown that the replication of the

bacilli was significantly reduced following exposure ta Bcg macrophages when comp:ued

with Bcg' macrophages (9,1l,30,32). The mechanisms of macrophage activation for

mycobactericidal function are not clearly defined as yet. Studies ta determine the intra­

cellular mechanisms responsible for mycobacterial killing are complicated by the

heterogeneity of fresh1y isolated macrophages, by the low yield of macrophages isolated

from certain tissues and by the genetically-diverse origin of macrophages isolated from

various mouse straÏnS.

We have previously reported that infection of bone marrow ce1ls with J2 virus

leads ta the immonalization of macrophage cell lines (2,3,4,7). We have used this

protocol ta generate macrophage lines from congenic strains of mice differing in their

susceptibility ta infection with M bovis BCG and Mycobocterium smegmalis.

The purpose of this study was ta compare the properties of homogenous

populations of macrophages immortdized from bone marrow of BI0A.Bcg and
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B10A.Bcg' congenic mice and check whether the phenotypic expression of genetic resis­

tancelsusceptibility ta mycobacteria was maintained by bone-marrow derived macrophage

cell lines. Using this experimental model we were able ta show that the Bcg'

macrophages (B10R) but not Bcg' macrophages (B1OS) caused a reduction in the

proliferative abilities of the bacilli (CFU) and ta demonstrate enhanced intrace1lular

killing of mycobacteria by B10R macrophages.

MATERIALS AND MEI'HODS

Mice.

CS7BU10.A mice (B10A.Bcg') were obtained from Jackson Laboratories, Bar Harbor,

Maine. Congenic B10A.Bcg' mice were constructed by transferring the Bcg' alle1e of the

AlJ strain inta the CS7BU10.A background using the Nx backcross system as described

previously (20)•

CeI1<;.

Cultures of fresh bane marrow cells were prepared in medium consisting of Dulbecco's

Modified Minimal Essential Medium, 15% heat-inactivated horse serum, 1% heat­

inactivated feta1 bovine serum, 2mM glutamine, 100 Ulml penicillin, 100 g/ml

streptamycin, and 20% L cell-conditioned medium (a source of CSF-l). After 3 days,

cultures were washed ftee of nonadherent ce11s. Adherent ce11s were cultured for

additional 12 days and then screened for surface phenotype by flow cytometry a.'IlI1ysis.

ImmOrtalizatiOD or macropbqe Iines.

B10S and B10R macrophage celllines were derived from the bone marrow ofB10A.Bcg'

and BlOA.Bcg' mice, respective1y. Bone marrow ce11s were infected with J2 retrovirus

as described previously (4). After 36 hours of J2 virus infection at 37"e, ce11s were

washed and cultured in fresh complete medium at a concentration of la' ce11s per ml.

Proliferating ce11s were then expanded and subcloned in soft agar (4). Isolated clones
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were examined by microscopy after cytospin, and stained (Diff-Quik stain set, American

Scientific Produets, McGaw Park, IL).

Flow cytometry anaJysis.

After two subsequent cloning steps in soft 2gaI', five clones of BIOS and five clones of

B10R macrophage cells were selected and studied. The ceIis were washed in phosphate

buffered saline (PBS) calciumlmagnesium free, containing 0.5% bovine serum albumin

and 0.1 % sodium azide (Sigma, St.Louis, MO). Freshly isolated bone marrow derived

macrophages cultured in 20% L-eell conditioned media 15 days were used in the analysis

as a comparison. One million cells were seeded into each weIl of96-well round-bottomed

microtiter plate. The following antibodies were used for flow cytometry analysis: anti­

Lytl.l, anti-Thy1.2 (Cedarline, Homby, Ontario), anti-eD4 (L3T4), anti-CDS (Ly2),

anti-Fc receptor (2.402), anti-Mac1, anti-Mac2, anti-Mac3 (Hybriteeh, San Diego, CA),

anti-asialoGM1, anti-F4/SO (kindly provided by Dr. B. Mathieson, NCI-FCRF,

Frederick, MD). 10-20/oÙ of the appropriate antibody was added to the cell pellet, mixed

and incubated for 10 min at 4"C. After the incubation cells were washed twice in PBS

and lO/oÙ of secondary antibody labelled with mc was applied. After 10 min incubation

at 4"C, the cells were washed weIl and resuspended in PBS buffer and analyzed on a

cytofluorograph System 3O-H (Orto Diagnostic System, Westwood, MA). A green

fluorescence histogram of 1,000 channel resolution was collected from 10,000 cells for

each sample analY7.ed.

Lysozyme production.

MicTOCQCCUS iuleus (Sigma, St.Louis, MO) was resuspended at a final concentration of

0.5 mg/ml in 1%agarose solution as described previously (22). 5 /oÙ samples ofstandards

containing S, 25, 50, 100 or 500 I1g per ml of lysozyme (Sigma, St. Louis) or tested cell

line supematants were seeded into individual wells. The concentration oflysozyme in the

triplieate test samples was determined by interpolation from the semilogarithmic plot of

diameter versus concentration of reference standard.
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RNA purif"1catiOD and Northern blot anaIysis•

BIOR and BIQS macrophages were solubilized with guanidine isothiocyanate (Gibco­

BRL) and total RNA was purh'ied by centrifugation through a cushion of CsCl according

to the method of Chirgwin cc al. (6). Twenty micrograms of total RNA was sepanted

on 1.2% agarose gel containing 2.2M fonnaldehyde as previously described (35). The

following probes were used: c-fms (1.4 kb Pst! fragment front the pSM3 plasmid), TGF­

P (kind1y provided by Dr. R. Derynck, Genenteeh Inc., Ca), la (1-A,,)(kind1y provided

by Dr. R. Germain, NllI, Bethesda) and "25-46" (EcoRi-saII) probe of 1.9 kb

recognizing 185 rRNA (kind1y provided by Dr. Arnheim, State University of New

York). Purified DNA inserts were Iabeled with f'2PldCTP (Amersham Corp., Arlington

Heights, a) by nick translation. Specific activity of the probes was S x 10' cpmlp.g of

DNA. After hybridization, the blots were washed thIee times in 2 x SSC and 0.1 %SDS

at room temperature for 10 min and then thIee times in 0.1 x SSC and 0.1 % SDS at

SS"C for lS min. The blots were then exposed to X-ray films with an intensifying screen

at -7f1'C•

Cytotoxic activity apinst PSt! tumor ceUs.

The tumoricidal activity of the immortaliV'd macrophage lines was determined by lI\In

release assay as described previously (34). Macrophages were incubated with medium,

Lipopolysaa:haride (LPS) (Sigma) at the doses ranging from Sng per ml to S p.g or with

IFN--y at the doses ranging from 1-S0 U per ml plus Sng per ml of LPS. The cells were

incubated with the activators 18 hours at 37"C:. After the incubation, the plates were

centrlfuged at 300 x g for 10 min, supernatants were removed and the plates were

washed with wann Hank's solution thIee limes. Finally lI\In-labe1led P81S target ceIls

were added at the concentration S x 10:' per ml. After 18 bours the plates were

centrifuged (300 x g) and 100 pol of supernatant from each well was harvested to assess

cytolytic activity. Results were expressed as per cent cytotoxicity calcu1ated by the

following formula:
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[( cpm released by target ce1ls cultured treated with activated effecwr cells - spontaneous

cpm released by target cells cultured with untreated effector cells) 1 total cpm incorpora­

ted in target cells - spontaneous cpm released by the target cells cultured with untreated

effector cells] x 100

Pbagocytosi<; of Mycobacterium smegmatis.

Phagocytosis ofM. smegmatis was evaluated according to previously described method

(17). Briefly, SxlOC of BIOR or BIOS macrophages were spotted in quadruplicate on

plastic petri dishes and after 30 min, the petri dishes were inverted and macrophages

were kept in the inverted position for 12-14 bours in media containing no antibiotics.

Macrophages were subsequently infected at a mycobacteria:macrophage ratio of la: 1 for

O.s, l, 2, 3, and 6 bours. After the infection, macrophages we..-e washed with warm

Hanks solution followed ;y S min treatment with 0.25% glutaraldehyde at 37"C and

again they were washed with warm Hanks solution. The plates were air-dried and

mycobacteria were stained with carbolfucsin (Sigma) for 3 min at SO"C, washed with

water and destained with ethanol-byperchlorique acid mixture. After washing with water

the macrophages were stained with methylene blue for la seconds and infected

macrophages were counted per total of 400 ce1ls. AlI counts were done in quadruplicates.

The percentages of infected macrophages were then estimated for BIOR and BIOS

macrophages.

Proliferative activities of Mycobactetium :smegmatis after exposure to BIOR and

BIOS macrophages.

BIOR and BIOS macrophages were infected with a ratio 2:1, 3:1, or S:I of viable

mycobacteria per macrophage cell suspended in Neuman-Tytell medium supplemented

with IS% FCS and 4mM glutamine; no anb."biotics were added. After 6 bours of

phagocytosis at 37"C, macrophages were washed five times with warm PBS. Uptalœ of

bacil1i was evaluated at time a in ha1f of the dishes after lysis with 2.S% saponin

solution. Remaining dishes were incubated for 48 bours and uptake of bacil1i was
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evaluated at time 48 hours after lysis with 2.5%saponin solution. Both lysates were used

for detennination of CFU of intraeellular mycobacteria Oubos solid medium four days

after inoculation and incubation at 37OC.

Bactericidal assay based on hybridization with a probe specif"1C for mycobacterial

rRNA.

B10R and B10S macrophage celI line were infected with a ratio 10:1 of viable

mycobacteria peI' macrophage celI suspended in Neuman-Tytell medium supplemented

with 15% FCS and 4mM glutamine; no antibiotics were added. After 6 hours of

phagocytosis at 37OC, macrophages were washed five times with warm PBS and

mycobacteria uptake was evaluated at time 0 in half of the dishes for each macrophage

line. The remaining dishes were cultured for 48 hours in Neuman-Tytell medium supple­

mented with 15% FCS and 30 glml of chloramphenicol. Macrophages were then 1ysed

with 2.5% saponin and the lysates were centrifuged 3t 900 rpm for 5 min. Supernatants

containing mycobacteria were collected and bacteria were pelleted at 9,000 rpm for 20

min (Beckman, JA-20). In order 10 extraet M. smegmalis rRNA the pellets were

resuspended in sodium arell!te-EDTA buffer pH 5.1 and 700 ,.ù of zirconium beads. The

mixtures were plaœd in'bead-beater and beaten for 5 min, stopping after 3 min 10 cool

the tube on ire. After phenol extraction, phenol:ch1oroform extraction and chloroform

extraction aqueous phases were precipitated overnight with 2.5 volume of 100% ethanol

and 1/10 of the volume of 3M NaAcetate at -2O"C. The pellets were washed twire with

80% ethanol, dried and dissolved in OEPC treated water. RNAs were then spotted onto

nitrocellulose paper. Nitrocellulose was baked for 1 hour at 8O"C uneler vacuum,

prehybridized for 1.5 hours at 4~ and 2x10
5

cpm per dot of ~-Iabelled 20­

nucleotide-Iong probe specifie for mycobacterial rRNA was added 10 the prehybridization

buffer. The probe specific for mycobacteria was kindly provided by Dr. D. Stahl

(College of VeterinaIy Medicine, Urbana, D). After 12-18 hours of hybridization the

membrane was washed once with IxSSC and 1% SOS solution at room temperatuIe and

3 times with the same buffer at 5O"C followed by exposure 10 XAR film for 4-12 hours.

X-ray pictures were then scanned with the laser scanner 10 estimate the cliffeœnre in the
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hybridization, then the dots were eut out and placed into scintillation vials and counted

in ,B-counter.

RFSULTS

Morphology and Surface Phenotype of the BoDe Marrow-Derived Macrophage

Cell Lines BUtS and BIOR.

We have studied two murine macrophage celllines established from bone marrow

cells of congenie strains BIOA.Bcg' and BlOA.Bcg'. J2 virus-infected bone marrow cells

were grown for 7 weeks before they were c10ned in 0.3% soft agar. BlOR and BlOS cell

lines were similar morphologically, with typical eccentrie nuelei of macrophages, some

eytosolie vacuoles and they were strongiy adherent to plastic. Diff-Quik differential

staining of cytospin preparations revealed that both immortalized cell lines resembled

typical macrophages.

The surface phenotype of the BlOR and BIOS celllines was determined by f10w

cytometry analysis. Asshown in Table 1 both cell lines exhibited a macrophage-like

phenotype since they were strongly positive for Mac-l, Mac-2, Mac-3, F4/SO, Fe

reœptors, LyS and they were negative for T cell markers (Lytl.l, L3T4) and for surface

Ig. The expression of cell surface markers by both cell lines was similar to that of 15­

day-eultured bonc marrow ceIls. As shown in Table 2 there was no significant difference

in the surface phenotype expression among different subclones of BlOR and BlOS

macrophages. Overall, both BIOR and BlOS lines had complete morphological and

phenotypie characteristics of macrophages.

Functional Characteristics of BIOS and BIOR CeII Lines.

Having oblained macrophage lines from the bone marrow of BCG-resïstant and
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TABLE 1. Surface Phenotype of the BI0R and BI0S Cell Linesa

•

Surface
marker

CD
cquivalent

Antibody
dcsignation

% Positive cells
of BIOR cellline

% Positive cells of
% Positive cells
of BIllS cellline

15-day bane marrow
cells culture

.......
\J1

Fc'lR II CDw32 2.4G2 83-97 70-89 75-89
Mael CDllb Ml/70 82-95 99 78-91
Mac2 ND M3/38 52-98 99 29-39
Mac3 ND M3/84 12-68 98 ND
F4/80 ND F4/80 25-60 93 28-65
Ly5 CD45 LyS 87 89 71-79
Lytl.1 CDS 39/3 0.6-2.5 0.4-2.3 1.5
L3T4 C04 H129.19 1.1-3.1 1.0-2.9 1.0
sIg sIg 1.5-2.1 1.1-1.9 1.5-2.2
Ly2.2 COB Ly2.2 0.9-1.0 0.5-1.0 1.4-2.6
MT4 ND MT4 1.0 1.0 1.0-2.5
4011 ND 4011 1.0 0.9-1.5 0.9-1.6

a As analyzed by flow cytometry described in detail in Materials and Methods.
Abbreviation: ND, not determined
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TABLE 2. Comparative Analysis of BI0R and 8105 Subclones

BJ!l5 :rubclooes

BI0S1 BIOSz BI0S3 BI054 BI05s

BI0R :rubçJoo,,",, _

BI0R1 BI0R2 BI0R3 BI084 BI0Rs

7.1 4.2 -? 5.1 ND <1 2.0 <1 1.7 1.4,,-
ND 3S~~ 43"0 55% ND ND 60% 45% SO~~ ~~

ND 8°' 0% 5% -'" ND 62~~ -l9% 58°' 29~~'0 1'0 '0

25% 21% 32% 25% ND 33% ND 1-01 19% ND
" '0•

Surface phenotypea
Macrophage markeIsb +
T cell markersb

B cell markersb

Lysozyme secretionc
Phagocytosis
of mycobacteriad

Bactericidal activitve

Tumoricidal aCtivitYf

+ + + + + + + + +

•

a As measured by flow cytometry, as described in Materials and Methods.
b Markers as described in Table 1.
c Assav as described in Materials and Methods.
d Ma;ophages were infected for 6 h with mycobacteria. and phagocytosis was estimated as

described in Materials and Methods.
e Macrophages were infected with mycobacteria. and bactericidal activity was evaluated by

hybriclization method using an oligonucleotide probe specific for rRNA of mycobacteria as
described in details in Materials and Methods.

f Macrophages activated with 500 ng of LPS/ml for a period of 18 h. Assay as d!!5cribed in
Materials and Methods.

Abbreviation: ND. not determined.
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susceptible murine strains our next step was to compare severa! of the cloned lines for

a number of phenotypic and functional PIOpe.ties.

As shown in Table 2 all celllines tested expressed macrophage but not B cell or

T cell markers. When tested for tumoricidal activity there was no significant difference

in the ability of lines derived from either mouse strain to kill P8lS tumor laget cells.

When the macrophage lines were tested for lysozyme secretion, BIOS-derived

cells evolved higher leve1s of lysozyme than their BIOR counterparts. Despite a 1ack of

strong differences in phagocytic ability, hovewer an analysis of the bactericidal capacity

of the macrophages revea1ed that BIOR-derived lines were significantly more efficient at

killing M. smegmolis than the BIOS subclones.

Two subclones BIOR. and BIOS. were chosen for in-depth study of the functional

capability of macrophages harvested from BCG-resistant and -susceptlble mouse straÎnS•

Our aim was to test whether or not genetic difference between congenic BlOA.Bcg' and

BlOA.Bcg' mice had been maintained by macrophage celllines established from bone

marrow.

C-fms, TGF-Il and la mRNAs Expression iD BUIS and BiOR Macrophage Celi

Lïnes.

In order to estab1ish whether there was any difference between BIOS and BIOR

cell lines at the leve1 of gene expression, total RNA was extraeted and analyzed by

Northern blot analysis. Since the c-fms prowoncogene encoding a high affinity receptor

for CSF-l (colony stimulating factor-l) is highly expressed in mononuc1ear phagocytes

and their precursors but Dot in other leukocyte populations (25,29,31,40), we tested the

expression of c-fms in BIOR. and BIas. celllines. As shawn in Fig. lA c-fms mRNA

was expressed at similar levels in both celllines and it was Dot modulated by IFN--y. The

same celllines were tested for the elI.iJIeSSÏOD of TGF-{:J mRNA and as shawn in Fig•
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FIGURE 1. FJTects or IFN-')' OD the expressiOD or c-rms mRNA, TGF8 mRNA, la.

mRNA and lBS rRNA. 107 œ1ls of B10R (subclone No.4) and B10S macrophages

(subclone No.4) were treated with 10U per ml of IFN-')' for 6, 12 or 24 hours at 37"C.

RNAs were extracted and analyzed by Northem blot for c-fms mRNA, TGFB mRNA,

I-A, mRNA and lBS rRNA as descn"bed in Materials and Methods.
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lB, the levels ofTGF-p mRNA were similar in BIOR and BIOS macrophages and they

were not modulated by IFN--y tIeatment. On the .-:ontrary the induction of I-Ae mRNA

in the two macrophage lines differed. We have consistently observed 3-4 fold higher

expression of I-A. mRNA in BIOR macrophages than in BIOS macrophages (Fig. le).

As shown in Fig. ID the same blot was rehybridized with a probe œcognizing 185 rRNA,

demonstrating an equivalent amount of RNA pet" sample.

Tumoricldal Activity of BIOR and BIOS Macrophage Iines Activated with LPS or

with IFN--y

In a further analysis of the funetional competence of BIOR. and BIOS.

macrophages, the cells were tested for their ability to lyse PSl5 tumor targets in the

presence of either LPS or IFN--y. As shown in Fig.2 macrophage of both lines were

capable of significant tumor lysis. There were no consistant differences in the level of

PSl5 lysis by BIOR. and BIOS. macrophages. These data suggest that macrophages of

both lines were fully able to respond to activating signaIs provided by LPS (Fig.2A) or

IFN--y (Fig.2B) over the same dose range.

Pbagocytosis of M. smegmDlis by BIOS and BIOR macrophages.

Subsequently, we have studied BIOR and BIOS celllines for their ability to

phagocytose M. smegmods. As shown in Fig.3, we have found that BIOS macrophages

phagocytosed mycobacteria better at 0.5, 1 and 2 br, but there was no significant

difference at 3 and 6 hours, (see also Table 2).

mect of BIOR and BIOS Macropba&es on Proliferation of M. smegmDlis.

As illustrated in Fig.4, the BI0R. cellline showed enhanced bacteriostalic activity

against M. smegmods compaIed to the BIOS. cellline. Macrophage celllines were
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FlGURE 2A. Tumoricidal actiYÏty of BUIS and BIOR macropbages. Comparison

oftumoricldal activities ofBlOS and BIOR macrophages acti'fllted with LPS. B10R.

and B1OS. macrophages were activated for 18 hours with LPS at the doses ranging from

Sng to Sllg per ml, washed and PS1S tumor œlls labe1led with IIIIn were added for 18

hours. Supernatant from each weil was then harvested and cyto1ytic activity was

calculated as described in Materials and Methods. The results leplesellt mean values

calculated from S experiments.
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FIGURE 2B. Tumoriddal aetivity 01 BUts and BIOR macropbqes. Comparimn

of tumoricidal activities of BUts and BIOR macropbages activated with IFN-')'.

B10R. and BIOS. macrophages were activated for 18 hours with 1-S0 U of IFN-')' and

S ng of LPS per ml, washed and PS1S tumor œ1ls labelled with mIn were added for 18

hours. Supemalant from each weil was then harvested and cytolytic activity was

caJcn1atM as described in Materials and Methods. The results lepresent mean values

calculated from S expeOments.
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FIGURE 3. Pbqocytosis or M. smegmlllis by BIOA aud BUtS macropbages.

Phagocytosis of Mycobacteria smegnuuis was evaluated after 0.5, l, 2, 3 and 6 hours

infection of BIOSc and BI0Re macrophages with mycobacteria as described in delail in

Materials and Methods. Vertical bars œpresent standard errors for five experiments.
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FIGURE 4. Eft'ect of BUts and Bloa macropba&es OD proliferative activities ofM.

smegnwtis. BI0Rtand BIOS4 macrophages were infected with the ratios 2:1,3:1 or 5:1

of viable mycobacteria per ce11 and mycobacteria uptalœ was evaluated of time 0 and of

48 hrs. The number of CFU of intraœllular mycobacteria was then calculated. Vertical

bars lep! sent SlandaId eI1'01S for four experiments•
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infected with viable mycobacteria at ratios ranging from 2:1 to 5:1 of viable mycobac­

teria per macrophage and incubated for 6 hours, washed and tested for mycobacteria

content immediately after or after additional48 hours of incubation. The number of CFU

of intracellular mycobacteria calcu1ated for the BlaR. cell line was consistently lower

than for the BIOS, cellline.

Bactericidal Activity or BIOS and BIOR Macrophages against M.smegmotis.

We have designed a new method to measure the intracellular destruction of

bacilli. We have studied the mycobactericidal activity of BlaR and BIOS cells by a

hybridization method using an oligonucleotideprobe specific for mycobacterial ribosomal

RNA. As shown in Fig.5 the probe was specific for mycobacteria and hybridized neither

to eukaryotic RNA such as macrophage total RNA, nor to E. coli ribosomal RNA. The

cpm recovered after the hybridization were proportional to the amount of M. smegmatis

rRNA spotted on the nitrocellulose.

As illustrated in Fig.6 BlaR. macrophages but not BIOS, macrophages were able

to e1iminate 55-61% of M. smegmatis within 48 hrs. The results also indieate that the

uptake of mycobacteria at time a was similar for BIOS and BlaR macrophages. Overa11

these data show that BlaR. macrophages are more effective at bactericidal and

bacteriostatic activities than BIOS, macrophages.

DISCUSSION

The resistanœ ofmice to BCG, Salmonella typhimurium and Leishmania donovani

is genetica11y controlled by closely linlœd or identical genes Bcg, lty and Lsh (5,16,23,3­

3). Studieson macrophages isolated from genetica11y-resistant and genetica11y-suscepb.ble
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FIGURE 5. SpecirlCity and seusitivity of oligoDucleotide probe used for a detectiOD

of Mycobacteria. Dot blot analysis of bacterial and eucaryotic RNA was performed to

establish specificity of hybridization to oligonuc1eotide probe. RNA iso1ated from M.

gordoni, M. smegmotis, BCG, E. coli and macrophages was purified, spotted on the

nitrocellulose ranging from 2SOng to 7.S ng for RNA from bacteria and ranging from

2Sl&g to 0.7S I&g for thr. macrophage total RNA. The dot blot was then prehybridized

for 1.S br and hybridized with the 32p-labe11ed oligonuc1eotide probe for 1S hours at 43"C

followed by washing at SO"C. The blot was exposed for 4 hOUIS to XAR film•
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FIGURE 6. Bactericidal activit)' of BIOS and BIOR macrophages. Bactericidal

aetivities of B1OS. and B10R. macrophages were evaluated by the hybridization method

described in delail in Materia1s and Methods. The results Ieptesent mean values

calcu1ated from 6 experiments.
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strains hall shown that macrophages express this gene (11,18,2l,32). In vivo studies with

a temperature-sensitive SoImonelIa ryphinuuium suggested that the gene is controlling

bactericidal mechanism{s) (19). This finding was further supported by in vitro studies of

peritoneal macrophages from Sabnonella-resistant and susceptible mice (36). It bas aIso

been demonstrated that splenie and resident peritoneal macrophages from the Bcg'

congenie mice reduced the proliferative activity of mycobacteria significantly more than

the macrophages from Bcg' mice (ll,30,32). Both the 3H-uracil uptake assay as weil as

CFU measurement method used in those studies evaIuated the ability of macrophages to

modu1ate the proliferative capability of bacilli. The studies to determine the intraee1lular

mechanisms triggering antimicrobial activities of murine macrophages have been

complicated because of the low yield of macrophages isolated from tissues and serous

cavities and because of their heterogeneity.

We report the establishment and comparative anaIysis of homogenous populations

of macrophages immorta1imf from the bone marrow of congenie BlOA.Bcg' and

BlOA.Bcg' mice. Both BlOR and BIOS oell lines morphologicaIly resemble typicaI

macrophages. Moreover, both lines exhibit macrophage surface phenotypes. Both

macrophage oelllines responded to IFN-y and LPS with similar levels of tumoricidaI

activity. We have not found any corre1ation between eytocidal activity and lysozyme

secretion in the macrophage subc10nes which wc tested. Interestingly, the BlOS

macrophages secreted more lysozyme than the BI0R subc1ones. Whether or not the

infection with mycobacteria would affect the ability of macrophages to produce,

accumu1ate and secrete lysozyme remains to be established.

We have aIso established that BI0R and BIOS oelllines expressed comparable

levels of macrophage specifie mRNAs. Since the e-fms protooncogene is expressed in

mononuclear phagocytes and their precursors (25,28,29,31,40), wc tested its expression

in the BlOR and BlOS ce11lines. Both lines constitutively expressed high levels ofc-fms
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mRNA. We did not observe modulation of e-fms mRNA expression by IFN-y in either

macrophage line.

One of the consistent features of macrophages is the augmentation of membrane

la antigen following IFN-y treatment (13,14,26,38,39). Applying fluorescence-activated

cell sorter analysis (FACS), Denis et al. (10) have shown that uninfected splenie

macrophage populations of Bcg congenie mice contained more la positive cells that

splenie macrophage population of Bcg' mice. Furthermore, Zwi1ling et al. have shown,

by indirect fluorescence methods, th::.t IFN-y treatment or BCG infection induced a

prolonged expression of la antigen on the membrane of Bcg but not Bcg' macrophages

(12,37,41). Interestingly, we have observed that BI0R macrophages showed a 3-4 fold

higher induction of I-A. mRNA when stimulated with IFN-y as compared ta BIOS

macrophages. These data indieated that the higher expression of cell surface la antigen

on macrophages derived from resistant strains of mice may be due ta the augmented

expression of I-A. mRNA. Our data do not however, exelude the possibility proposed

by Zwi1ling et. al. that la antigen of Bcg macrophages is more stable !han that of Bcg'

macrophages. The same RNAs were tested for the expression of TGF-p mRNA and we

have found that bath lines express constitutively high levels of TGF-p mRNA and we

have not observed modulation of the TGF-p expression by IFN-y.

In order ta evaluate further functional capacities of bath celllines, macrophages

were tested for their ability ta phagocytose mycobacteria, ta inlubit their proliferation and

eventually ta kill mycobacteria. BIOS macrophages phagocytized mycobacteria better at

O.s, 1 and 2 br but not at 3, or 6 hours. We have observed clear differences between

BI0R and BIOS macrophages in their abilities ta inhibit prolifelation of M. smegmolis

using the CFU assay. This analysis does not, however show whether the baci11i were

killed or their proliferative abilities were impaired. To determine and compare the

mycobactericidal activity of BI0R and BIOS macrophages, we developed a new

hybridization assay which uses an oligonucleotide probe specifie for nbosomal RNA of
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mycobacteria. Since mycobacteria proliferation was deliberate1y bloclœd during the assay

by the addition ofchIoramphenicol, we were able ta test directly whether the baci1li were

destroyed by macrophages. Our data have shown, for the first time, that resistant

macrophages (BlOR) but not susceptible macrophages (BI05) are able ta destroy M.

smeg17ll1lis. The antibiotic used in the assay did not affect the integrity of mycobacteria.

We can not however exclude its influence on the innate ability ta survive inside the

macrophage.

Studies on the abilityofcytokines and other biologica1 response modifiers (BRMs)

ta modulate the bactericidal and bacteriostatic activities of BI05 and B10R macrophage

lines are in progress, and the avai1ability of these celllines will provide an important taol

ta evaluate the molecular bases of the macrophage-mediated , genetica11y-determined host

defenses against mycobacterial infections. The deve10pment of these congenic lines also

represents a crucial step in our efforts ta clone the Bcg gene using subtraetion

hybridization, and ta initiale the struetuœlfunction studies in a transfection madel.
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CHAPTER VI

CLAIMS FOR ORIGINAL RESEARCH

196



•

•

1.

2.

The application of the PCR technology ta assess mycobacterial infection and

multiplication in macrophages, may constitute a major improvement for the study

of the mechanisms that govems mycobacterial growth in cells of the MPS system.

1have developed the method that corre1ales with other widely accepted techniques

used for the estimation of mycobacterial proliferation and viability, such as 3JI­

uracil incoxporalion and CFU, respectiveIy. This method provides a reliable,

simple, lepioducible and iapid tool for the assessment of mycobacterial content

in macrophages.

1 studied the production of nitric oxide by BIOR and BIOS macrophages in

response ta IFN--y and BCG infection. It was found that BIOR macrophages

produced significantly more nitric oxide and expressed more iNOS mRNA than

BIOS macrophages in response ta stimulation with IFN--y. The myc:obacteriostatic

ac'ivity of BIOR and BIOS macrophages correlated with their nitric oxide

production in response ta IFN--y. Therefore, the Bcg gene encoded ability of

BCG-resistant mice ta control faster intrace1lular mycobacterial growth may relate

ta their superior capacity ta produce nitric oxide early after infection.

3. It bas been reported that macrophages from BCG-resistant mice express more

MIIC class n antigens than macrophages from BCG-susceptible mice. We used

BIOR and BIOS macrophages as a mode! ta study the molecular mechanism(s)

underlying this difference. It was found that differences in MIIC class n I-A

surface expression between BIOR and BIOS macrophages in response ta IFN--y

correlated with differences in I-A_ mRNA expression. This difference in I-A.

mRNA expression by BIOR over BIOS macrophages was observed in dose­

response as weIl as in kinetic studies.

•
4. The moIecular mechanism(s) underlying the I-A_ mRNA differencebetween BIOR

and BIOS macrophages were further investigated. It was found that both
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5.

transcription of the I-A, gene, and I-A. and I-A.. mRNA stability differed

between BIOR and BIOS macrophages. It was also observed a modest difference

in the transcriptional activity ofisolated nuclei from BIOR and BIOS macrophages

stimulated with IFN-')'. Furthennore, the I-A,. and I-A6 mRNA were significantly

more stable in BIOR compared to BIOS macrophages. These results suggest that

both transcriptional and post-transcriptional events are responsible for the

difference in I-A surface antigen expression between BIOR and BIOS

macrophages.

The studies pelformed on the transcriptional activation of the I-A, gene of BIOR

and BIOS macrophages indieated that 5, X, and Y motifs of the I-A, promoter

bound proteins present in nuc1ear extract preparations from unstimulated and IFN­

-y-stimulated macrophages. An increase in protein binding to the X and Y cis­

acting e1ements of the I-A6 gene promoter of BIOR and BIOS macrophages at the

early time points after IFN-')' stimulation was observed. This increase in protein

binding in response to IFN-')' suggests that an association between increase in

protein binding activity and transcription of the I-A, gene may exist.
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