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Comparative Analysis of T Lymphocytes Recovered from the
Lungs of Mice Genetically Susceptible, Resistant, and
Hyperresistant to Mycobacterium tuberculosidriggered
Disease

Irina V. Lyadova, 2* Evgenyi B. Eruslanov,* Sergei V. Khaidukov," Vladimir V. Yeremeev,*
Konstantin B. Majorov,* Alexander V. Pichugin,* Boris V. Nikonenko,*
Tatiana K. Kondratieva,* and Alexander S. Apt*

Genetic control of susceptibility to tuberculosis (TB) is being intensively studied, and immune responses to mycobacteria are
considerably well characterized. However, it remains largely unknown which parameters of response distinguish resistant and
susceptible TB phenotypes. Mice of I/St and A/Sn inbred strains and (A/Six I/St)F, hybrids were previously categorized as,
respectively, susceptible, resistant, and hyperresistant tMycobacterium tuberculosig¢riggered disease. In the present work we
compared parameters of lung T cell activation and response followind/l. tuberculosischallenge. In all mice, the disease progres-
sion was accompanied by a marked accumulation in the lungs of activated CD4(CD44"9"/CD45RB°") and CD8* (CD44"9"/
CD45RB*) T cells capable of secreting IFNy and of activating macrophages for NO production and mycobacterial growth
inhibition. However, significantly more CD8* T cells were accumulated in the lungs of resistant A/Sn and fcompared with 1/St
mice. About 80% A/Sn and F, CD8" cells expressed CD44"/CD45RB" phenotype, while about 40% 1/St CD8" cells did not
express CD45RB marker at week 5 of infection. In contrast, in susceptible I/St mice lung CD%cells proliferated much more
strongly in response to mycobacterial sonicate, and a higher proportion of these cells expressed CD95 and underwent apoptosis
compared with A/Sn cells. Unseparated lung cells and T cells of I/St origin produced more IL-5 and IL-10, respectively, whereas
their A/Sn and F1 counterparts produced more IFN-y following infection. F, cells overall expressed an intermediate phenotype
between the two parental strains. Such a more balanced type of immune reactivity could be linked to a better TB defenseélhe
Journal of Immunology, 2000, 165: 5921-5931.

T uberculosis (TBJ is a major cause of mortality world-
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wide; thus, elucidation of immunologic mechanisms of susceptible to mycobacterial infections. The mechanism by Wthh—‘

the host resistance againslycobacterium tuberculosis IFN-y mediates anti-mycobacterial activity is thought to be mac-
infection and of the pathogenesis of TB is a high priority objective.rophage activation for the production of NO, the metabolite that
Studies in mice bearing disrupted genes for several cytokines haysiays a pivotal role in mycobacterial intracellular killing (15). An-
shed some light on this problem. The type 1 cytokines -&ld  other type 1 cytokine that is able to up-regulate NO production by
IL-12 were found to be essential for the development of protectivemacrophages, TN&; apparently displays a dual role in the course
immunity (1-4), confirming the concept that IFNproducing  of M. tuberculosistriggered disease. Besides the host-protectived
CD4" and CD8 T cells are crucial for the control of mycobac  anti-mycobacterial activity of TNRe (16), its ability to cause tis-
terial infections (5-10). These experimental data are in agreemegjye damage may contribute to lung pathology and to a more rap|@
with recent findings in humans. Thus, it was shown that individ-geath of the host (17, 18).
uals lacking functional IFNy receptors (11, 12) or IL-12 receptors  Although murine experimental systems based upon genetic disg
ruption of genes encoding central elements of host defense have
proven to be extremely useful analytical tools, they possess at least

*Department of Immunology, Central Institute for Tuberculosis of Russian Academy gne major intrinsic disadvantage for modeling the spectrum of ge-
of Medical Sciences; antL.aboratory for Immunochemistry, Shemyakin and Ovehin . di iabili . in th | lati
nikov Institute of Bioorganic Chemistry of Russian Academy of Sciences, Moscow, N€tIC and iImmune variability existing in the general population.
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Russia Gene targeting that results in the complete abrogation of any key
Received for publication December 20, 1999. Accepted for publication Augustfunction of the immune system leads to a defect in protection
14, 2000. against infection which is extreme. Given that such defects are

The costs of publication of this article were defrayed in part by the payment of Pagenormally rapidly eliminated from a population by natural selection,
charges. This article must therefore be hereby masddertisemenin accordance h h | | f h h |
with 18 U.S.C. Section 1734 solely to indicate this fact. they ard y cou d account for the much more common, modest y

1 This work was supported in part by the World Health Organization Global Programsuscept.'ble phenOtypeS' Genetic and immunologic mechamsms
for Vaccine Development and a Wellcome Trust research grant (to A.S.A.). underlying the expression of the latter could be more rationally
2 Address correspondence and reprint requests to Dr. Irina V. Lyadova, Laboratorptudied by the traditional means of segregation genetic analysis
for Immunogenetics, Central Institute for Tuberculosis, Yauza Alley 2, Moscow and interstrain Companson of several parameters of the immune
107564, Russia. E-mail address: asapt@aha.ru

2+ Abbreviat dinthi B tuberculosis: TAAD. 7-ami ; - response. It should be emphasized, however, that quantitative in-

reviations used in this paper: TB, tuberculosis; , 7-amino-actinomycin D; P - . .

BrdU, bromodeoxyuridine; RNI, reactive nitrogen intermediates; CD95L, CD95 terstrain differences Conf:err_]mg’ for_ example, cytokine pI’OdUCtIOh
ligand. or the degree of cell activation are in most cases under polygenic

Copyright © 2000 by The American Association of Immunologists 0022-1767/00/$02.00
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control. Thus, the interpretation of results obtained by comparisorirom HyClone, Carlington, The Netherlands), 200 U/ml collagenase, and
between conventional mouse strains is usually far more ambiguou) U/ml DNase (Sigma, St. Louis, MO). Single-cell suspensions were ob-

; ; - ; ained by vigorous pipetting. Cells (hereafter referred to as unseparated
than that of results from experiments with gene-targeted anlmaléc'ells) were washed and resuspended in culture medium, i.e., RPMI 1640

Nevertheless, using these traditional approaches we demog—upplememed with 5% FCS, 10 mM HEPES, 2 mAdlutamine, 1% non-
strated the impact of several-2 and norH-2 genetic loci on the  essential amino acids, pyruvate,> 10~° 2-ME, antibiotics (all from
course of a lethal TB infection and clarified several aspects of thélyClone). T lymphocyte enrichment was achieved by sequential elimina-
immune response to mycobacterial Ags following Calmette-g°”rg;iﬁ!ﬁglc‘e;‘éﬂzrgggacnjl ”Bl:'ﬁt” ‘E\;%‘;"?ﬂgecggnﬁe”; CV:’;I}'SCha;egleltlﬁd in
Gudin bacillus vaccination and infection (19—22). In partlcula_r, it mpir?ed by trygan blue exclusign, v)\//a393% y '
was found that the severe course of the disease caused B¥.i.v.
tuberculosisH37Ryv injection in mice of the I/St inbred strain con- Cloning of lung T cells

trasts_sharply Wi_th its relatively mild de_velo_pment in mice_ of the To estimate the efficacy of lung T cell cloning, T-enriched lung cells were
A/Sn inbred strain (22, 23). Genome-wide linkage analysis of thecloned by limiting dilutions as described previously (25). Briefly, lung T
severity of TB showed a significant linkage with microsatellite loci lymphocytes obtained at week 5 postinfection were enriched in mycobact-

on distal chromosome 3 and proximal chromosome 9 in female&'ia-specific cells by stimulation in vitro with H37Rv sonicate; the latter
and suaggestive linkages for both sexes with loci on Chromosomewere isolated by centrifugation on Lympholyte M gradient (Cedarlane,
99 g 6ntario, Canada) and cloned in the presence of H37Rv sonicate, irradiated

5, 8, 10, and 17 (23). Despite the fact that chromosome regiongp|enic APCs, and conditioned medium, as a source of cytokines. Positive
surrounding corresponding quantitative trait loci contain severalvells were restimulated in situ or were split into new wells every 10-14

genes that regulate the function of cells of the immune systen§lays. The efficacy of T cell cloning in response to Con A (@gml; 9
(candidate genes), the physiologic basis for the difference in Sus’:}lgma) was estimated for freshly isolated T-enriched lung cells from eithers

ibili b / d A/ . - Infected or naive mice. Cells were stimulated once with Con A, APC, and§
ceptibility to TB between I/St an Sn mouse strains rem"s"nscytokines at the beginning of experiment, and the number of positive wellsg

unknown. Interestingly, it was found that in (I/St A/Sn)F, hy-  was estimated microscopically between days 7 and 12 of culture.
brids both mortality and body weight loss following tuberculous
challenge were significantly postponed compared even to resistaft’
A/Sn parental mice (20, 23, 24). Thus, the combination of resistanT-enriched lung and spleen cells El@nixed with 3 X 10° syngenic APC
A/Sn, susceptible 1/St, and hyperresistaphfice probably reflects  0r 3 X 10° bulk lymph node cells were cultured in a well of 96-well

; ; ; : t-bottom plate (Costar, Badhoevedorp, The Netherlands) at 37°C in 59
the spectrum that exists .In the general population and provides %aoz in the presence of 1f.g/ml H37Rv sonicate. All cultures were per
useful tool to study functional aspects of TB control. formed in triplicate, and nonstimulated wells served as controls. Culture

To address this issue, we have started to study the properties @lere pulsed with 0.5Ci of [*H]thymidine for the last 18 h of a 48- to 72-h
immune T cells that reside in the lungs of infected mice, assumingncubation. The label uptake was measured in a liquid scintillation counte
that their responses to mycobacteria play the pivotal role in botHWaIIa_c, Turku_, Finland)_ after hgrvesting the well’'s contents onto fiber- g
protection against and pathology M tuberculosistriggered dis- glass filters using a semiautomatic cell harvester (Scatron, Oslo, Norway)z;g
ease. It was demonstrated that after the onset of infection lung Btaining of cell surface molecules

cells_of ﬁgjceptllble /St mice rapidly acquire the CDA4 . Lung cells (3-5x 10°) were washed twice in PBS containing 0.01% NaN 2
CD45RB ™" activated surface phenotype. These cells readily;,q°0.50 BSA and were incubated for 5 min at 4°C in the presence ofZ

proliferate in the presence of mycobacterial Ags and produce sew=D16/CD32 mAbs (clone 2.4G2, PharMingen, San Diego, CA) to block Fc S
eral type 1 and type 2 cytokines, with a bias toward IL-10 synthesigeceptors. Cells were then double or triple stained with directly conjugateds

(25). Here we report on the comparative ex vivo study of T lym-Abs ggclo]:fznﬁ o Itg;:/?gnufac)turer’s inStLUC“O o Allpﬁbswf_xcept Egg g
. . nti- clone , olgma) were purchased from armingen: -G
phocytes recovered from the lungs of susceptible I/St, resistant .. ~pa (clone H129.19), PE-anti-CD8a (clone 53-6.7), PE-anti-CD44 &

AJSn, and hyperresistant (I/St A/Sn)F, mice following tubercel (clone IM7), FITC-anti-CD45RB (clone 16A), PE-anti-CD28 (clone g

oliferative response
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lous challenge. 37.51), FITC-anti-CD152 (CTLA-4, clone UC10-4F10-11), FITC-anti- &
CD95 (clone Jo2), and FITC-anti-CD95 ligand (anti-CD95L; clone ¢
Materials and Methods MFL3). Stained cells were washed twice, fixed with 1% paraformaldehyde,&

- and analyzed by flow cytometry.
Animals y y 4 y

I/StYCit (I/St), AIJSNYCit (A/Sn), and (A/Srx 1/St) F, mice were bred
at the animal facilities of the Central Institute for Tuberculosis (MOSCOW, Unseparated |ung cells recovered from the |ungs of infected mice wer
Russia) according to the rules of Russian Academy of Medical Sciencessultured in 24-well plates (fwell) in the presence or the absence of 10
with water and food provided ad libitum. Female mice, 2-4 mo of age, ,g/ml H37Rv sonicate for 40 h. Cells were harvested and stained with
were used. PE-labeled anti-CD4 or anti-CD8 mAbs (Caltag, South San Francisco,
CA), followed by staining with FITC-annexin V and 7-amino-actinomycin D
(7AAD; PharMingen), according to the manufacturer's instructions. 7AAD
Mice were infected i.v. with 19 10%, or 1 CFUs of mid-log phasé. stain was used because, unlike propidium iodide, its fluorescent spectrum
tuberculosisstrain H37Rv (collection of the Central Institute for Tubercu- allows gating of PE-stained cell subsets.

losis) in 0.5 ml of saline. The method of establishment of clump-free, . . .
mid-log phase mycobacterial preparations was described previously in désssessme.nt of T cell proliferation by bromodeoxyuridine (BrdU)
tail (22, 25). To assess mycobacterial load in spleens and lungs, 0.2 ml dicorporation

serial 10-fold dilutions of organ homogenates was plated onto Dubos aga
and colonies were counted after 18—20 days of incubation at 37°C.

Apoptosis evaluation

&bz 1udy 61 uo ¥

Infection

Int week 5 postinfection, mice were injected with 2 mg of BrdU (Sigma)
i.p. Two hours later, auxiliary lymph nodes were extracted, single-cell
Lung, spleen, and lymph node cell suspensions suspensions were prepare_d individuall_y, and BrdU incorporation was as-
sessed as described previously by Esin et al. (27). Cells were washed in
Two, 5, and 8 wk following challenge, mice were euthanized by injectionmouse tonicity HBSS supplemented with 5% FCS and 20 U/ml DNase |
of an overdose of thiopental (Biochemie, Vienna, Austria), and suspensionSigma). CD4 and CD8 membrane markers were stained with PE-labeled
of spleen, auxiliary lymph nodes, and lung cells were prepared individu-mAbs. Cells were washed in supplemented mouse tonicity HBSS and fixed
ally. Lung cells were isolated using the method described by Holt et al. (26)vith 1% paraformaldehyde in PBS containing 0.01% Tween 20. After 96 h
with our modifications (25). Briefly, blood vessels were washed out, andof incubation at 4°C, cells were washed and incubated with DNase solution
repeated bronchoalveolar lavage was performed using 0.02% EDTA-HBS&.2 mM MgCl,, 10 uM HCI, and 50 U/ml DNase in 0.15 M NaCl) at 37°C
solution. Lung tissue was sliced into 1- to 2-fpieces and incubated at for 60—120 min. After washing, cells were stained with FITC-anti-BrdU
37°C in RPMI 1640 containing 5% FCS, antibiotics, 10 mM HEPES (all mAbs (Becton Dickinson, San Jose, CA), washed in PBS/FBS/Tween 20
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(PBS supplemented with 0.5% Tween 20 and 5% FBS), resuspended iStatistical analysis

PBS, and analyzed by flow cytometry. N . . )
y y y y The significance of the differences was estimated by Studetest, Wil-

Flow cytometry of stained cells coxon test, and Mann-Whitney tegt.< 0.05 was considered statistically
significant.

An EPICS Elite flow cytometer (Coulter, Miami, FL) equipped with a

Cyonics argon laser (Uniphase, San Jose, CA) with excitation at 488 nnfResults

and 15-mW power, and barrier filters at 488BK, 550DL, 525BP, 625DL, Mycobacterial growth in lungs and spleens of infected mice
and 575BP, was used throughout the experiments. At ledstell® from

each sample were analyzed, and the data were processed by means@foups of I/St, A/Sn, and Hemale mice were challenged i.v. with
MultiGraph software (Coulter). Unstained cell controls were analyzed at] (> M. tuberculosisH37Rv CFUs, and individual whole-organ-ho
each time point. mogenates of lungs and spleens were plated in serial dilutions onto
Cytokine assays agar dishes to determine mycobacterial recovery. As shown in Fig.
) 1, during the first 2 wk of infection mycobacterial multiplication
ELISAs were used to detect |L-4, IL-5, IL-10, IL-12, TN&-and IENyin 0 hrominent in spleens of all infected mice: at least 20 times
48-h culture supernatants. Capture and detecting (biotinylated) mAbs spe- . . .
cific for mouse cytokines were purchased from PharMingen: for 4£N- MOre myCObaCte”? were recoverec_i compared with the numbe_r In-
clones R4-6A2 and XMG1.2 (sensitivity, 312 pg/ml); for IL-4, clones jected. An approximately 5-fold difference between susceptible
11B11 and BVD6-24G2 (sensitivity, 62 pg/ml); for IL-5, clones TRFK5 /St and two other mouse strains was observed (F4). The size

and TRFK4 (sensitivity, 24 pg/ml); for IL-10, clones JES5-2A5 and JES5- 4t the mvcobacterial population residing in lunas 2 wk postinfec-
16E3 (sensitivity, 312 pg/ml); for IL-12, clones C 17.8 and C 15.6 (sen- Y pop 9 g b

. . . o
sitivity, 250 pg/ml); and for TNFe, clone MP6-XT22 and polyclonal Abs tlon was considerably Smalller the,m that in spleens, ‘de mycobacz
(sensitivity, 125 pg/ml). ELISAs were performed following the manufac- terial burden was 10-fold higher in I/St compared with A/Sn and 3
turer’s instructions. A standard curve for each assay was generated with; mice (Fig. B). At week 5 following challenge, the number of
known concentrations of mouse riL-4, riL-5, rlL-12, and rTNRall from mycobacteria in spleens of susceptible 1/St mice remained conz
PharMingen), riL-10 (Sigma), and riFh{Genzyme, Boston, MA). stant, whereas in spleens of both A/Snh andfice mycobacterial

Antimycobacterial activity of macrophages load decreased to a significantly lowey € 0.03) level (Fig. B).
To assess the anti-mycobacterial activity of macrophages, we used t In the lungs, the enlargement of the mycobacterial population be
method described by Stach et al. (28) with modifications (25). Brieﬂy,hﬁ"een weeks 2 and 5 was registered in all three mouse straifis
peritoneal exudate cells (18 10°) were incubated fol h on60-mm petri ~ 0-01 compared with week 2). Again, the mycobacterial population:
dishes (Costar) in 3 ml of antibiotic-free cultural medium at 37°C. Plasticreached about 10-fold higher numbers in I/St compared with A/S
nonadherent cells were removed, and plastic adherent cells were detachegd = 0.01) and £ (p = 0.02) mice (Fig. B). At week 8 postin

by incubation in 2 mM EDTA-PBS. Plastic adherent cells{(80%; >90%  faction, the mycobacterial population diminished in size in spleen
of nonspecific esterase-positive cells) were put in a well of a flat-bottom

96-well plate (Costar) and 12 10* live-filteredM. tuberculosisvell were (Fig. 1A) and r.educed the speed of growth in lungs (FiB) of

added. Infected macrophages were cocultured with §0%well lung or ~ A/Sn and K mice. In contrast to the generally good health of all
spleen T cells freshly isolated from infected mice. T cell-free cultures ofresistant animals at week 8 postinfection, only 4 of 11 I/St mice=
mycobacteria-loaded macrophages, supplemented or not with 100 U/mdyryived (one, one, and two in three independent experiments)@
recombinant murine IFN- (Genzyme), served as positive and negative which did not allow us to reliably estimate the bacterial load in %

wony pepe

hol//:dny

ee'sjeul

[¢]

pd—epgueng’(’mwwlrﬁl

[¢]
A

expressed as counts per minute. concerning interstrain differences in susceptibility to infection (20
22) and the dominant inheritance of resistance baybrids (24)
are applicable to the dynamics of mycobacterial growth in organ

NO production was assessed as described previously (29). Briefly, peritadf infected mice.

neal macrophages were loaded with tuberculosisand cultured with or o .
without addition of T cells as described above. Thirty-six hours later, 100Lung T cell subsets following infection
wl of Griess reagent was added to 1@Dsupernatant aliquots in the wells

senb Aq pd'L FBa/6zs L

NO production by infected macrophages

of a round-bottom plate, and plates were incubated for 10 min at roc)mThe total cell yield from the lungs of naive and infected mice of the 5

temperature. Absorbance was measured at 550 nm in a micro-ELISANree strains was estimated by microscopy of unseparated lung Ce?d

reader (Sigma), using a 620-nm reference filter. suspensions. The proportions of CQ3CD4*, CD8", and NK- &
5
A B
10° 108

FIGURE 1. Dynamics of myco-
bacterial multiplication in spleens)
and lungs B) of infected I/St, A/Sn, S 10" 1 ./T o 1071
and K mice. Groups of micen(= % £
4-6) were infected iv. with 10 1 . -
CFUs of M. tuberculosis Two, 5, g 1071 & 10°1
and 8 wk following the challenge, se- g
rial dilutions of whole organ homog- E L
enates were plated individually onto  ©  10° © 10°
Dubo agar for CFU assessment. The
number of CFUs per organ are "
shownl, I/St; [, A/Sn; ¢, F,. 10 T T T T T 10* T T v T v

2 5 8 2 5 8

weeks post-infection weeks post-infection
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1.1" cells were assessed in T-enriched cell suspensions by flow

cytometry (see the footnote to Table ). A: lungs ovst B: lymph
In naive mice there were no apparent interstrain differences with mA/Sn| 15 nodes

respect to the total number of cells recovered from lungs. The total BF1 12 4

cell yield was relatively low (8—10< 10°/mouse), and the CD4/ <,

CD8 ratio in the CD3-positive population was uniformly close to % 9 -

1.3:1 (data not shown). As shown in Table I, the cellularity of §:4 T .

lungs of all three strains was markedly elevat@d<( 0.05—-0.01) g 6 1

throughout the infectious course compared with that in uninfected 2 1 3 4

syngenic controls. Accumulation of bulk CD3JT cells following

infection was more pronounced in the lungs of A/Sn aparfice 0 - 0

compared with that in I/St mice. The most notable difference be- 2wk 5wk 8 wk 5wk

tween susceptible I/St and resistant A/Sn andnfice was that - - i
ignificantly higher numbers of COST cells were recovered from FIGURE 2. Ag-specific proliferative response of T-enriched lung cells
signi (A) and lymph node cellsB) to M. tuberculosissonicate. Mice were in-

Iunglsl of the latter tV,VO strains throughout Infe(.:thm{i 0.05). In fected with 18 CFUs of H37Rv i.v. Proliferation was assessed 2, 5, and 8
addition, in K hybrids the total lung cellularity as well as the (lung cells) or 5 (lymph node cells) wk following challenge and is ex-
number of CD4 T cells increased earlier than in either parental pressed as®H]thymidine uptake (lung cells: cpmt SD for four indepen
strain (Table I, second weely < 0.05). NK-1.I" cells were  dent experiments; lymph node cells: counts per minat&D for three
scarcely present in the lungs of all mice 1.5% positive cells; individual mice). Only 4 of 11 I/St mice survived longer than 8 wk (1, 1,
data not shown). and 2 in three independent experiments), which did not allow us to estimat
reliably their response, Significant differences between A/Sn and I/St .

Proliferation of lung and spleen T cells in the presence of
mycobacterial Ag g
It was of interest to find out whether the proliferative capacity Of:_evels_ of proliferation. S|m_|!ar results were obtained whe_n the pro

. . - . iferation of cells from auxiliary lymph nodes at 5 wk postinfection
lung T cells is essential for the expression of the resistant phenov-vas measured (FigB. Taken together, these results suggest that
type. We also wished to clarify whether a more pronounced accu- . 9. 9 ’ 99 2

. . ; : . ither a more pronounced accumulation of T cells in the lungs nog
mulation of these cells in resistant animals is the consequence Q

their capacity to proliferate more vidorously in response to m co-?he ability of the host to better control the disease is due to Ag-induced
pacity fo p g y P YEO 50l T cell proliferation in the vicinity of tuberculous foci.

bacterial Ags. Thus, we assessed the level of lung T cell prolifer- A more vigorous proliferation of I/St T cells could simply reflect

ation in the presence of syngenic splenic APCs and H37Rv sonié higher mycobacterial load in these mice throughout infection
cate as a source of Ag. Unexpectedly, I/St lung T cells started t 9 y 9 -

proliferate earlier following challenge and retained a higher pro- Fig. 1) or could be due o their intrinsic capacity to develop higher

. . - . . levels of mycobacteria-specific and/or nonspecific T cell re-
liferative capacity p = 0.02) throughout the infectious course sponses. To distinguish between these two possibilities, groups &
than their A/Sn counterparts (FigAR In four of five experiments P ’ 9 P » group

A/Sn lung T cell did not proliferate at all at 2 wk postinfection. VSt mice were infected V\{'th Qecreasmg.doses of mycobacteria an§
) - ! . compared with A/Sn mice infected with a standard dose® (10 =

Furthermore, lung T cells from ;Fmice exhibited intermediate . . h . N
CFUs) with respect to mycobacterial load in their lungs and ca-g

pacity of lung T cells to respond to the mycobacterial sonicate. As§
shown in Table II, I/St lung T cells responded to the Ag almost &
Table 1. Cell yield (16/mouse) from lungs of infected 1/St, A/Sn, and  regardless of the challenging dose of H37Rv. Moreover, when I/S&

sjeusnol//:dyy woly pePeojumoq

SolLE/lOUNW

/G9 1 /4pd

F, mice mice were infected with fOCFUs and the mycobacterial load in ::
their lungs did not differ from that of A/Sn mice challenged with &
I/st AISn R 10° CFUs, a dramatic interstrain difference in proliferative re S
Total sponse was still present (Table II). >
2 wk 14.1+ 4.7 16.7+ 2.3 21.8+ 0.2 The suggestion that lung T cells of infected 1/St mice proliferate =
5 wk 157+ 4.9 25.2+10.5 29.4%+9.2 more vigorously in the course of infection was further confirmed in 8
8 wk ND 40.7+ 7.8 31.6*+ 21.3
CD3
2 wk 2.1=0.9 40> 13 61x16 Table II. Interstrain difference in capacity of lung T cells to proliferate
5 wk 35+1.3 7.0x 3.2 6.6+ 0.4 . . h .
8 wk ND 74+ 54 73+ 18 in response to mycobacterial sonicate does not depend on mycobacterial
CD4 e T burder?
2 wk 1.6+ 0.8 1.9+ 1.0 3.8+x0.8
5 wk 21+0.6 3.1+1.6 3.6+ 15 Mouse Strain and Size of
8 wk ND 46+ 34 4.1+ 0.6 Inoculum Lung CFUs/Mouse A cpm
CD8
2 wk 1.0+ 04 1.9 0.6 2.4+ 1.0 st
5 wk 15+ 04 35+ 1.0 28+ 0.2 10° 8.1+ 0.9x 10° 2226+ 245
8 wk ND 2.9+ 1.9 33+ 16 10° 2.6+ 0.9x10° 2730 190
10° 9.5+ 0.3x 10° 3511+ 320
2 Cells were obtained by enzymatic disruption of lungs from four mice in each A/Sn
group, pooled, and counted (total). Percentages of COD4", and CD8 cells 10° 6.3+ 0.5x 10* <200

were estimated by flow cytometry of T-enriched cell suspensions, and the yield of
corresponding T cell subsets was calculated by multiplying the percentage by the total 2 Groups of I/St and A/Sn micen(= 4) were infected i.v. with indicated doses of
yield of nylon wool-nonadherent cells. Values are means from three to four indepenM. tuberculosis 2 wk postinfection, lungs were extracted and weighed. Approxi-
dent experiments: SD. Values for A/Sn and fcells that differ significantly from mately one-third of the lung from each mouse was homogenized and plated in serial
those for I/St cells are in boldp( < 0.05 as determined by Studentsest and dilutions onto Dubos agar for individual CFU counting. CFU represent calculated
Wilcoxon’s U criterion). Only 4 of 11 I/St mice survived longer than 8 wk (1, 1, and numbers per whole organ. The rest of the lung was enzymatically digested, cells from
2 in three independent experiments), which did not allow us to estimate reliably theour mice were pooled, and suspensions were enriched for T cells and used for pro-
cellular counts. liferative response assessment as describédaiterials and Methods
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T cell cloning experiments. As shown in Tables Il and 1V, I/St and Table IV. Clonal growth (% of positive wells) of lung T cells after
A/Sn lung T cells extracted at 5 wk postinfection showed strik- stimulation with Con A

ingly different patterns of growth under identical limiting dilution
conditions (described previously (25)). During the initial three Lung T Cells from

stimulation/rest cycles, the efficacy of cloning (the number of pos-  furoe! of Naive mice Infected mice
itive wells) for I/St lung T cells was at least 10- fold higher than
that for A/Sn cells (Table Ill). Moreover, a few initially established 10 I/St 0 ND
A/Sn T cell clones ceased to proliferate at the fifth to sixth stim- 50 A;g? g N2D3
ulation round, while several I/St clones were successfully A/Sn 1 3
expanded. 250 ISt 25 83

To determine whether the difference in cloning efficacy was due AISn 24 21
to the inherently poor T cell clonal growth in A/Sn mice or was 1250 Alllssrt1 I[I\IDD >9356

secondary to differently developing lung disease, we have esti
mated parameters of clonal growth in the presence of the T cell *SeeMaterials and Methodsor details.
mitogen Con A. Lung T cells were obtained from infected and
naive I/St and A/Sn mice and cloned by limiting dilutions in a

single Con A stimulation round. The frequency of Con A-respond-cpg) Abs with either anti-CD95 or anti-CD95L, or double stained
ing precursors was identical in the lungs of naive I/St and A/Snyith anti-CD4 and anti-CD8 Abs in reciprocal combinations with
mice (Table 1V). However, the size of all proliferating cell popu- gnti.cD28, anti-CD152, or anti-CD1d-Abs.
lations of A/Sn origin by day 12 of culture was limited to 20-40 N major interstrain differences were found in the expression of
cells, whereas the vast majority of I/St-positive wells containedcps4/CD45RB molecules on T cells before challenge (Fig. 4,8
several hundred blast-like cells. The difference was even morgates 1-3. Regardless of the mouse strain, 30—45% CRélls
striking when T cells were obtained from infected mice. In addi- 344 15-30% CD8 cells expressed the CD4%/CD45RB" phe
tion to the manyfold bigger size of individual I/St clones, a higher notype of resting/naive cells. Approximately 20—40% CDand
frequency of positive wells in I/St cultures was apparent (Tablezg_ggo, cDg cells expressed the phenotype of activated cells:
IV). These results suggest that I/St lung T cells are more readil)(CD44+/CD45RBow and CD44 /CD45RB', respectively). The
activated for further proliferation both in vivo by infection and in |g|ative abundance of activated lung T cells before challenge i
vitro by Con A stimulation than their A/Sn counterparts. most likely due to routine stimulation of the respiratory tract with
To confirm that the interstrain difference in the proliferative ca-jnhaled antigenic substances. Since the expression of CD44 angl
pacity of T cells was not restricted to the in vitro experimental cp45 markers is known to vary naturally between mouse straing
system, we assessed the proliferation of T cells in situ by Brdy3), it was important to show that there was no major intrinsic$
incorporation. At 5 wk postinfection, I/St and A/Sn mice were genetic variation with respect to this trait in the strains under study =
injected i.p. with BrdU, and its incorporation into CD4and  As early as 2 wk postinfection, the percentage of CD44-positive2
CD8" lung and lymph node T cells was individually analyzed by activated lung T cells markedly increased in both major subsetss
flow cytometry. As shown in Fig. 3, among lymph node cells ex- (gata not shown) and remained remarkably high throughout infec=
tracted from I/St mice, about twice as many € 0.05, by Mann- jon_ At 5 wk only about 10-20% of the cells retained the C944

Whitneyt test;n, = 4;n, = 4) CD4" and CD8' cells incorpe  phenotype and up to 90% were expressing CD44 activation mark
rated BrdU compared with A/Sn cells, thus confirming the results(Fig_ 4, plates 4—6and10-19.

obtained in vitro. The proportion of lung T cells incorporating
BrdU was too low to draw conclusions.
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The most prominent difference between mouse strains was iig
CD45RB expression at 5 wk following challenge. Activated CD4 g
cells are known to strongly reduce CD45RB expression (31),3
whereas activated CD8cells are thought to continue to express g

=}

Given the differences in the ability of I/St and A/Sn T cells to this molecule (32, 33). Between weeks 2 and 5 postinfection, there
proliferate in vitro in response to mycobacterial Ags, we wondered g

Lung T cell surface phenotype before and after infection

whether the expression of T cell activation markers and of co- %
stimulatory molecules also differ in the lungs of these mice. T- =
enriched lung cell suspensions were triple stained with Abs against o Austcha
either CD4 or CD8 subset marker in combination with anti-(CD44, w
CD45RB) Abs, triple stained with the combination of anti-(CD4, , \ 7.78%
2 N{_J, § J\.wém./\‘“\’ o
Table Ill. Clonal growth (percent of positive wells) of lung T cells M CIfSt, CD8 s D:A/Sn,CD8
extracted at week 5 postinfection after stimulation with H378bnicate
Initial Stimulation Round /M\w _5%8% _248%
Number of L Mgt I PO PO
Cells/Well Mouse Strain 1 2 3
BrdU-FITC
500 I/St 47 53 65 ] o
A/Sn 1 0 0 FIGURE 3. BrdU incorporation in vivo by CD4 (A andB) and CD8
1500 1/St 83 91 >05 (C andD) cells extracted from auxiliary lymph nodes at 5 wk postinfection.
AISn 6 9 1 Mice were given BrdU i.p2 h before being euthanized. Auxiliary lymph
4500 I/St >95 NS NS nodes cells were stained with PE-anti-CD4 or PE-anti-CD8 mAbs followed
AlSn 42 17 26 by staining with FITC-anti-BrdU mAbs and were assessed by flow cytom-
a SeeMaterials and Methodgor details. etry. Four mice of each strain (two independent experiments) were ana-

P NS, Nonstimulated, due to the polyclonal growth. lyzed individually, and the results of one experiment are shown.
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I/St, CD4" AlSn, CD4" F,, CD4" Ust, cD8* ASn, CD8* F,, CD8*

3 7 8 9
¥ 23 66 81

29

25

15 10

CD45RB

FIGURE 4. Expression of CD44/CD45RB molecules by CD&anels 1-$and CD8 (panels 7-12lung T cells. Cells were isolated from lungs of
control or infected mice and were analyzed by flow cytometry after gating'GD4D8" cells. Numbers represent the percentage in each quadrant. Two
independent experiments gave similar results.

was a progressive decrease in CD45RB expression by CD4-possurface of lung T cells at 2 wk postinfection (data not shown). As
tive cells, and by week 5 this decrease was more pronounced ishown in Fig. 5, at 5 wk following challenge, a significantly higher
I/St mice. As shown in Fig. 4, in I/St lungs the total number of proportion of I/St lung CDZ T cells carried the CD95 marker
CD45RB" CD4* cells did not exceed 30% (Fig. plate 4 com compared with A/Sn (58 and 30%;< 0.05). Interestingly, in all
pared with 50% in A/Sn lungs (Fig. plate 5. Cells from F mice  three mouse strains the proportion of CDBIng T cells express
occupied an intermediate position between those from parentahg CD95 was always higher than that of CD4ells, although no
strains (Fig. 4,plate §. Among CD8', the CD44 /CD45RB" interstrain differences were found (Fig. 5). To ensure ourselves thag
activated phenotype was expressed>b§0% A/Sn (Fig. 4 plate Fas expression is not a simple consequence of cell activation but is
11) and F, (Fig. 4, plate 19 cells, but only by approximately 50% functionally linked to apoptosis, we have evaluated the proportiong
I/St (Fig. 4,plate 1Q cells. Making an inventory of the interstrain of CD4" and CD8" apoptotic cells from I/St and A/Sn infected
differences in total numbers of lung CD&ells (Table I) follow lungs. Unseparated lung cells were stained with annexinV/7AADZ
ing the challenge, the number of CD8&D44"/CD45RB" cells  following stimulation in vitro with mycobacterial sonicate. As
was about 4-fold lower in 1/St compared with A/Sn andrhrice shown in Fig. 6, fewer 1/St CD# cells remained alive, and more
(0.7, 2.7, and 2.0 million/mouse, respectively). underwent apoptosis compared with A/Sn CDeklls (16 vs 26%
Neither CD4" nor CD8" lung T cells from all three mouse and 83 vs 64%, respectively). As with CD95 expression, a highe
strains expressed CTLA-4 (CD152) molecule, but both subsetproportion of CD8 compared with CDZ cells was subjected to
readily and uniformly expressed CD28 molecule. In all mice, theapoptotic death, and no interstrain differences were found in this
proportion of CD28-positive cells increased from 40-50% at 2 wkcell subset.
to 90-95% at 5 wk postinfection. Analogously, infection was ac-
companied by a substantial increase in the proportion of cells ex- . )
pressing thex-chain of LFA-1 (CD11e) integrin (from 45—-60% Cytokine production by lung cells
before infection to 90-99% at 5 wk postinfection). Cytokine production was determined in lung, spleen, and lymphg
Since a significantly higher proliferative response of T cells innode cell culture supernatants of two different types. First, unsepas
the lungs of infected 1/St mice (Fig. 2) did not lead to their accu-rated cells alone were cultured in the presence of H37Rv sonicate,
mulation in the organ (Table 1), we compared the expression of thend the contents of six different cytokines in supernatants Wer%
most common apoptotic marker, CD95 (Fas), on lung T cells, andetermined. Second, T-enriched lung or spleen cells were cocul
ticipating that more 1/St cells could undergo apoptosis during thetured with irradiated syngenic splenic APC and the Ag, and the
infectious course. In all mice CD95 was scarcely present on theontents of IFNy, IL-4, IL-5, and IL-10 were assessed. Since
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A: I/St, CD4* . B: A/Sn, CD4" N C: F1,CD4”
” o« «
57.5% 29.5% 35.3%
R ———| —_—_—_— —_—
@ 107 10° 10% 102 10* 10% 10! 10% 102 10* 109 10° 102 10° 10*
FIGURE 5. CD95 molecule expression by &
.
CD4" (A-C) and CD8 (D-F) lung T cells at 5 wk E D: I/St, CDS" E: A/Sn, CD§’ . F: F1,CDS8
postinfection. 3 ® @
87.6% 85.8% 85.0%
109  10* 10%* 10® 10* “{0¢ 10" 10%Z  A0° 10 10 10 10 10 104

CD95-FITC
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IL-10 was equally well produced by unseparated lung cells of all
mice at 2 and 5 wk; however, its production by T-enriched lung
cells differed between mouse strains. I/St T cells produced IL-10 in
larger quantities than A/Sn and F cells, and this was particularly
clear late in the infectious course (Table V). These differences,
however, were not statistically significant between parental strains
due to variations in the levels of cytokine production in distinct
experiments. Thus, in four experiments IL-10 levels in I/St cul-
tures varied between 300 and 3500 pg/ml. A level of 600 pg/mi
was detected in A/Sn supernatant in one experiment, but only trace
quantities were spotted in three others. However, the difference
between I/St and fmice was significantig < 0.01). In agreement
with the results obtained in lungs, IL-10 was synthesized by aux-
FIGURE 6. Apoptosis is induced in a higher proportion of I/St com- iliary lymph node cells from infected I/St mice (500—800 pg/ml;
pared with A/Sn lung CD# cells. Unseparated lung cells were stimulated three mice were assessed individually at week 5), but was not
in vitro with H37Rv sonicate for 40 h, harvested, and triple stained with produced by A/Sn lymph node cells. That I/St lung cells more
PE-anti-CD4 or PE-antiCD8 mAbs combined with FITC-annexin V and readily produce type 2 cytokines, as suggested by IL-10 data, was
7-AAD. CD4 and CD8 subsets were gated and analyzed separately. Quadonfirmed by IL-5 assessment. Unseparated lung cells from 1/SE
rants 2, 3, an_d 4 correspond to, respectively, late apoptotic plus necrotignjce produced measurable amounts of IL-5 at weeks 2 and 5§
early apoptofic, and live cells. whereas only trace amounts were found in A/Sn supernatants (T%

ble V). F, mice showed intermediate inheritance of this phenotype.3
TNF-« and IL-12 are synthesized predominantly by macrophageinterestingly, no production of IL-5 was detected in cultures ofg
like cells, we did not measure the contents of these two product3-enriched lung cells, suggesting that non-T cells residing in in-2
in the second type of cultures. fected lungs are responsible for IL-5 production and/or induction.§

At week 2 postinfection, I/St bulk lung cells produced signifi-  Taken together, these results indicate that there is a moderatg
cantly (p < 0.05) less IFNy than their A/Sn and fFcounterparts.  bias toward activation of a type 2-like cell response in the lungs ofg.
At this time purified lung T cells from all mice produced similar TB-susceptible 1/St mice. However, polarization of response is in<€
levels of IFN+y, but always lower levels compared with unsepa- complete (i.e., the absence of IL-4 and readily detectable levels of
rated cells, suggesting that non-T lung cells contribute much tdFN-y in I/St supernatants) and is masked when unseparated lung
IFN-v production/induction, especially in resistant mice (Table V). cells are studied, apparently due to abundant production of severd
The most potent IFNy inducer, IL-12, was also synthesized by cytokines by non-T lung cells.
unseparated lung cells of all three mouse strains. At week 2 postin-
fection 1/St and K cells exhibited identical IL-12 production, . . . . o
whereas at week 5 postinfection I/St cells synthesized loweStimulation of anti-mycobacterial activity of macrophages by
amounts of IL-12. A 2-fold difference in TNE-levels occurred at lung and spleen cells from infected mice
weeks 2 and 5 postinfection between I/St and resistant mice. Thu§iven that IFNy production by 1/St lung T cells was somewhat
the production of three major type 1 cytokines by the lung cellslower than that by A/Sn and,Feells and anticipating that not only
was moderately higher in resistant mice. IFN-y potentiates macrophage activation, we examined whether

I/St, CD4* A/Sn, CD4"
1 68 3 54

17

1/St, CDS" A/Sn, CD8"
3 79 3 80

7-AAD

Annexin V-FITC

Table V. Cytokine production by T-enriched and unseparated lung tells

20z Iudy 61 U0 1senb Aq ypd'LZ8d/62€ 121 1/1265/01/59 L/APd-Bl0

2 wk 5 wk
Cytokine (pg/ml) I/St A/Sn F I/St A/Sn =1
Unseparated cells
IFN-y 17,008 30,000 30,000 15,600 17,700 21,200
3,600 4,300 2,900 950 1,250 1,100
IL-12 1,050 2,500 1,500 820 1,000 1,800
900 1400 1,150 1,100 840 1,300
TNF-«a 270 455 542 350 735 650
0 0 0 0 0 0
IL-5 780 50 290 200 0 70
150 0 0 ND ND 40
IL-10 3,065 1,950 2,750 2,650 3,200 3,000
2,985 400 580 1,150 1,470 740
T-enriched cells
IFN-vy 7,600 8,500 6,600 11,500 18,400 30,000
0 0 0 400 520 780
IL-10 1,900 625 1,050 2,920 600 0
0 0 0 0 0 0

aT-enriched lung cells (1.5 10°) plus irradiated syngenic APC (036 10°) or unseparated (X 10°) lung cells alone were cultured in the presence or absence ol
H37Rv sonicate for 60 h. Cytokine content was measured by ELISA. The results of one representative cytokine determination of three to five seitaofsoptined in
independent experiments are presented. SD among triplicate determinationd @%s 0, Concentration lower than the sensitivity of corresponding ELISAN&gerials and
Method$. There was no measurable IL-4 in all supernatants, IL-5 was undetectable in supernatants of T-enriched cultures. In each data set, the uppeca@tstimulated
and the lower value is spontaneous cytokine production.

Pp < 0.05 compared with A/Sn and, Falues as calculated for the mean of four independent experiments.

°p < 0.01 compared with fvalues as calculated for the mean of three independent experiments.
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FmohsiG7R It is widely accepted (34-36) that the main mechanism of in-
7000 - lmgh+H37Rz+lFN tracellular mycobacterial killing by murine macrophages is pro-
6000 4 @mph+H37Rv+Tlung duction of rgactive nitrogen intermediates (RNI). To determine the
5000 4 role of RNI in our system and to evaluate the correctness of mea-
£ 4000 - suring mycobacterial growth byfiJuracil incorporation, we as
g 3000 - sessed the content of NO in supernatants of mycobacteria-loaded
cell cultures. Individual NO concentrations, as measured in all
2000 - . . -
1000 types of cell cultures (with and without addition of lung T cells or
0 ] rIFN-y and with cells obtained from all three mouse strains) were

plotted against the levels ofHijuracil incorporation (counts per

St AsSn Fi Vst A/Sn Fi minute) in corresponding cultures. As shown in Fig. 8, there was
2wk 5wk a good inverse correlation between the two measurements (

FIGURE 7. Stimulation of macrophage (mph) anti-mycobacterial activ- —0.781), suggesting the pivotal role of RNI in mycobacterial kill-

ity by lung T cells from infected mice. Peritoneal macrophagex (60% ing in our system.

well) were loaded with 12X 10* live mycobacteria, and BCfreshly iso

lated lung T cells were added to cultures. Following 96 h of incubation,

mycobacterial growth was measured #4]{iracil uptake (mean cpnt SD

o I S . Discussion
for triplicate determinations). The results of one of two similar experiments . o Lo g
are shown[TJ, Macrophages and H37RM, macrophages, H37Rv, and In this paper we characterize immune reactivity in the lungs ofz
rIFN-v; 7, macrophages, H37Rv, and lung T cells. mice of I/St and A/Sn inbred strains and theif #ybrids in the  §

course of TB infection. The two parental strains were previously &

categorized as polar extremes of susceptibility among inbred
cells from these mice differ with respect to their capacity to acti-mouse strains with respect to survival time, mycobacterial burderg
vate anti-mycobacterial macrophage function. To address this isn organs, and body weight loss following tuberculous challenges
sue, peritoneal macrophages from I/St, A/Sn, apdriice were  (22). Furthermore, Fmice display a hyperresistant phenotype (20,
cocultured in vitro with live H37Rv mycobacteria and syngenic 23). Thus, this genetic model provides a useful tool for searchings
T-enriched lung cells obtained from infected mice. Mycobacterialfunctional immunological correlates of the TB defense and/or seg
growth was assessed biH]uracil incorporation (28). When cul  verity. For obvious reasons our attention was concentrated primarz
tured in antibiotic-free culture medium, alone or within macro- ily on T cell responses in infected lungs.
phages, mycobacteria readily incorporafi]piracil (25). As The following most notable interstrain differences were found.
shown in Fig. 7, addition of exogenous rIFNto macrophage/ First, the mycobacteria-specific proliferative response of lung T&
mycobacteria cocultures (positive control) caused a profound ineells was much higher in susceptible I/St mice (Fig. 2 and TableE_{
hibition (85-95%) of mycobacterial growth regardless of thell). Paradoxically, this was accompanied by a diminished T cell 3
mouse strain. Addition of lung T cells extracted 2 wk postinfection accumulation in the lungs; significantly more bulk T cells and g
from 1/St, A/Sn, and E mice moderately and equally inhibited particularly CD8 T cells were recovered from resistant mice- fol
mycobacterial multiplication (20—-30% inhibition in different ex- lowing challenge (Table I). Moreover, a higher proportion of A/Sn
periments). Five weeks after challenge the ability of T cells of alland F, CD8* lung T cells expressed activated CD4€D45RB"
three strains to stimulate anti-mycobacterial activity of syngeneighenotype compared with I/St (Fig. 4). Secondly, in I/St mice a
macrophages significantly increased; up to 90% inhibition of my-higher proportion of lung CD4 cells expressed CD95 (Fas)-re
cobacterial growth was registered. Thus, no major interstrain difzeptor (Fig. 5) and underwent apoptosis (Fig. 6). This suggests th
ferences in the ability of T cells to stimulate the restriction of a more active lung T cell proliferation in these mice is counter-«<
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mycobacterial growth in vitro were found. balanced with a more rapid apoptotic elimination. Thirdly, 1/St &
lung cells produce more IL-5 and IL-10 and less IFMnd TNF« S
in response to mycobacterial Ags (Table V), indicating a moderate§
60 - OF1 bias toward a Th2-like response in susceptible mice. §
[} Expansion of CD4 and CD8 T cells in murine lungs in responseR
50 - mU/St to mycobacterial infections was recently reported in the model of
% OA/Sn intratracheal infection wittvl. bovisCalmette-Ggn bacillus (37)
40 - r=-0.781 and in the models of aerosol (38, 39), i.v. (25, 40), and i.p. (41)
Q 130 ‘.. ’ challenge withM. tuberculosis In this study we have extended
£ im these observations by demonstrating that in the lungs of TB-resis-
20 | oo tant A/Sn and F mice accumulation of CD8 cells reaches sig
<o % nificantly higher levels than in susceptible 1/St mice. These results
10 <>|:| <><> o are in line with numerous data indicating a protective role of CD8
ﬁ T cells in mycobacterial infections (8, 10, 42, 43), particularly
0 , : 0 , . evident in the lungs (42, 44).
0 1000 2000 3000 4000 There was a clear interstrain difference in the capacity of T cells
cpm from infected mice to proliferate in response to mycobacterial Ags.

I/St T cells demonstrated a significantly higher proliferative re-

FIGURE 8. R lati i h RNI L . L .
GU . 8 everse correfation betwegn mycobacteria growth and sponse both in vitro (Fig. 2 and Tables Ill and V) and in vivo (Fig.
production by peritoneal macrophages in the presence of lung T cells;

Mycobacteria, macrophages, and T cells were cocultured as described ﬁ}) th-an their A/Sn cognterpar_ts, and F C.e"s showed an inter
Fig. 5. Forty-eight hours later the superatants of three wells were harmediate response. This superior responsiveness of T cells from I/St

vested, and the levels of NO production were determined. Mycobacteriamice was not due to a higher bacterial load in their lungs (Table II).
growth was assessed by determinifg]uracil uptaker = —0.781. Since the course of the disease is extremely severe in I/St mice, it
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could be argued that the T cell proliferative response to mycobacinitial stages of the disease might contribute to its more severe
teria is nonprotective. On the other hand, the fact that the mostourse.
resistant - mice show not the lowest, but an intermediate, level of Among lung T cells, a high level of IL-10 synthesis was char-
T cell proliferation (Fig. 2) precludes ascribing a predominantly acteristic for 1/St mice. This is in agreement with our previous
pathological, lung tissue-damaging role to T cell proliferation finding that the majority of lung-derived T cell clones of I/St origin
itself. produce IL-10, even if IFNy is simultaneously produced (25).
The capacity of I/St lung T cells to more readily proliferate in Interestingly, Gerosa et al. (52) have found that the majority of T
response to mycobacteria is in sharp contrast with their low accueell clones derived from bronchoalveolar lavage of patients with
mulation in the infected organ. It is noteworthy that a higher pro-active TB also produced both IFMand IL-10. Thus, in mice and
portion of I/St lung CD4 cells express CD95 apoptotic receptor humans the activity of IFNy#/IL-10-producing (ThO-like?) T cells
(Fig. 5), ligation of which results in activation-induced cell death in the lungs is prominent when the disease rapidly progresses. In
(45, 46), and are subjected to apoptosis (Fig. 6). One can speculat&ew of the hypothesis that simultaneous synthesis of type 1 and
that an early onset and a high degree of T cell proliferation comtype 2 cytokines during the TB course has a tissue-damaging effect
bined with their apoptotic elimination, i.e., high T cell turnover in (17, 18), conjunct production of these two, usually antagonist, cy-
lungs, lead to an unfavorable disease course. Since the expressitokines in the lung may be considered an immunological correlate
of CD95L on lung T cells was virtually lacking (data not shown), of the unfavorable development of pulmonary TB.
elimination of Fas-positive T cells from the infected lung most IL-10 is known to impair protective immune response to several
likely involves non-T cells. infections by down-regulating Th1l function (53, 54). On the other & e
As infection progressed, both CD4 and CD8 lung T cells ac-hand, it probably regulates the balance between protective ané
quired activated CD44CD28"CD11«™ phenotype. This is in  pathologic immune responses during intracellular parasitic infec®
agreement with the observations of other authors. Thus, Serbingons (55) and autoimmune disorders (56, 57). For example, IL-1@
and Flynn (40) reported the expression of a high density CD44yene targeting results in systemic overproduction of proinflammaz
molecule by>85% of both CD4 and CD8' lung T cells at 2 wk  tory cytokines and the development of lethal pathology (55). TheS
following TB onset. Feng et al. (39) have shown that the CD62Lrole of IL-10 in tuberculosis is not completely understood. North §
endothelium adhesion molecule is down-regulated, while thg58) reported that IL-10 knockout mice and wild-type control mice
CD44 activation marker and CDI1d- CD49d integrins are up- display similar levels of TB protection. In our system IL-10 was
regulated in the lung and lymph node CD4nd CD§" cells fol- produced in higher amounts by lung and lymph node T cells of3
lowing aerosolM. tuberculosischallenge. susceptible mice. Another type 2 cytokine, IL-5, was produced3
Earlier, Griffin and Orme (47) described the increase in CD44almost exclusively by lung cells of 1/St susceptible mice. Analo-
expression along with the gradual decrease in CD45RB expressiagpus results were recently obtained in other experimental infectio
on CD4" splenocytes of infected mice. The shift in CD45RB ex- models. Following infection withChlamydia a significantly
pression following activation of CD45R®" naive/resting T lym-  greater amount of 1L-10 was found in the lungs of susceptibleg
phocytes occurs differently in CD4 and CD8 subsets. While thiscompared with resistant mice (59). Huffnagle et al. (60) have re-§
marker is uniformly down-regulated in activated CDdells (31,  ported IL-5 expression in the lungs of susceptible, but not of re-
47), several lines of evidence indicate that its expression is retainesistant, mice during pulmonar@ryptococcus neoformarigfec-
in the majority of activated CD8 cells (32, 33, 39, 48). In our tion. Thus, overproduction of IL-5 and IL-10 in the lung seems to g @
study by week 5 postinfection the loss of CD45RB expression bybe associated with susceptibility to pulmonary infections, althoughm
CD4-positive cells, indicating their high activation, was more pro- causality remains obscure.
nounced in I/St mice. In contrast, among their CD8-positive lung Lung T cells from all three mouse strains exhibited a similar &
cells a significantly smaller population continued to express thecapacity to stimulate anti-mycobacterial activity of peritoneal syn- §
CD44"/CD45RB" double-positive phenotype by this time point genic macrophages in vitro, and there was a strong correlatioré
compared with A/Sn and,fnice (Fig. 4). Although it is presently between NO production and mycobacteria growth inhibition (Fig. = s
unclear what the functional difference is between CD44 8). The lack of interstrain differences raises the question of the»
CD45RB "°" and CD44 /CD45RB" cells in the CD8 subset, reason for the severity dfl. tuberculosistriggered disease in I/St
some recent findings in humans indicate its possible prominencenice, given that their lung T cells effectively promote macroph-
Thus, it was reported that mature CD8-positive CTLs, possessingge-mediated inhibition of mycobacteria growth. At least two ex-
perforin and producing IFN+ and TNFe«, reside within the planations are possible: 1) anti-mycobacterial activity of lung mac-
CD45RA" population, whereas Ag-specific CTL precursors, rophages differs prominently from that of peritoneal ones and is
which need to be restimulated to acquire cytotoxic function, be-selectively affected in I/St mice; and 2) the severe TB course in I/St
long to the CD45RA subpopulation (49, 50). In our system it is mice is due to lung pathology rather than to impaired restriction of
possible that in 1/St mice a stronger activation of CDémore  mycobacterial growth. Experiments are in progress to distinguish
CD44"/CD45REB®Y cells) is accompanied by a weaker activation (or to combine) these two possibilities.
of effector CD8 (fewer CD44"/CD45RB" cells) lung T In conclusion, there is an agreement between the results on im-
lymphocytes. mune reactivity in the lungs of TB-susceptible and resistant mice
Assessment of cytokine profiles has shown that lung cells fronpresented here and our genetic mapping studies. A genome-wide
infected A/Sn and Fmice produced more type 1 cytokines. In scan in segregating backcross (KSYSn)F, xI/St TB-infected
contrast, in I/St cells there was a moderate bias toward the type thice demonstrated that the severity of tuberculosis is inherited as
profile: somewhat lower IFN+and TNF« and higher IL-10 and  the oligogeneic quantitative trait and is controlled by more than
IL-5 production (Table V). An interesting feature of I/St lung cell two nonlinked quantitative trait loci (23). Analogously, interstrain
response was that a lower IFNwas evident as early as 2 wk differences in the lung T cell response to mycobacteria are quan-
following challenge. The significance of the early IFNsroduc- titative, and the expression of major integrative phenotypes (sur-
tion by CD4 T cells for TB control was recently shown by Caruso vival, pathology, cachexia, etc.) depends, presumably, upon par-
etal. (51). Thus, a bias toward a type 2 response in I/St lungs at thiéicular combinations of minor shifts in immune reactivity.
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