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Mechanisms of Stimulation of Interleukin-1ft and Tumor
Necrosis Factor-a by Mycobacterium tuberculosis Components
Yihong Zhang, Martin Doerfler, Theodore C. Lee, Benedicte Guillemin, and William N. Rom
Division of Pulmonary and Critical Care Medicine, Departments of Medicine and Environmental Medicine
and Chest Service, Bellevue Hospital Center, New York University Medical Center, New York 10016

Abstract

The granulomatous immune response in tuberculosis is charac-
terized by delayed hypersensitivity and is mediated by various
cytokines released by the stimulated mononuclear phagocytes,
including tumor necrosis factor-a (TNFa) and IL-1,@. Wehave
demonstrated that Mycobacterium tuberculosis cell wall com-
ponent lipoarabinomannan (LAM), mycobacterial heat shock
protein-65 kD, and M. tuberculosis culture filtrate, devoid of
LPS as assessed by the Amebocyte Lysate assay, stimulate the
production of TNFaand IL-1,6 proteins and mRNAfrom mono-
nuclear phagocytes (THP-1 cells). The effect of LAMon the
release of these cytokines was specific, as only LAMstimula-
tion was inhibited by anti-LAM monoclonal antibody. Interest-
ingly, we found that LAMand Gram-negative bacterial cell
wall-associated endotoxin LPS may share a similar mecha-
nism in their stimulatory action as demonstrated by inhibition
of TNFa and IL-1,8 release by monoclonal antibodies to CD14.
Anti-CD14 monoclonal antibody MY4 inhibited both TNFa
and IL-1,8 release with LAMand LPS but no effect was ob-
served with other mycobacterial proteins. An isotype antibody
control did not inhibit release of cytokines under the same ex-
perimental conditions. M. tuberculosis and its components
upregulated IL-1,8 and TNFamRNAsin THP-1 cells. Nuclear
run-on assay for IL-1,8 demonstrated that LAMincreased the
transcription rate. The induction of IL-1,8 was regulated at the
transcriptional level, in which these stimuli acted through cis-
acting element(s) on the 5' flanking region of the IL-/1i geno-
mic DNA. M. tuberculosis cell wall component LAMacts simi-
larly to LPS in activating mononuclear phagocyte cytokine
TNFa and IL-1,i release through CD14 and synthesis at the
transcriptional level; both cytokines are key participants in the
host immune response to tuberculosis. (J. Clin. Invest.
1993.91:2076-2083.) Key words: tuberculosis . interleukin-I/i.
tumor necrosis factor-a. lipoarabinomannan * gene regulation

Introduction

Tuberculosis is characterized by cough, sputum production,
chest pain, and systemic symptoms such as night sweats, fevers,
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chills, and weight loss that frequently exceeds 10 kg over sev-
eral months ( 1). These symptoms are typical of the acute-
phase response and are considered to be mediated by the cyto-
kines tumor necrosis factor-a (TNFa) ' and IL- 1 f released by
mononuclear phagocytes (2-5). These cytokines have multi-
ple actions that likely play a role in local granuloma formation
and inflammation. It is now well established that mycobacteria
and mycobacterial proteins can stimulate the release of IL- 1$
and TNFa (6-16)

Chensue and colleagues (9) reported that peripheral blood
mononuclear cells from patients with active tuberculosis re-
leased increased amounts of IL- 11, and Takashima et al. (7)
showed peripheral blood monocytes from active tuberculosis
patients released increased amounts of TNFa in response to a
stimulus compared with controls or patients with chronic re-
fractory tuberculosis. TNFa release has also been shown to be
higher in tuberculosis patients with fever rather than no fever
(17) and was detected in the serum of Brazilian tuberculosis
patients ( 18). In tuberculous pleuritis, high levels of (IFN'y)
and TNFa have been found in pleural fluid, and mRNAfor
both cytokines was detected in pleural tissue by in situ hybrid-
ization (6). Moreno and colleagues (8) demonstrated that the
mycobacterial cell wall product, purified lipoarabinomannan
(LAM), stimulated TNFa from peripheral blood monocytes
in a dose-response manner. Importantly, they confirmed that
the ability of LAM to stimulate TNFa was apart from any
contaminating LPS: they copurified LAMand TNFa-inducing
activity over an affinity column containing a monoclonal anti-
body to LAM; purification over SDS-PAGE demonstrated
TNFa-releasing activity in the molecular weight range of
LAM; and LAMincubated in weak NaOHthat inhibits LPS
activity still stimulated TNFa (8). Barnes and colleagues ( 15)
confirmed that weak alkali treatment removing acyl groups
from the phosphoinositol membrane backbone of LAMgreatly
reduced the TNFa-inducing activity of LAM. They demon-
strated that LAMand other cell wall products lacking carbohy-
drate moieties could induce TNFa whereas deacylated LAM
could not. Using the polymerase chain reaction, monocytes
expressed IL- l a, IL- 1I f, IL-6, IL-8, IL-I 0, TNFa, and granulo-
cyte macrophage colony-stimulating factor after LAMstimula-
tion ( 15 ). The mycobacterial cytosolic heat shock protein-65
kD (HSP-65kD) has been shown to release TNFa from cyto-
toxic effector cells ( 14). Lastly, TNFa has been found to be
released by monocytes obtained from leprosy patients, espe-
cially those with the tuberculoid form or erythema nodosum
leprosum, and Mycobacterium leprae proteins stimulated
TNFa release in vitro ( 12, 13). In a murine model of BCG-in-

1. Abbreviations used in this paper: CAT, chloroamphenicol acetyl
transferase; CFL, culture filtrate; HSP-65kD, heat shock protein-65
kD; LAM, lipoarabinomannan; LBP, LPS-LPS-binding protein;
STBS, suspension of Tris-buffered saline; TK, thymidine kinase;
TNFa, tumor necrosis factor-a.
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duced granulomas ( 19), TNFa synthesis coincided with the
development of granulomas. Injection of anti-TNFa antibody
blocked accumulation of TNFa mRNAand protein, dramati-
cally reduced the number and size of BCG-induced granulo-
mas, and reduced the accumulation of large epithelioid cells.

Wedissected the mechanisms of the host immune response
to tuberculosis by evaluating the protein release and gene ex-
pression of IL-1,B and TNFa in mononuclear phagocyte cells
after stimulation with a variety of recombinant or purified pro-
teins from M. tuberculosis. Weevaluated a cell culture filtrate
from M. tuberculosis Erdman strain, the purified M. tuberculo-
sis cell wall component LAM from strains H37Ra and Erd-
man, live M. tuberculosis H37Ra, and the mycobacterial cyto-
sol recombinant HSP-65kD. All of these mycobacterial prod-
ucts were carefully evaluated to assure that they were devoid of
contaminating LPS. An anti-LAM antibody was used to evalu-
ate the specificity of the effect. To determine how these M.
tuberculosis proteins stimulated cytokines, we compared them
to LPS after using anti-CD 14 monoclonal antibodies and mea-
sured TNFa and IL- lIl. Lastly, to determine the mechanism of
IL- 1 f gene regulation, we isolated a 1.4-kb fragment of 5' geno-
mic DNAand evaluated the responsiveness of this fragment
after stimulation with the same stimuli.

Methods

Cell culture and stimulation. Cells from a human myelomonocytic leu-
kemic cell line, THP- l (American Type Culture Collection, Rockville,
MD), were maintained in RPMI supplemented with 10% fetal bovine
serum (sterile filtered and LPS free). Cells were then placed in 24-well
plastic tissue culture plates (Falcon Labware, Oxnard, CA) with a den-
sity of 106 cells per well. The cells were stimulated with various test
agents for different time periods. The culture supernatant was then
collected and stored at -700C. Stimuli include the following: LPS 055
(Escherichia coli) from Sigma Chemical Co. (St. Louis, MO); recombi-
nant human TNFa (sp act, 4.8 X 01 U/mg) kindly supplied by Dr. M.
Tsujimoto, Suntory Institute for Biomedical Research (Osaka, Japan);
recombinant human IL-lIa (sp act 3 X 107 U/mg) kindly provided by
Hoffman-LaRoche (Nutley, NJ); LAMfrom attenuated M. tuberculo-
sis H37Ra and Erdman strains kindly provided by P. Brennan, Colo-
rado State University (Ft. Collins, CO); M. tuberculosis (Erdman)
culture filtrate protein (CFL) that was free of LAMand phosphoinosi-
tol mannoside after anion-exchange and molecular sieve chromatogra-
phy, kindly provided by P. Brennan; live nonattenuated M. tuberculo-
sis H37Ra (American Type Culture Collection); and Mycobacterium
bovis recombinant HSP-65kD kindly provided by R. Van der Zee,
National Institute of Public Health and Environmental Protection
(Bilthoven, Netherlands). The CFL was devoid of LAM and phos-
phoinositol mannoside after anion-exchange chromatography that re-
moved carbohydrate moieties and molecular sieve chromatography
that excluded LAMon the basis of size. The LAMhad been eluted
through Detoxi-Gel (Pierce Chemical Co., Rockford, IL) using sterile
pyrogen-free water and stored in pyrogen-free vials. Only pyrogen-free
water was used in reconstitution of this material. Evaluation of tuber-
culosis reagents for the presence of Gram-negative bacterial endotoxin
was done with the amebocyte lysate assay (E-toxate kit; Sigma Chemi-
cal Co.).

The ELISA kit for TNFa assay was from Biokine (Cambridge,
MA), and the kit for IL- I1 assay was kindly supplied by Dr. R. Don-
dero, Cistron Biotech (Pine Brook, NJ).

Inhibition of TNFa and IL-1f3 release by anti-CD14 monoclonal
antibodies. Fresh human blood collected in citrate-coated tubes was
cultured in 24-well tissue culture plates at a density of 5 x 106 nu-
cleated cells/ ml and incubated with LPS, LAM, HSP-65kD, or CFL in
the presence or absence of either monoclonal anti-CD 14 MY4 ( 10
Ag/ml) or an isotype control (10 ,Ag/ml) for 6 h. MY4 is a murine

monoclonal antibody and member of CD14, which is a heterogeneous
cluster of monoclonal antibodies recognizing mature monocytes
(Coulter Immunology, Hialeah, FL). The isotype control MsIgG2b
was obtained from the same source. The anti-CD 14 3C10 monoclonal
antibody was also of the IgG2 subclass and was a gift of R. Steinman
(The Rockefeller University, New York). All of the monoclonal anti-
bodies were used at a concentration of 10 Ag/ml. Supernatants were
evaluated for release of TNFa and IL- 1O by ELISA.

Inhibition of TNFa and IL-1,8 release by anti-LAM monoclonal
antibody. An anti-LAM monoclonal antibody (kindly provided by P.
Brennan, Ft. Collins, CO) was added in increasing concentration to
THP- I cells cultured in 24-well tissue culture plates at a density of 106
cells/ ml with LAM(500 ng/ml). In addition, we evaluated a dose-re-
sponse of LPS, LAM, HSP-65kD, or CFL in the presence or absence of
anti-LAM (3 gtg/ml) and measured IL-1I3 and TNFa release. The anti-
LAMmonoclonal antibody ML9D3 from ascites fluid was at a titer of
1: 1,600 and is a member of the 900 series of IgG3 subclass antibodies
described by Gaylord et al. (20).

Isolation of RNA and Northern blot analysis. THP-I cells were
treated with test agents for specified time periods, collected by centrifu-
gation, and lysed by addition of 5.5 M guanidinium isothiocyanate
buffer. Cytoplasmic RNAwas isolated through CsCl2 gradient ultracen-
trifugation. Equal amounts of the extracted RNAwere fractionated by
electrophoresis through a 1% agarose-6% formaldehyde denaturing
gel, transferred onto a nitrocellulose filter (BA 85; Schleicher &
Schuell, Inc., Keene, NH), and baked at 80°C for 2 h. The baked filter
was incubated in 40 ml of prehybridization solution (50% formamide,
0.5% SDS, lOX Denhardt's, 2.5% herring sperm DNA, and 4x SSPE)
at 42°C for 12 h. An IL-lIO cDNAprobe (kindly provided by S. Gillis,
Immunex, Seattle, WA), TNFa cDNAprobe (Genentech, Inc., South
San Francisco, CA), or pHe7 cDNA probe were radiolabeled with a-
[32P]dCTP (sp act 3,000 Ci/mmol; New England Nuclear, Boston,
MA) by nick translation. Hybridization was carried out at 42°C for 10
h. The filter was then washed in 2x SSC/0.5% SDSat room tempera-
ture for 20 min followed by 0.1X SSC/0.5% SDSat 65°C for 30 min.
Autoradiography was performed at -70°C for 9-48 h.

Nuclear run-on assay. THP-1 cells were stimulated for 1 h, col-
lected by centrifugation, and washed with cold PBS. The cell pellet was
incubated in 4 ml NP-40 lysis buffer (10 mMTris, pH 7.5; 10 mM
NaCl; 3 mMMgC12; 0.5% NP-40). The lysate was centrifuged for 500g
for S min at 4°C. The isolated nuclei were then stored in 200 ,l glycerol
buffer (50 mMTris, pH 8.3; 40% glycerol; 5 mMMgC12; 0.1 mM
EDTA) after gentle vortexing in liquid nitrogen.

Frozen nuclei (200 Al) were thawed immediately by adding 200 p1
2x reaction buffer (10 mMTris, pH 8.0; 5 mMMgCl2; 0.3 MKC1)
containing nucleotides ( I ml 2x reaction buffer plus 10 pl of 0.1 M
ATP, CTP, GTP, and 5 pl 1 MDTT) and 100 pCi a-[32PIUTP (760
Ci/mM). The reaction was carried out at 30°C for 30 min with shak-
ing. DNase I (Boehringer Mannheim Corp., Indianapolis, IN) was
added to a final concentration of 40 Ag/ml to the labeled nuclei and
incubated 5 min at 30°C. To solubilize the nuclei, 200 AI of a mixture
of 5%SDS; 0.5 MTris, pH 7.4; 0.125 MEDTA; and 10 ,l proteinase K
(20 mg/ml) was added to the sample and incubated at 37°C for 30
min. The samples were then extracted with phenol and precipitated
with TCA. The precipitates were treated with DNase I and the filter-
binding RNAwas eluted at 65°C for 10 min. The eluted RNAwas
digested again with proteinase K, denatured in NaOH, and precipitated
with ethanol. Equal amounts of counts per minute > 3 X 106 cpm) was
added to the nitrocellulose filter, on which denatured plasmid DNA
was immobilized, in hybridization solution. After hybridization the
filters were washed and autoradiography was performed at -70°C for
3 d.

Screening of human genomic library and plasmid construction. A
human genomic placental library was purchased from Clontech (Palo
Alto, CA). Using a cDNAand synthetic oligonucleotide sequence of
IL- 1I B as probes, 3 X 1O6 plaques were screened. This resulted in eight
positive clones of which one was used for subcloning. An IL- IO DNA
fragment from -1 130 to +290 was isolated with restriction enzyme
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XbaI and subcloned into a polylinker site on plasmid vector
pTK.CAT, which contains the herpes simplex virus thymidine kinase
promoter and a chloramphenicol acetyl transferase (CAT) structural
gene (kindly provided by Dr. Herbert Samuels, NewYork University
Medical Center). The TK promoter was then removed by digestion
with BamHI and BglII to produce the plasmid pTK(-)CAT.IL-l,3.

Transient transfection of human suspension cultures and the assay
of CAT activity. THP- 1 cells were transfected with the plasmid
pTK(-)CAT.IL-l3 by the DEAE-dextran method (21). Briefly, 107
cells were washed in suspension of Tris-buffered saline (STBS) solution
with the following composition (mM): 25 Tris, pH 7.4; 137 NaCl; 5
KCl; 0.6 Na2HPO4; 0.7 CaCl2, 0.5 MgCl2, transfected with 10 ,tg ce-
sium chloride-purified plasmids in 1 ml STBSsolution at 370C for 90
min, and then shocked with 10% DMSOfor 5 min. The transfected
cells were then washed with STBSsolution and incubated in complete
medium for 24 h in the absence or presence of inducing agents. The
transfected cells were lysed by three freeze-thawing cycles, and equal
amounts of protein from different cell extracts were assayed for CAT
activity (22). The protein concentration was determined with reagents
(Bio-Rad Laboratories, Richmond, CA). For the CAT assay, 100 jug
protein was incubated with 0.1 ,uCi ['4C]chloramphenicol; 250 mM
Tris, pH 7.5; and 360 ,g/ml acetyl coenzyme A in a total volume of
170 ,l at 37°C for 5 h. The reactions were stopped by the addition of
0.5 ml of cold ethyl acetate. After extraction with ethyl acetate, the
upper layer was dried and spotted onto a TLC plate. The plate was
developed in 95% chloroform/ 5% methanol, air dried, and exposed to
x-ray film. Radioactive spots were removed from the plate for scintilla-
tion counting.

Results

Evaluation of M. tuberculosis reagents for LPScontamination.
The LAM, HSP-65kD, and CFL used in the experiments were
first evaluated using the amebocyte lysate assay for LPS con-
tamination. An LPS standard curve was generated and the
limit of the assay was 1 pg/ml of LPS. Six batches of LAMused
in these experiments contained < 10 pg LPS/ 1 ,ug LAM. The
HSP-65kD, CFL, MY4, and C310 anti-CD 14 monoclonal an-
tibody contained 1 pg LPS/ 1 ,ug test reagent. A dose-response
experiment demonstrated no release of TNFa from THP- 1
cells at LPS concentrations of 10 pg/ml with a detectable re-
lease at 100 pg/ml similar to that shown by others (23).

Release of TNFa and IL-]1 by THP-J cells after stimula-
tion by M. tuberculosis and its components. The human myelo-
monocytic leukemia cell line THP- 1 is known to release cyto-
kines similar to mononuclear phagocytic cells. After 24 h of
stimulation with LPS or LAM, the release of TNFa and IL- 1O
by LPS was approximately one order of magnitude greater than
LAM(Fig. 1, A and B). By contrast, the release of TNFa and
IL- 13 by HSP-65kD and CFL was almost two orders of magni-
tude less than LAM. Wealso confirmed that LAM from the
virulent M. tuberculosis Erdman strain was barely able to elicit
a cytokine response. In comparison with M. tuberculosis com-
ponents, live nonattenuated M. tuberculosis H37Ra was able
to stimulate a brisk release of TNFa and IL-11f protein. The
amount of LAMwas - 100 ng in 5.8 x 107 M. tuberculosis
and was - 10 ng in 5.8 X 106 M. tuberculosis organisms. In
addition to a dose-response, a time course demonstrated that
approximately two thirds of the total TNFa and IL- 1O release
occurred over the first 6 h.

Anti-CD14 monoclonal antibodies block TNFa and IL-J,3
release. The cell surface protein CD14 binds the complex con-
sisting of LPS and the LPS-binding protein (23). To determine
whether M. tuberculosis components and LPS induce TNFa
and IL-1p release by the same or different mechanisms, we

compared the blocking ability of anti-CD14 monoclonal anti-
bodies on this activity. Fig. 2, A-D, shows that anti-CD 14
monoclonal antibody MY4blocked induction of both TNFa
and IL- IO3 by LPS and LAMfrom human blood over 6 h. The
inhibition occurred over the dose range 100 pg/ml to 10 ng/ml
for LPS and up to 100 ng/ml for LAM. An isotype IgG2b
control monoclonal antibody had no effect (Fig. 2, A-D, dotted
lines). As shown in Fig. 2, Cand D, HSP-65kD and CFL were
not inhibited by anti-CD14 monoclonal antibody MY4, sug-
gesting a different mechanism of mononuclear phagocyte stim-
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Figure 1. Release of IL- 1O or TNFa from THP-l cells after stimula-
tion. Humanmyelomonocytic leukemia cell line THP- 1 was grown
to a density of 106 cells/ml in 10% FCSand stimulated for 24 h. Su-
pernatants from the cultures were collected and stored at -70'C until
assayed by ELISA. Dose of stimuli expressed in grams. (A) TNFa;
(B) IL-lIO. (- o -) LPS; (-0 -) LAMH37Ra; (- - o - -) LAM
Erdman; (o) HSP-65kD; (d) CFL; (*) M. tuberculosis H37Ra.
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Figure 2. Inhibition of TNFa and IL-1: release by
anti-CD 14 MY4monoclonal antibody. Humanblood
was cultured in 24-well tissue culture plates at a den-
sity of 5 x 106 nucleated cells/ml and incubated with
stimuli for 6 h. TNFa and IL-11I were measured in
supernatants by ELISA. Dose of stimuli is expressed
in (A) TNFa release after LPS or LAMstimulation.
(- o -) LPS; (. ** o ) LPS plus isotype control
IgG2b monoclonal antibody; (- - o - -) LPS plus
MY4anti-CD14 monoclonal antibody; (- * -)
LAM; ( ... * ... ) LAMplus isotype control IgG2b
monoclonal antibody; (- - * - -) LAMplus MY4
anti-CD14 monoclonal antibody. (B) IL-1t release
after LPS or LAMstimulation. Symbols are the same

as in A. (C) TNFa release after HSP-65kD or CFL
stimulation. (- o -) HSP-65kD; o *... ) HSP-
65kD plus isotype control IgG2b; (- - - -) HSP-
65kD plus MY4anti-CD14 monoclonal antibody;
(* ) CFL: ( - -i ) CFL plus isotype control
IgGb; (- -. - -) CFL plus anti-CD 14 monoclonal
antibody. (D) IL-1,8 release after HSP-65kD or CFL
stimulation. Symbols are the same as in C.

ulation, although doses required for cytokine release by HSP-
65kD and CFL were much higher than LAM. Weobtained
similar results with 3C10, another monoclonal antibody to a

different epitope on CD14 (data not shown).
Anti-LAM antibody blocks TNFa and IL-13 release. To

determine the specificity of the stimulus by LAMfor TNFa or

IL-113 release by THP- 1 cells, we performed a dose-response
evaluation using anti-LAM monoclonal antibody (Fig. 3). The
anti-LAM antibody reduced TNFa or IL- 13 release from THP-
1 cells after stimulation with LAM in a dose-dependent fash-
ion, confirming the specificity of the response. The anti-LAM
monoclonal antibody did not reduce TNFa or IL-11 release
from THP-1 cells after stimulation with LPS, HSP-65kD, or

CFL (Fig. 4, A and B).
Expression of mRNAsfor IL-i13 and TNFa in THP-J cells.

After a 5-h exposure with LPS, THP- 1 cells expressed the ex-

pected 1.6-kb IL-11 and 1.7-kb TNFa mRNAspecies by
Northern blot analysis (Fig. 5). Interestingly, the LPS-free prep-

aration of the M. tuberculosis cell wall, LAM, demonstrated
identical upregulation of IL- 113 and TNFa mRNAas LPS (Fig.
5, A and B, lanes 2 and 3). The recombinant HSP-65kD, a

cytoplasmic protein ubiquitous among mycobacterial species,
and culturefiltrate CFL shared a similar ability in upregulating

IL- 13 and TNFa mRNAat 5 h (Fig. 5, A and B, lanes 4 and 8).

Increased IL-11 mRNAlevels were observed within 30 min
after stimulation with LPS, LAM, HSP-65kD, and CFL and
lasted > 24 h. Equal amounts of mRNAwere placed in each
lane as demonstrated by the control housekeeping cDNApHe
7 (Fig. 5 C).
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Figure 3. Inhibition of
TNFa and IL- 11 pro-

duction by anti-LAM
antibody. THP-1 cells
were cultured in 24-well
tissue culture plates at
a density of 106 cells/ml
with LAM(500 ng/ml)
in the presence or ab-
sence of an increasing
concentration of anti-
LAMmonoclonal anti-
body. There was a

dose-response reduc-
tion of IL- 1 and TNFa
release with anti-LAM
antibody after LAM
stimulation.
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HSP-65kD, or CFL stimulation. Dose of stimuli is expressed in
grams. (A) TNFa release. Anti-LAM antibody completely blocked
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anti-LAM) but had no effect on LPS (- o -, LPS alone; - - o - -,
LPS plus anti-LAM), HSP-65kD (- o -, HSP-65kD alone;
- - o - -, HSP-65kD plus anti-LAM), or CFL (-in -, CFL alone;
- -* - -, CFL plus anti-LAM. (B) IL-1 j release. Anti-LAM antibody
completely blocked IL- 1I f released by LAMbut had no effect on LPS,
HSP-65kD, or CFL stimulation. Symbols are the same as in A.

IL-JI, gene transcription and regulation by M. tuberculosis.
To determine if the transcription rate of mRNAfor IL- 1/3 was
increased, we used a nuclear run-on assay (Fig. 6). The IL- /3
cDNAand housekeeping control gene (/3-actin) were fixed to
nitrocellulose, and the stimulated cell extracts demonstrated an
increased transcription rate after LPS, LAM, or TNFa expo-
sure (Fig. 6, lanes 2, 3, and 4, respectively, compared with
untreated cells, lane 1).

To further investigate the molecular mechanisms by which
the expression of the IL- /3 gene is regulated upon exposure to
M. tuberculosis and other stimuli, we isolated the IL- 1/3 geno-
mic DNAfrom a human placenta library. A 1,420-bp IL-1/3
DNA fragment (-1130/+290) in pTK(-)CAT.IL-i/ was
evaluated by transient transfection and CATassay after stimu-
lation with TNFa, LPS, LAM, CFL, and HSP-65kD. The same
test agents that upregulated steady state IL- 1/ mRNAlevels
(see Fig. 6) enhanced CATgene expression driven by the IL- 13f
promoter in THP- 1 cells (Fig. 7). By comparison with the un-
stimulated control, the enhanced IL- 1/3 promoter activity was
> 14-fold upon stimulation with LAMor HSP-65kD and was
sixfold greater with CFL.

Discussion

Tuberculosis is characterized by recruitment of alveolar and
interstitial macrophages and lymphocytes with granuloma for-
mation and systemic symptoms of fever, chills, and night
sweats. Weas well as others have postulated that local mononu-
clear phagocyte activation occurs and that cytokines are re-

leased (6-16). Using in vitro stimulation by M. tuberculosis
and its components, we demonstrated increased IL-I / and
TNFa protein release, mRNAexpression, and showed that ac-
tivation occurs via the cell surface protein CD14and that acti-
vation for IL- 1/ occurs at the level of transcription.

LAMhas recently been shown to contain a phosphatidyl-
inositol membrane anchor that is altered by deacylation re-
moving palmitic (hexodecanoate) and tuberculostearic (10-
methyloctadecanoic) acids (24). Barnes and colleagues (15)
demonstrated that deacylated LAMwas unable to stimulate
cytokines, including IL-IlB and TNFa. Chatterjee and col-
leagues ( 16) explored the structural basis of the action of LAM,
observing that LAMfrom the virulent M. tuberculosis Erdman
strain released 100-fold less TNFa from murine macrophages
than LAMfrom the attenuated M. tuberculosis H37Ra strain.
They postulated that extensive capping of arabannan moieties
by mannan in the Erdman virulent strain allowed it to escape
eukaryotic host-defense mechanisms, including TNFa release.
Our results with the M. tuberculosis Erdman strain confirm the
results of Chatterjee et al. ( 16) for TNFa and extend them to
IL- 13. LAMhas been considered an important virulence factor
of M. tuberculosis with ability to downregulate IFN-y activa-
tion of macrophages, downregulate IFNy-inducible genes in
macrophages, inhibit protein-antigen processing by antigen-
presenting cells, scavenge superoxide anion, and decrease pro-
tein kinase C activity (25-28).

Wecarefully evaluated all of our samples of LAM, HSP-
65kD, and CFL for LPS contamination using the Limulus
amebocyte lysate assay, consistently observing < 10 pg/I ,Ig
test reagent, which was below the level that LPS was able to
stimulate cytokine release in THP- 1 cells. Using the same as-
say, Chatterjee et al. (16) reported 0.8 ng LPS/,lg LAMand
Barnes et al. (15) reported 1.6 ng LPS/,ug LAMcontamina-
tion; both were unable to detect an LPS effect in their test
systems. Chatterjee et al. (16) as well as others (29) added
polymyxin B or the specific LPS inhibitor diphosphoryl lipid A
to LAM test wells and obtained the same result. Addition of
anti-LAM monoclonal antibody of the IgG3 900 series abro-
gated the stimulatory activity of LAMfor TNFa or IL- 13 with
no effect on LPS stimulation, further demonstrating that the
effect of LAMwas not due to contaminating LPS. In addition,
anti-LAM had no effect on HSP-65kD or CFL, suggesting that
M. tuberculosis proteins other than LAMhave the ability to
stimulate cytokines, although less striking than LAM.

In addition to LAM, we evaluated a CFL of the M. tubercu-
losis Erdman strain that was free of carbohydrate moieties and
the recombinant HSP-65kD. The CFL was purified over an-
ion-exchange and molecular sieve chromatography and was
free of LAM contamination by Western blot. Mycobacterial
culture filtrates have proteins (46 and 20 kD) reported to stimu-
late TNFa release by peripheral blood monocytes ( 11). We
found that both proteins were weaker stimuli than LAM for
IL- I# or TNFa release with the only exception being the tran-
scription experiment using -HSP-65kD. HSP-65kD is a cyto-
solic protein important for intracellular protein assembly, fold-
ing, and transport.

Wealso show that LAMand LPS both stimulate peripheral
blood mononuclear cells to release TNFa and IL- 13 at low
doses ( < 10 ng/ml) by interacting with the CD14 surface pro-
tein. The release of TNFa and IL-,l/ stimulated by LAMor
LPS was blocked by anti-CD14 MY4 antibody but was not
blocked by an isotype IgG2b control protein. CD14 is a 55-kD
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Figure 5. Analysis of steady
state IL-1I3 and TNFa mRNA
levels in THP- 1 cells. Human
myelomonocytic leukemia line
THP- I was grown to a density
of 106 cells/ml in 10% FCS
and treated with different re-
agents for 5 h. Cytoplasmic
total RNAwas then isolated
and an equal amount of RNA
from each sample was electro-
phoresed through a 1%dena-
turing agarose gel containing
6% formaldehyde. (A) North-
ern analysis with nick-trans-
lated IL-1: cDNA. A single
mRNAhybrid of 1.6 kb was
identified. The samples were:
lane 1, control without treat-
ment; lane 2, LPS (100 ng/
ml); lane 3, LAM(100 ng/
ml); lane 4, HSP-65kD (100
ng/ml); lane 5, TNFa (10 ng/
ml); lane 6, control without
treatment; lane 7, IL- l a (1 ng/
ml); lane 8, CFL (100 ng/
ml). (B) Northern blot analy-
sis was performed with a nick-
translated human TNFa
cDNA probe and a 1.7-kb
transcript was identified. Lanes
are as in IA. (C) Northern
analysis of the same filter with
pHe 7 cDNA housekeeping
gene. Lanes are as in A.

glycoprotein attached to the membrane via a phosphatidylino-
sitol glycan anchor that interacts with a LPS-LPS-binding pro-
tein (LBP) complex (23, 30). It is not known if the LBP can
complex LAM but two different monoclonal antibodies to
CD14 were able to block the effect of LAM. LBP binds to the
lipid A portion of LPS, which may correlate to the important
phosphatidylinositol anchor of LAMthat is the antigenic com-
ponent (31). Thus there are structural similarities between
LAMand LPS in that a monoclonal antibody to monocytes
can recognize similar epitopes and inhibit LPS-LBP or poten-
tial LAM-LBP binding to CD14 and subsequent activation of
mononuclear phagocytes. Interestingly, the HSP-65kD and

1 2 3 4

IL-1,

P-actin 4

Figure 6. Increased transcription rate of IL- 1B gene detected by nu-
clear run-on assay. THP- 1 cells were stimulated for 1 h, washed with
PBS 3x, lysed with NP-40, and centrifuged to separate nuclei and
cytoplasm. The nuclei were labeled with [32P]UTP, digested with
DNase I and proteinase K, and the nascent nuclear RNAchains were
separated by TCAprecipitation. The labeled RNAwere hybridized
to nitrocellulose to which plasmids containing cDNAs for IL- 1, and
,B-actin had been fixed. Lane 1, untreated cells; lane 2, LPS; lane 3,
LAM; and lane 4, TNFa.

CFL act through a different mechanism because the stimulated
release was not blocked by anti-CD 14. In contrast, at higher
doses of LPS or LAM, activation of mononuclear phagocytes
to release IL- 11 and TNFa occurs despite the presence of anti-
CDl4 antibodies consistent with an additional mechanism.

Wedemonstrated that the increased steady state level of
IL- (l3 and TNFa mRNAis one of the mechanisms for in-
creased secretion of these proteins. Nuclear run-on assay for
IL- 113 demonstrated a striking increase in the transcription rate
in THP- 1 cells after LPS or LAMstimulation. Wefurther in-
vestigated the mechanisms by which the IL- 113 gene is regulated
upon exposure to various stimuli. After transfection of THP- 1
cells with the plasmid pTK( - )CAT.IL- 13, the IL- 113 promoter
activity was dramatically increased by LAMand HSP-65kD
and, to a lesser amount, by CFL, as analyzed by CAT assay.
This strongly suggests that the IL-113 gene is activated by the
mycobacterial components at the transcriptional level and that
the cis-acting elements in response to the mycobacterial compo-
nents are located on the IL- 11 DNAsequence between -1 130
and +290. Two genes encode IL- 1 a and 1 with 45% homology
in their nucleotide sequences and 26%similarity in their amino
acid sequences; both IL- 1 a and f1 bind to the same cell surface
receptor and have overlapping biological activities (32). Al-
though mononuclear phagocytes secrete much more IL- 11
than IL- la , the mRNAis translated to a 3 1 -kD pro-IL- 113 that
is cleaved by an IL-13-converting enzyme releasing the 153
COOH-terminal amino acids (17-kD protein), which consti-
tutes the mature cytokine (33, 34). Whether LAMaffects this
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1 2 3 4 5 6 Figure 7. Transient
transfection and CAT
assay. THP-l cells were
transfected with the

* * * * * I plasmid pTK(-)-
* * * ,* ^ CAT.IL-lfBby the

DEAE-dextran method
and the CATactivity

. _ _wasdetermined as de-
0 W W * W * scribed in Methods. The

transfected cells were
cultured for 24 h with
the following stimuli:

1x 16x 13x 14x 6x 19x lane 1, control; lane 2,
TNFa ( lO ng/ml); lane

3, IL-/li ( 100 ng/ml); lane 4, LAM( 00 ng/ml); lane 5, CFL ( 100
ng/ml); lane 6, HSP-65kD (100 ng/ml). The number on the bottom
of the figure indicates the relative increase (fold induction) in CAT
activities calculated by dividing the percent conversion into the ace-
tylated forms of chloramphenicol in extracts from cultures treated
with the respective stimuli by that in control extracts. Thus, a value
of 1.0 represents no increase over the control.

converting enzyme is not known. The 3' untranslated region of
the IL-1B and TNFa mRNAcontains an AU-rich sequence
that is implicated in instability and rapid turnover of the mes-
sage analogous to other genes, including IFNy, granulocyte/
macrophage colony stimulating factor, IL-2, IL-3, c-fos, c-myc,
and c-sis (35). Not only does LAMmodulate IL-1: produc-
tion, but other microbial components do so as well, e.g., the
immediate early genes of human cytomegalovirus upregulate
expression of the IL- 13 gene, and teichoic acid-peptidoglycan
complex of pneumoccoccal cell walls stimulate IL-1,8 release
from mononuclear phagocytes (36, 37). Both IL- 1 3 and TNFa
are regulated primarily at the level of transcription with stimuli
enhancing the duration of increased transcription; in mature
macrophages the amount of IL- 13 released is less than the
amount of TNFa consistent with additional posttranscrip-
tional mechanisms at the level of protein secretion (38).

Since mononuclear phagocytes are also important in the
formation of tubercle granulomas, these cytokines may also
mediate phagocyte differentiation into epithelioid cells, the re-
lease of extracellular matrix, the cellular organization typical of
granulomas, and the central caseation necrosis. Further studies
of alveolar macrophages and tissue biopsies from patients with
active tuberculosis will provide data on the role of IL- 13 and
TNFa in vivo.
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