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The host response to Mycobacterium tuberculosis is characterized by interactions between mononuclear cells,
with recruitment and fusion of these cells culminating in granuloma formation. In addition, the host response

to M. tuberculosis requires CD4+ T-cell reactivity, mediated by antigen-independent as well as antigen-
dependent mechanisms. Thus, we hypothesized that cell adhesion molecules such as intercellular adhesion
molecule 1 (ICAM-1; CD54) would participate in the response to infection with M. tuberculosis. Exposure of
THP-1 cells derived from a monocyte/macrophage cell line to M. tuberculosis (1:1 bacterium/cell ratio) elicited
a sustained increase (660% + 491% above resting level) in the expression of ICAM-1 that continued for at least
72 h. Neither the expression of vascular cell adhesion molecule 1 (VCAM-1; CD106) nor that of the integrins
lymphocyte function-associated antigen 1 (LFA-1; CDlla/CD18) or CR3 (CDllb/CD18) was increased to a

similar extent at corresponding time points. The increase in ICAM-1 protein expression was accompanied by
an increase in steady-state mRNA (Northern [RNA] analysis). Neutralizing monoclonal antibodies directed
against tumor necrosis factor alpha but not interleukin 1o or interleukin 1, substantially abrogated the
response to M. tuberculosis consistent with a paracrine or autocrine response. Continuous upregulation of the
expression of ICAM-1 on mononuclear phagocytes induced by M. tuberculosis may mediate the recruitment of
monocytes and enhance the antigen presentation of M. tuberculosis, thus permitting the generation and
maintenance of the host response.

In the past few years, there has been a dramatic increase in
the number of cases of active tuberculosis diagnosed around
the world. In 1990, there were an estimated 8 million new cases

of tuberculosis diagnosed, with 2.9 million deaths due to the
disease (6). The host response to infection with Mycobacterium
tuberculosis involves a complex interplay between inflamma-
tory cells and their cytokines. M. tuberculosis invades and
multiplies within macrophages, eliciting a T-cell response to an

antigen presented by an accessory cell (antigen-presenting cell
[APC]) in the context of major histocompatibility complex
(MHC) class II molecules (17). Early granulomas consist
predominantly of macrophages in association with CD4+ T
cells. Mature granulomas contain giant cells and large multinu-
cleated cells, formed by either fusion of macrophages or

incomplete cell division, as well as CD4+ and CD8+ lympho-
cytes around the periphery (13, 26).
The development of the host response to M. tuberculosis is

enhanced by the generation of diverse cytokines which include
interleukin-1 (IL-1) and tumor necrosis factor alpha (TNF-cx).
These cytokines are expressed sequentially in the formation of
granuloma: initial development of the granuloma involves the
production of IL-1 (predominantly IL-13), followed by the
increasing ability of macrophages of the granuloma to secrete
TNF-c- (17). The macrophage response is further modified by
the generation of lymphokines, specifically gamma interferon
(IFN-y) (10, 21). Whereas the role of select cytokines in the
host response to M. tuberculosis is being elucidated, the
sequelae of cytokine production remain even less well under-
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stood. Cytokines control the display of surface-adhesive mol-
ecules which mediate the antigen-independent interactions
required for antigen-dependent T-cell stimulation. The inter-
action of lymphocyte function-associated antigen 1 (LFA-1;
CD lla/CD18), a member of the integrin family, with intercel-
lular adhesion molecule 1 (ICAM-1; CD54), a member of the
immunoglobulin superfamily, is critical in determining conju-
gate formation between the APC and T cell as well as in the
activation of T cells (18). Indeed, ICAM-1 augments T-cell
proliferation and is pivotal in recall antigen responses ofT cells
to purified protein derivative of M. tuberculosis (3, 37). The
expression of select adhesion molecules has also been demon-
strated in some granulomatous diseases. Granulomas from
both tuberculous leprosy and lepromatous leprosy display
ICAM-1 expression (36). ICAM-1 expression has also been
described in alveolar macrophages derived from patients with
sarcoid (19).

Thus, we hypothesized that ICAM-1 would amplify and
enhance the immune and inflammatory responses to M. tuber-
culosis. To begin to understand the role of ICAM-1 expression
in the host response to M. tuberculosis, we investigated the
mechanisms by which ICAM-1 expression was controlled in
response to M. tuberculosis. We asked whether enhanced
ICAM-1 expression in APCs was a direct effect of stimulation
with M. tuberculosis. Our data demonstrate that THP-1 cells
which are derived from a monocyte/macrophage cell line,
increased surface expression of ICAM-1 in a sustained and
selective manner upon stimulation with M. tuberculosis. Select
cell wall components of a mycobacterium were also capable of
eliciting this response. In addition, the enhanced expression of
ICAM-1 in response to M. tuberculosis was mediated in a

paracrine or autocrine manner predominantly via TNF-oa. We
propose that induction of the expression of ICAM-1 in APCs
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by M. tuberculosis is involved in the host response that results
in recruitment and activation of mononuclear cells with sub-
sequent formation of granulomas.

MATERIALS AND METHODS

Culture ofM. tuberculosis. M. tuberculosis H37Ra (American
Type Culture Collection) was maintained in Lowenstein-
Jensen medium slants (Becton Dickinson Microbiology Sys-
tems, Cockeysville, Md.). The mycobacteria were subcultured
7 days prior to their use in 8 ml of Middlebrook 7H9 broth
supplemented with 0.05% polysorbate 80 (Becton Dickinson).
Prior to the experiment, the culture tubes were vortexed and
left standing at room temperature for 10 min. The upper 6 ml
was withdrawn and centrifuged (220 x g, 10 min), the super-
natants were recentrifuged (900 x g, 3 min), and the new
pellets were resuspended in RPMI 1640 medium supple-
mented with 10% fetal calf serum. Clumps of mycobacteria
were dispersed by multiple passages through a 10-ml syringe
with a 25-gauge needle. The final suspension consisted of
separate bacteria which were counted in a hemocytometer
chamber. To confirm bacterial counts, serial dilutions of
bacteria were cultured (for 4 weeks) on Middlebrook 7H10
agar plates (Adams Scientific Inc., West Warwick, R.I.). Col-
ony counts from these cultures corresponded with Mycobacte-
ria counts.

Heat-killed mycobacteria were obtained after incubation of
live organisms at 60°C (for 2 h in a water bath). The nonvi-
ability of the organisms was confirmed by their failure to grow
on Middlebrook 7H10 agar plates after 6 weeks of culture.

Cell culture. THP-1 cells (ATCC TIB 202) were maintained
in RPMI 1640 medium with L-glutamine (2 mM) (Whittaker
Bioproducts, Walkersville, Md.) and supplemented with 10%
fetal calf serum (GIBCO Laboratories, Grand Island, N.Y.).
Fresh medium was added to the cells 24 h before each
experiment. At appropriate time points, experiments were
terminated by incubating the cells (106/ml) with EDTA
(0.02%, 37°C, 30 min).

Antibodies. Monoclonal antibody (MAb) 84H10 (anti-
ICAM-1; mouse immunoglobulin Gl [IgGli) and MAb 25.3.1
(anti-LFA-1; mouse IgGlk) were obtained from AMAC, Inc.
(Westbrook, Maine). RR1/1 was a kind gift from Robert
Rothlein (Boehringer Ingelheim Pharmaceuticals, Inc., Ridge-
field, Conn.). The neutralizing MAb for TNF-at (IgG3) was
purchased from Boehringer Mannheim; MAb MN41 (anti-
CR3; IgGl) (12) and MAb W6/32 (anti-HLA A,B,C; mouse
IgGl) (5) were kind gifts from Jill Buyon (New York Univer-
sity Medical Center, New York). Neutralizing goat polyclonal
antibody for IL-la and IL-1lB were obtained from R&D
Systems (Minneapolis, Minn.). MOPC 21 (mouse IgGlk),
FLOPC 21 (mouse IgG3k), and fluorescein isothiocyanate
(FITC) conjugate (goat anti-mouse IgG) were obtained from
Sigma Chemical Co. (St. Louis, Mo.).

Immunofluorescence flow cytometry. Cells were washed with
ice-cold phosphate-buffered saline with 10% fetal calf serum
and 0.02% Na azide. Cells (106) were then incubated with the
specific MAb (30 min, 4°C) at the appropriate concentration.
Cells were then washed thrice and incubated with FITC-
labeled goat anti-mouse IgG (30 min, 4°C) and then fixed (1%
paraformaldehyde, 4°C), and all studies were analyzed within 3
days. Flow cytometry was performed on 10,000 cells per sample
in a FACScan (Lysis II; Becton Dickinson).

Reagents. Lipopolysaccharide (LPS) from Escherichia coli
O55:B5, phorbol myristate acetate, and EDTA were purchased
from Sigma. Lipoarabinomannan (LAM) was a kind gift from
P. Brennan (Colorado State University, Fort Collins) and was
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FIG. 1. Expression of ICAM-1 on THP-1 Cells. Indirect immuno-
fluorescence staining was performed on THP-1 cells by using a MAb
directed against the first extracellular domain of the ICAM-1 (84H10;
IgGl) and revealed by an FITC-conjugated goat anti-mouse antibody.
Fluorescence was performed by FACS analysis of 10,000 events by
using a Lysis II program. Results are plotted as the logl0 of the
fluorescence against the cell number. The expression of ICAM-1 was
analyzed on THP-1 cells exposed to control buffer and an irrelevant
MAb (MOPC 21) (a), control buffer (24 h) (b), phorbol myristate
acetate (8 nM, 24 h) (c), or LPS (10 ng/ml, 24 h) (d) and then exposed
to an FITC-conjugated goat anti-mouse antibody.

derived from a laboratory-attenuated strain of Mycobacterium
sp. (15, 27). LAM was isolated via a detoxygel column, and a
Limulus amebocyte lysate assay (QCL-1000; Whittaker Bio-
products) was used to determine endotoxin contamination of
the LAM extract.

Isolation of RNA and Northern (RNA) blot analysis. THP-1
cells were treated with the indicated stimuli and lysed with 6 M
guanidinium-HCl. Total RNA was isolated over a guani-
dinium-cesium chloride cushion (30). Northern blot analysis
was performed on RNA denatured at 56°C and run through
1% agarose gels (30 pug per lane) containing 2.2 M formalde-
hyde in 10 mM sodium phosphate (pH 7.0). RNA was trans-
ferred to nitrocellulose filters (BA 85; Schleicher & Schuell)
overnight. The filters were baked (80°C, 2 h), blocked (0.1%
Ficoll), and prehybridized (50% formamide, 0.5% sodium
dodecyl sulfate [SDS], 1ox Denhardt's solution, 0.1 mg of calf
thymus DNA per ml, and 4x SSPE [1 x SSPE is 0.18 M NaCl,
10 mM NaPO4, and 1 mM EDTA {pH 7.7}]) at 42°C (6 h) and
then hybridized (20 h, 42°C) with a 2P random primer-labelled
synthetic DNA fragment spanning the cDNA sequence for the
human ICAM-1 gene from positions 1388 to 1487 (32). The
filter was washed in serial dilutions of SSC (lx SSC is 0.15 M
NaCl plus 0.015 M sodium citrate) and 0.5% SDS (room
temperature) with a final wash in 0.1% SSC and 0.5% SDS
(65°C, 20 min) and exposed to Fuji RX film at -70°C for 4
days with an intensifying screen. The filter was subsequently
stripped and rehybridized with a 32P random primer-labelled
synthetic DNA fragment to glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). Densitometry was performed (with an
LKB Ultroscan XL enhanced laser densitomer) to calculate
the relative amounts of ICAM-1 mRNA.

RESULTS
Expression of ICAM-1 in THP-1 cells. As demonstrated in

Fig. 1, THP-1 cells exposed to a murine MAb directed against
ICAM-1 (84H10 [AMAC] or RR1/1) and then to an FITC-
conjugated goat anti-mouse IgG displayed increased fluores-
cence compared with an IgGl isotype control (MOPC 21)
when analyzed by immunofluorescence flow cytometry. Phor-
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FIG. 2. M. tuberculosis alters the surface expression of ICAM-1 on
THP-1 cells. THP-1 cells were incubated with M. tuberculosis H37Ra at
a 1:1 ratio, and the expression of ICAM-1 was evaluated by FACS
analysis for cells exposed to an irrelevant MAb (a), control buffer (24
h) (b), M. tuberculosis for 4 h (c), or M. tuberculosis for 24 h (d).

bol myristate acetate (8 nM) as well as LPS (10 ng/ml) elicited
a time-dependent increase in the surface expression of
ICAM-1 in THP-1 cells. Little upregulation was noted at 4 h
(data not shown); by 24 h there was a significant increase in the
expression of ICAM-1 (437.95% ± 38% and 681% ± 47%
[means + standard errors of the means] above basal levels,
respectively; n = 4). Thus, ICAM-1 was constitutively ex-
pressed on THP-1 cells, and its expression was modulated by
known stimuli for ICAM-1.
To determine the effect of exposure to M. tuberculosis on the

expression of ICAM-1 on THP-1 cells, these cells were incu-
bated with M. tuberculosis H37Ra. A 1:1 ratio (bacillus/cell)
was chosen for experiments since this ratio induced phagocy-
tosis (light microscopy) and minimal toxicity (.90% cell
viability as determined by trypan blue staining). Bacterial
counts were confirmed by colony counts after a 6-week culture
of serial dilutions. As shown in the representative experiment
in Fig. 2, incubation of THP-1 cells with M. tuberculosis (1:1)
resulted in a time-dependent increase in the surface expression
of ICAM-1. A significant increase in the expression of ICAM-1
was noted after 24 h of incubation with mycobacteria (660.06%
+ 39% above resting levels; n = 9). The expression of ICAM-1
continued to increase for at least 72 h (1632.7% ± 52% above
resting levels; n = 3).
To determine whether the effect on ICAM-1 expression was

specific for M. tuberculosis, THP-1 cells were also exposed to
the attenuated bovine tuberculosis strain Mycobacterium bovis
BCG. Exposure of THP-1 cells to BCG elicited an increase in
the expression of ICAM-1 that was evident by 24 h (567.8% ±
191% above control levels) and continued to increase for 72 h
(1,152.33% + 458% above resting levels; n = 3). Heat-killed
M. tuberculosis (1:1 bacterium/cell ratio) also enhanced the
expression of ICAM-1 (552.9% above resting levels; n = 2).

Efect ofM. tuberculosis and LAM from Mycobacterium sp. on
other adhesion molecules. Since ICAM-1 functions as the
ligand for the integrins LFA-1 (CD11a/CD18) and CR3
(CD1lb/CD18), we examined the effect of M. tuberculosis on
the expression of LFA-1 and CR3 on THP-1 cells. As demon-
strated in Fig. 3a, the expression of LFA-1 was not increased at
24 h. The expression of CR3 and the surface protein HLA
A,B,C was minimally increased by 24 h (148.4% + 15% and
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FIG. 3. Effect of M. tuberculosis or LAM on expression of adhesion
molecules. (a) THP-1 cells were exposed to M. tuberculosis (1:1
bacterium/cell ratio) for 24 h, and expression of ICAM-1, CR3, LFA-1,
and HLA A,B,C was determined by FACS analysis after indirect
immunofluorescence staining of cells with the appropriate primary
MAb and then with an FITC-conjugated goat anti-mouse antibody.
Data are presented as percentages above resting levels (means ±
standard errors of the means; n = 3). (b) Effect of LAM on expression
of adhesion molecules. THP-1 cells were stimulated with LAM (250
ng/ml, 24 h), and expression of ICAM-1, CR3, LFA-1, and HLA A,B,C
was determined by indirect immunofluorescence staining and then by
FACS analysis. Cells stained for expression of VCAM-1 were exposed
to LAM (100 ng/ml).

187.0% ± 11%, respectively, above resting levels; P < 0.01).
None of these surface proteins were increased when shorter
incubation times were used (4 h; data not shown). Thus, LFA-1
and CR3 are constitutively expressed in THP-1 cells but are
not upregulated to the same degree or with the same kinetics
as ICAM-1. LAM has been characterized and is a highly
antigenic component of the cell wall of a rapidly growing
Mycobacterium sp. (14, 27). It consists of a multiglycosylated
(mannose core) region on a phosphatidylinositol backbone
(14, 26). The major acyl groups are palmitate and tuberculoste-
arate (10-methyloctadecanoate). LAM demonstrated a func-
tional profile identical to that of M. tuberculosis on the
expression of ICAM-1 and the integrins CR3 and LFA-1.
LAM (250 ng/ml) elicited a minimal increase in CR3 expres-
sion (136.0% ± 8%; P < 0.01) and failed to stimulate LFA-1
(96.0% ± 2%). In addition, although there was constitutive
expression of vascular cell adhesion molecule-1 (VCAM-1) in
THP-1 cells, neither LAM (Fig. 3b) nor M. tuberculosis (data
not shown) elicited upregulation of VCAM. These data sug-
gest that the mechanism of activation of ICAM-1 expression is
similar for both LAM and the intact mycobacterium. Thus, at
the time points analyzed, M. tuberculosis and a Mycobactenium
sp. cell wall component selectively induced an increase in the
expression of ICAM-1.

Expression of ICAM-1 mRNA after M. tuberculosis. To
determine whether the enhanced expression of ICAM-1 on the
surface of THP-1 cells was associated with an increase in the
expression of ICAM-1 mRNA, we measured steady-state
ICAM-1 mRNA. As demonstrated in Fig. 4, total RNA
extraction, followed by Northern blot analysis using a specific
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FIG. 4. Northern blot analysis of THP-1 cells exposed to M.
tuberculosis. A nitrocellulose filter containing total RNA extracted
from unstimulated THP-1 cells (lane 1), cells exposed to LPS (10
ng/ml, 4 h) (lane 2), or M. tuberculosis (1:1 ratio, 4 h) (lane 3) was
consecutively hybridized with a synthetic probe to ICAM-1 and a
synthetic probe to GAPDH. The films were exposed for 4 days
(ICAM-1) and 15 h (GAPDH) with intensifying screens. Positions of
the mRNAs detected (sizes, 3.3 kb for ICAM-1 and 1.3 kb for
GAPDH) are indicated.

probe for ICAM-1, revealed a unique hybrid of the expected
size (3.3 kb) for ICAM-1 mRNA (35). Unstimulated THP-1
cells displayed little mRNA for ICAM-1. As anticipated, LPS
(10 ng/ml) elicited significant expression of ICAM-1 mRNA (4
h). M. tuberculosis (1:1) also elicited marked expression of
ICAM-1 mRNA (4 h). These findings were confirmed by
densitometric comparison of mRNA levels for ICAM-1 with
those for the constitutively expressed GAPDH (1).

Role of TNF-a and IL-113 in expression of ICAM-1 induced
byM. tuberculosis. THP-1 cells synthesize and secrete abundant
TNF-a and IL-13 and little IL-lot. In addition, THP-1 cells
have also been demonstrated to secrete TNF-ot and IL-lp in
response to M. tuberculosis and its cell wall components (41,
42). Thus, we examined whether the effect ofM. tuberculosis on
expression of ICAM-1 was mediated via a paracrine or auto-
crine effect by the production of these cytokines. THP-1 cells
were preincubated in the presence of neutralizing antibody
against TNF-a, IL-la, or IL-1lB and then exposed to M.
tuberculosis (1:1 ratio, 24 h) or LAM. Direct immunofluores-
cence staining and flow cytometry were then performed. As
can be seen in Fig. 5a, neutralizing antibodies directed against
TNF-a significantly reduced the expression of ICAM-1 in cells
stimulated with M. tuberculosis. Because of the similarity in
functional profile between M. tuberculosis and LAM, neutral-
izing MAbs were also used to examine the effect of LAM-
stimulated ICAM-1 expression. As seen in Fig. 5b, neutralizing
MAbs directed against TNF-ot significantly reduced the expres-
sion of ICAM-1 in cells stimulated with LAM. In contrast,
neutralizing antibodies directed against IL-lao or IL-l1 failed
to inhibit the response. The combination of antibodies to
IL-lot or IL-1l3 also failed to induce inhibition (data not
shown). The neutralizing ability of the antibodies was con-
firmed by examining their effect on ICAM-1 expression stim-
ulated by IL-la or IL-1p. These data suggest that the expres-
sion of ICAM-1 in response to M. tuberculosis is regulated in
part by the autocrine or paracrine expression of TNF-a but not
IL-1.
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FIG. 5. Effect of neutralizing antibodies to TNF-ot or IL-1 on
expression of ICAM-1. (a) THP-1 cells were exposed to increasing
concentrations of a neutralizing MAb directed against TNF-a, fol-
lowed by M. tuberculosis (1:1 bacterium/cell ratio, 24 h). ICAM-1
expression was determined by direct immunofluorescence and FACS
analysis. A representative experiment is shown. (b) THP-1 cells were
exposed to a neutralizing MAb to TNF-a (5 ,ug/ml) or neutralizing
polyclonal antibody to IL-la or IL-1,, followed by stimulation with
LAM. Direct immunofluorescence staining with FITC-conjugated
MAb directed against ICAM-1, followed by FACS analysis, was
performed. A representative experiment is shown.

DISCUSSION

Cell-mediated immunity which requires the recruitment and
activation of monocytes/macrophages and T cells is critical for
the host response to M. tuberculosis; humans and mice that lack
CD4+ T cells fail to contain the spread of mycobacteria (20).
Since antigen presentation to CD4+ T cells requires antigen-
independent as well as -dependent processes, we hypothesized
that cell adhesion molecules such as ICAM-1 (CD54) would
participate in the response to infection with M. tuberculosis.
We have now begun to elucidate the mechanisms by which

M. tuberculosis elicits an immune response. We have demon-
strated that M. tuberculosis H37Ra enhanced expression of
ICAM-1 in a human monocytic cell line. The kinetics of
expression of ICAM-1 were similar to those described in most
cells in which maximal expression of ICAM-1 is achieved after
24 h of cytokine induction (11, 34). In response to LPS
stimulation, expression of ICAM-1 returns to basal levels in 2
to 5 days. In contrast, ICAM-1 expression in response to M.
tuberculosis or BCG continued to increase at 72 h. The
sustained increase in the expression of ICAM-1 after M.
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tuberculosis infection may reflect continuous exposure of cells
to viable mycobacteria. This prolonged increase in ICAM-1
expression may facilitate the continuous recruitment and fu-
sion of mononuclear cells needed to maintain the structure of
a granuloma or facilitate the activation of T cells. Indeed,
microorganisms which can be completely degraded by macro-
phages in culture evoke only transient acute inflammatory
responses in vivo, and only those that are resistant to degra-
dation induce granulomas (1, 2, 33). Therefore, the sustained
expression of ICAM-1 on monocytic cells after exposure to M.
tuberculosis may play a role in the subsequent evolution of the
inflammatory response in vivo. Indeed, expression of ICAM-1
is found across the spectrum of leprosy dermal lesions and
correlates with the outcome of the host response to the
infection, i.e., higher expression of ICAM-1 on the epidermis
of tuberculoid lesions is associated with well-developed gran-
ulomas (36). In contrast, chronically infected macrophages
(i.e., for 2 weeks) fail to present mycobacterial antigens to
CD4+ T cells (24). Although the mechanism for this inade-
quate presentation remains to be defined, the defect in antigen
presentation may be due to altered expression of adhesive
molecules. We have not extended our observations to this
period of time to determine whether there is deficient ICAM-1
expression after chronic infection.
The counterreceptors for ICAM-1, CR3, and LFA-1 are also

expressed on THP-1 cells. These counterreceptors mediate
adhesion of inflammatory cells in part via their upregulation
(25, 34, 38). CR3 also participates in the adhesion and
phagocytosis of M. tuberculosis (31). In THP-1 cells, CR3
expression is enhanced by 1,25(OH)2D3 (39). Despite an
increase in ICAM-1 expression in response to M. tuberculosis,
no increase in CR3 was detected at 4 h, and only a minimal
increase was noted by 24 b LFA-1 failed to be upregulated.
VCAM-1 is a transmembrane glycoprotein that is also a
member of the immunoglobulin gene superfamily (23, 28).
Although initially described as an inducible protein on endo-
thelial cells, it has also been demonstrated in cells of dendritic
morphology in follicular centers, in interfollicular zones of
peripheral lymph nodes and tonsils, and in splenic and thymic
macrophages (9). In contrast to ICAM-1, VCAM-1 interacts
with a member of the 1P family of integrins, i.e., very late
antigen 4 (VLA-4; (x4 (1; CD49d/CD29). Like ICAM-1,
expression of VCAM-1 is controlled by a variety of cytokines,
including TNF-ox, IFN-y, and IL-1. Expression of VCAM- 1 was
not enhanced in THP-1 cells exposed to mycobacteria. Thus,
the increased expression of ICAM-1 on THP-1 cells was
relatively selective for ICAM-1 at these kinetics (4 and 24 h).

Locally produced cytokines such as IFN-y, IL-lco, IL-13, and
TNF-cx are clearly implicated in the development and persis-
tence of granulomatous inflammation (7, 16, 22). TNF-cx is
abundantly secreted by alveolar macrophages of patients with
tuberculosis and is highly expressed in granulomatous lesions
in tuberculosis (16, 17, 29). These cytokines also induce
expression of ICAM-1. The continuous production of TNF-cx
and other cytokines released locally by stimulated macro-
phages and T cells may account for the sustained expression of
ICAM-1 on infected macrophages. Peripheral blood mononu-
clear cells elicit mRNA transcription for TNF-o-, IL-lot, and
IL-13 but not IFN-y in response to antigens from M. tubercu-
losis (4, 41). In contrast, THP-1 cells secrete little IL-1lo in
response to IFN-y or 1,25(OH)2D3 (39). Moreover, mRNA
levels of IFN-y and TNF-ox have been correlated with the
degree of epidermal expression of ICAM-1 in leprotic lesions
(33). Thus, we hypothesized that the upregulation of ICAM-1
by M. tuberculosis was mediated in a paracrine or autocrine
manner by some of thesc cytokines. Since previous studies

have failed to demonstrate production of IL-lot and IFN-y by
THP-I cells, we suspected that predominantly TNF-cx or IL- 1
would participate in the increase in ICAM-1 (39). In accor-
dance with this hypothesis, neutralizing antibodies to TNF-cx
were demonstrated to significantly inhibit the stimulated ex-
pression of ICAM-1 by M. tuberculosis or LAM. Neutralizing
antibodies to IL-1 (anti IL-1cx, anti-IL-13, or both) failed to
alter the expression of ICAM-1. Thus, ICAM-1 expression is a
paracrine or autocrine response to the production of TNF-a
elicited by M. tuberculosis or its cell surface component. This
selective role of TNF-ox is of interest since THP-1 cells are
capable of expressing ICAM-1 in response to both IL-1,B and
IL-la (data not shown) and suggest that an additional factor
may be required.

Expression of ICAM-1 is controlled at both transcriptional
and posttranscriptional levels. Regulatory elements for the
ICAM-1 gene include a consensus sequence recognized by
NF-KB as well as sites homologous with the AP-1/TRE, AP-2,
and AP-3 sequences (40). Two transcription initiation sites are
utilized differentially in cell lines, and regulation of the
ICAM-1 gene involves upstream elements which differ de-
pending on the stimulus (40). In addition, whereas TNF-at
stimulates ICAM-1 gene transcription, ICAM-1 expression can
also be regulated by increasing mRNA stability, the mecha-
nism used in response to phorbol myristate acetate (8). In
response to M. tuberculosis, THP-1 cells clearly increase
mRNA for ICAM-1, suggesting that, in part, the enhanced
surface expression of ICAM-1 is elicited at the transcriptional
level. Since the expression of ICAM-1 is dependent on the
production of TNF-ox, we suspect that the increase in mRNA is
most likely due to increased transcription, although posttran-
scriptional regulation of ICAM-1 remains a possible mecha-
nism as well.
These data begin to define mechanisms whereby M. tuber-

culosis elicits a host response and modulates the properties of
APCs via an effect on the display of adhesion molecules.
Understanding this cascade of events will allow for future
clinical interventions.
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