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Mycobacterium tuberculosis alone induces small, donor-variable amounts of tumor necrosis factor alpha (TNF-�)
from primary human monocytes in vitro. However, TNF-� release is increased 5- to 500-fold when fixed
activated T cells (FAT) or their isolated, unfixed membranes are added to this system. This FAT-induced
synergy was at least as potent as that induced by gamma interferon (IFN-�) at 100 U/ml. FAT-enhanced TNF-�
production is at least in part transcriptionally mediated, as reflected by quantitative changes in TNF-� mRNA
between 2 and 6 h poststimulation. Unlike IFN-�-cocultured cells, FAT-treated monocytes appeared not to have
enhanced TNF-� message stability, suggesting that de novo transcription may be involved in this effect.
Furthermore, M. tuberculosis alone induced only minimal DNA binding of monocyte NF-�B, but cells treated
with M. tuberculosis and FAT potentiated NF-�B activity more effectively. It is therefore possible that one
mechanism by which FAT synergize with M. tuberculosis to stimulate TNF-� production is via NF-�B-enhanced
transcription. These data strongly suggest that in the interaction of cells involved in the immune response to
M. tuberculosis, T-cell stimulation of monocyte TNF-� production involves a surface membrane interaction(s)
as well as soluble mediators.

Tumor necrosis factor alpha (TNF-�) has been implicated in
both the pathophysiology and protective host response to My-
cobacterium tuberculosis and other mycobacterial infections (7,
16, 42). Elevated levels of TNF-� are present at the site of
M. tuberculosis infection, and monocytes from tuberculosis pa-
tients produce more TNF-� in vitro than monocytes from un-
infected donors (2, 40). However, in the absence of costimuli,
isolated human monocytes produce only moderate amounts of
TNF-� in vitro in response to M. tuberculosis compared to oth-
er TNF-�-eliciting agents (28). Coculture with the Th1-derived
cytokine gamma interferon (IFN-�) markedly enhances the
amount of TNF-� released in response to M. tuberculosis in
vitro (28), but in vivo there appear to be other, IFN�-indepen-
dent mechanisms for increasing TNF-� production in response
to M. tuberculosis (15).

Secreted products are not the only pathway of cognitive T
cell-monocyte interaction. Direct contact with T cells in vitro,
even in the presence of anticytokine antibodies or emetine,
stimulates macrophage antimycobacterial functions, while
supernatants of these cells have little effect (36, 39). Other
monocyte functions, including TNF-� secretion, can be stimu-
lated, in the absence of cofactors, by activated T cells which
have been washed and then fixed in paraformaldehyde (fixed
activated T cells [FAT]) (47, 48). Direct cell-cell contact is
required for such stimulation, and in sites of inflammation,
especially in the granuloma, such intercellular contact is com-
mon. Thus, it is important to assess the potential contribution

of such membrane-mediated interaction to monokine produc-
tion in the presence of M. tuberculosis.

TNF-� production in monocytes is regulated at multiple in-
tracellular levels, beginning with transcription (13, 27, 30, 37).
Increased amounts of tumor necrosis factor (TNF) mRNA
(17) and activation of a relevant transcription factor, NF-�B
(41, 44, 52), have been reported in monocytic cells treated
with M. tuberculosis. Adhesive substrates such as fibronection
and cross-linkage of specific monocyte surface molecules (e.g.,
CD44, CD45, CD58, and CD40) also stimulate these events
(12, 18, 19, 21, 51). Furthermore, IFN-�, which synergistical-
ly stimulates TNF-� production from M. tuberculosis-treated
monocytes (7), not only increases transcription of TNF-� in
some systems but it also promotes mRNA stability and trans-
lation (3, 7, 38). We therefore sought to compare and contrast
the effects of T cell-monocyte contact and the effects of IFN-�
at the level of transcription and NF-�B activation.

MATERIALS AND METHODS

Materials. Escherichia coli lipopolysaccharide O127:B8 was purchased from
Sigma (Poole, England). All other materials in tissue culture had a final endo-
toxin content of �10 pg/ml, as calculated from the manufacturer’s specifications.
Recombinant human IFN-� and monoclonal anti-human IFN-� were purchased
from R&D Systems (Abingdon, England). Unless otherwise stated, all other
reagents for tissue culture were purchased from Sigma. Anti-CD18, CD11b and
isotype control immunoglobulin G1 (IgG1) antibodies were purchased from
Dakopatt (Copenhagen, Denmark), dialyzed, and incubated with polymyxin B
before being added to cultures at a final concentration of 10 �g/ml; control IgG,
did not stimulate TNF-� production.

Preparation of fixed T cells or T-cell membranes. The primary source of fixed
activated T cells was the HUT78 cell line, which was obtained from the National
Institute of Biological Standards and Controls AIDS Reagent Programme
(South Mimms, England) and was tested for mycoplasma using the Genprobe
(San Diego, Calif.) Mycoplasma detection kit. Autologous T cells were elutriated
from peripheral blood at 16 to 18 ml/min (see below) and then passed through
a nylon wool column (Novamed, Jerusalem, Israel). Purified protein derivative
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(PPD)-specific T cells were generated from PPD-stimulated peripheral blood
mononuclear cells (PBMC) by bimonthly interleukin-2 (IL-2) starvation followed
by stimulation with irradiated, PPD-pulsed autologous feeders; during interven-
ing passages, cells received 2 to 5 U of IL-2 per ml every 3 to 4 days. After 10
weeks the cell lines were screened for specificity by [3H]thymidine incorporation.

T cells were activated with 1 �g of phytohemagglutinin (PHA) and 5 ng of
phorbol myristate acetate (PMA) for 20 h, washed, fixed in 1% paraformalde-
hyde, and washed again as previously described (47). Crude membrane fractions
were prepared as previously described (20, 47) from HUTs activated as above,
washed, and mechanically lysed in a sucrose buffer, followed by differential
centrifugation.

Bacterial stocks, infective inoculum, and assay of bacterial viability. Mouse-
passaged M. tuberculosis H37Rv (a gift from J. Dhillon, St. George’s Hospital
Medical School, London), grown in broth as described below, was used unless
otherwise specified. A gamma-irradiated stock for use in selected experiments
was produced from these broth cultures by exposure to 2.5 Mrad; cultures were
then counted and frozen, and aliquots were checked for viability in Kirschner’s
medium and 7H9 broth and on 7H10 agar (Difco, Detroit, Mich.). The 7416
H37Rv NCTC reference strain ATCC 9360 was obtained from the Public Health
Laboratory Service (London). Clinical M. tuberculosis isolates were a gift from B.
Allen (St. George’s Medical School). All M. tuberculosis samples were grown in
7H9 broth supplemented with 10% albumin-dextrose-citrate (Difco) and poly-
myxin B (20 �g/ml), and without Tween. Inocula were washed and sonicated as
previously described (50), and the resulting almost entirely single-cell suspension
was counted in a Helber chamber and resuspended to the desired concentration
in warm RPMI. An aliquot was plated on 7H10 to retrospectively assess viability.
TNF-� results obtained with our stocks were verified in triplicate experiments
with the NTCC H37Rv reference strain, another mouse-passaged H37Rv lab
stock, and two M. tuberculosis clinical isolates. An infective ratio of 1:1 was used
throughout because, although a 10:1 ratio of M. tuberculosis to monocytes in-
duced the largest amount of TNF-� (2.3 to 3.5 ng/ml, n � 4), the viability of the
monocyte population suffered considerably at this inoculum.

Viability of cell-associated bacteria was assayed by CFU as previously de-
scribed (50). Briefly, monocytes were lysed, and bacterial clumps were dispersed
by three 3-s sonications in 0.2% sodium dodecyl sulfate, then samples were
serially diluted and plated on 7H10, and the number of CFU was counted after
4 weeks of incubation.

Isolation, culture, and stimulation of human monocytes. Monocytes were
isolated from pooled buffy coats (South Thames Blood Transfusion Service,
London, England) or venous blood from laboratory volunteers in 10 mM EDTA
as previously described (31). Briefly, cells were separated from plasma by cen-
trifugation at 300 � g, and then erythrocytes were sedimented in 0.6% dextran
(Pharmacia, Uppsala, Sweden). The resulting leukocyte-rich plasma was har-
vested, washed, resuspended in elutriation buffer (Hanks’ balanced salt solution
without Ca2� or Mg2�, containing 1 mM EDTA and 1% autologous platelet-
poor plasma) and loaded on a Beckman J6/JE-5.0 elutriator (running at 600 �
g continuously) at a flow rate of 14 ml per min. Monocytes (87 to 95% pure by
subsequent Giemsa staining) were eluted at between 20 and 22 ml per min as
previously described (10), washed, and resuspended to 1.5 � 106/ml in warm
RPMI 1640. In most cases, they were allowed to adhere to tissue culture plastic;
in selected experiments, elutriated monocytes were added to Teflon (Savillex,
Minnitonka, Minn.) or fibronectin-coated (Becton Dickinson, Franklin Lakes,
N.J.) inserts. After 90 min, nonadherent cells were washed off (except in the
Teflon wells) and the medium was replaced with RPMI 1640 containing 2 mM
L-glutamine and 2% autologous serum. This medium was used throughout the
subsequent experiments unless otherwise indicated. These cultures were allowed
to quiesce overnight before the supernatant was replaced with fresh medium with
or without the indicated mediators and/or bacteria. The cultures were allowed to
incubate for a further 1 to 72 h before harvest. Apart from small differences
dependent on the day of infection, the release of TNF-� was not appreciably
altered by manipulations of culture conditions which included adherence sub-
strate, fresh blood versus buffy coat, live versus �-irradiated M. tuberculosis,
culture and/or pretreatment of M. tuberculosis with polymyxin B (20 �g/ml),
addition or subtraction of contaminating cell populations, or harvesting super-
natants at later time points up to 72 h. In selected experiments (n � 3), monocyte
cultures were treated with antibodies to CD11b, CD18, or an IgG1 isotype
control for 30 min prior to the addition of FAT with or without M. tuberculosis.

Assay for immunoreactive TNF-�. Monocytes were separated and cultured
overnight prior to stimulation as described above. At the indicated time point
poststimulation (usually 24 h), culture supernatants were harvested and centri-
fuged at 12,000 � g for 5 min. The resulting supernatants were frozen at �70°C
and subsequently assayed by sandwich enzyme-linked immunosorbent assay
(ELISA) using R&D Systems protocol AXMAB610, anti-human TNF-� anti-

bodies (which detect both free and receptor-bound TNF-�), and control recom-
binant human TNF-�. Results were analyzed by three-way or four-way analysis
of variance, followed by t test to compare specific conditions.

RNA extraction and RNase protection assay. Between 1 and 8 h poststimula-
tion, cultures of 106 monocytes were washed in RPMI, harvested, and lysed in
1 ml of RNAsol (phenol-and guanidium thiocyanate-based compound; Genosys,
Cambridge, England) containing 4 �g of carrrier rRNA (Pharmacia). Lysates
were immediately frozen at �70°C. RNA was later extracted in chloroform and
precipitated according to the manufacturer’s (Genosys) protocol. The RNA
pellet was resuspended in 20 �l of Tris-EDTA and stored at �70°C until assay.

DNA templates for TNF-� and the housekeeping gene �-actin were gifts from
S. Goodbourne (St. George’s Hospital Medical School). RNA probes were
generated from these templates using the Maxiscript kit (Ambion, Austin, Tex.)
and subsequently gel purified. The T7 RNA polymerase with 3.3 �M (50 �Ci)
[�-32P]UTP was used to produce the TNF-� probe, and �-actin RNA was made
with SP6 and 1.4 �M (14 �Ci) [�-32P]UTP diluted 25-fold with unlabeled UTP.

RNase protection assays were performed using the RPAIII kit (Ambion)
according to the manufacturer’s protocol except that a phenol-choloroform ex-
traction step was added following digestion of unhybridized RNA. The final
products were electrophoresed on a 6% reducing gel and quantitated by phos-
phoimaging. Results are shown as a ratio of TNF-� (234 nucleotides [nt]) to
�-actin (155 nt), expressed as a percentage of the control, for each sample.
(Nuclear run-on assays were precluded on the grounds of safety.)

Preparation of nuclear extracts and EMSA. For the electrophoretic mobility
shift assay (EMSA), flasks containing 3 � 106 monocytes, separated and cultured
as described above, were stimulated for 60 to 90 min before being washed and
gently scraped into ice-cold phosphate-buffered saline (PBS). For most experi-
ments, cells from two donors were stimulated in parallel and then pooled when
they were harvested in ice-cold PBS. Cells were pelleted at 400 � g for 10 min,
lysed in nuclear isolation buffer (11) containing 0.5% NP-40, and centrifuged at
500 � g for 5 min. The resulting nuclear pellet was gently washed in nuclear
isolation buffer without NP-40, recentrifuged, and then gradually resuspended in
a 0.32 M high-salt buffer as previously described (49). Nuclei were incubated at
�4°C for 1 h and then centrifuged at 12,000 � g for 15 min, and the supernatant
was frozen at �70°C.

EMSA was performed as previously described (49) using 10 �g of nuclear
extract and an [�-32P]ATP end-labeled probe, GATCGTGGGAAATTGATC,
containing consensus sequences for both NF-�B and RBPJ� (recombinant bind-
ing protein J�, a constitutive DNA binding protein; a gift of S. Goodbourne, St.
George’s). The ratio of NF�B-bound probe to RBPJ�-bound probe was quan-
titated on a Storm phosphoimager. Anti-p50 antiserum (donated by Ron Hay to
the Medical Research Council AIDS Reagent Program, National Institute of
Biological Standards and Controls) was used to confirm the identity of the
complex by supershifting.

RESULTS

Induction of TNF-� by M. tuberculosis. Peripheral blood
monocytes purified by elutriation to 90% and then by plastic
adherence to a final purity of 98% were cultured overnight to
quiesce. Single-cell suspensions of M. tuberculosis H37Rv were
added to these cultures in an infective ratio of 1:1, which in-
duced detectable TNF-� (Fig. 1A) without significant loss of
monocyte viability.

T-cell membranes synergize with M. tuberculosis for en-
hanced TNF-� production. Addition of fixed, activated HUT-
78 T cells (FAT; 1 T cell per monocyte) to monocyte cultures
stimulated TNF-� release which was synergistically enhanced
in the presence of an equal number of M. tuberculosis (Fig. 1).
The greatest rate of TNF-� release was between 4 and 12 h
(Fig. 1B), and total TNF-� in the culture medium did not
increase appreciably between 24 and 72 h (not shown). The
viability of M. tuberculosis was not affected up to 72 h under
these conditions (n � 2, not shown), and transcription of in-
ducible nitric oxide synthase (iNOS) from the infected human
monocytes, as measured by nested PCR, was minimal (n � 3;
not shown).

This phenomenon is unlikely to be an artifact of transfor-
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mation, as fixed autologous primary T cells stimulated a similar
synergistic enhancement of TNF-� as the activated HUT T-cell
line (Fig. 2). In both cases enhancement appears to be depen-
dent upon T-cell activation, as resting T-cell populations were
incapable of stimulating TNF-� release (Fig. 1A and 2). How-
ever, the antigen specificity of the stimulating T cells may not
be important: e.g., when antigen-specific (PPD-specific T-cell
line) and non-antigen-specific T cells from the same donor
were each activated in an identical manner (with PHA and

PMA) prior to fixation, they stimulated similar amounts of
TNF-� release from autologous monocytes (not shown).

Adherence per se is also unlikely to account for either
TNF-� produced in response to FAT alone or in synergy with
M. tuberculosis, because monocytes adhered to plastic (stan-
dard conditions) produced similar amounts (per cell) to non-
adherent (Teflon-cultured) or fibronectin-adherent cells (n �
3, not shown), although fibronectin alone induced TNF-�
(�0.2 ng/ml), consistent with previous reports (18). TNF-�
production in response to FAT was, however, partially inhib-
ited in cultures containing anti-CD18 in the presence or ab-
sence of M. tuberculosis by 39.7% (	 23.7% standard error of
the mean [SEM]) and by 74.0% (	 26.5%), respectively; anti-
CD11b inhibited TNF-� production in FAT- and M. tubercu-
losis-stimulated cultures by 37.7% (	17.1%) and FAT-only-
treated wells by 58.7% (	 36.0%). These results confirm the
results of others showing the involvement, but not sole respon-
sibility, of CR3 in this process.

The majority of stimulatory and synergistic effects of whole
fixed cells can be mimicked by membranes prepared from
HUTs (20, 48), activated in parallel to those fixed and used
whole (Fig. 2), further suggesting the participation of a T-cell
membrane molecule in this phenomenon. Part of the reason
that whole cells stimulate better than isolated membranes may
be because of loss of material in membrane preparation; by
increasing the amount of membrane fraction added, TNF-�
release comparable to that by whole cells can be induced (not
shown). The possibility that soluble factors may leak from FAT
and contribute to monocyte stimulation has been previously
excluded in similar systems (20, 47), in this system, coculture
(rather than preincubation) of a neutralizing anti-IFN-� anti-
body in cultures containing FAT plus M. tuberculosis did not
significantly affect TNF-� release into the medium, while in
parallel cultures stimulated with IFN-� (100 U/ml) and M. tu-
berculosis, anti-IFN-� monoclonal antibody (MAb) reducedFIG. 1. FAT synergize with M. tuberculosis for enhanced TNF-�

production. (A) Primary monocytes were cultured in the absence or
presence of M. tuberculosis (MTB; 1 bacterium per monocyte) as
indicated. Some of these cultures also received 1 fixed HUT T cell
(resting or activated) per monocyte, as indicated, at the time of infec-
tion. Twenty-four hours later, supernatants were collected and assayed
for TNF-� by ELISA. Each symbol represents 1 of 11 donors and
indicates the mean of triplicate cultures from an individual donor.
M. tuberculosis and FAT individually stimulated (P 
 0.001) TNF-�
production compared to unstimulated monocytes. However, TNF-�
production from cultures receiving both FAT and M. tuberculosis was
significantly higher (P 
 0.001) compared to cultures receiving either
stimulus alone. Time course of TNF-� release is shown in panel B.
Monocytes were stimulated as above with M. tuberculosis in the ab-
sence or presence of either FAT or IFN-� (100 U/ml) as shown.
Supernatants were harvested at the indicated time points and assayed
for immunoreactive TNF-�. Results shown are from one representa-
tive of three experiments.

FIG. 2. Comparison of TNF-�-inducing effects of fixed HUTs with
fixed autologous T cells or isolated membranes (prepared as described
in the text). T cells were unactivated (0) or activated (�) prior to either
fixation or membrane isolation. Primary monocytes were cultured in
the absence (solid bars) or presence (open bars) of M. tuberculosis
(MTB; 1 bacterium per monocyte) and the indicated T-cell prepara-
tion (1 T cell or equivelent per monocyte) for 24 h before supernants
were collected and assayed for TNF-� by ELISA. Each bar represents
the mean 	 standard deviation (SD) from triplicate cultures. Results
shown are from one representative of three individual experiments.
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TNF-� levels to those in cultures which received M. tubercu-
losis alone (Fig. 3).

Comparison of effects of FAT with those of IFN-�. Many
monocyte functions in response to a variety of stimuli are
synergistically enhanced by IFN-�, including the release of
TNF-� from M. tuberculosis-infected cells (7, 25, 28). The abil-
ity of FAT to enhance TNF-� production relative to IFN-� is
compared in Fig. 3. Although there is variation in the response
of normal human donors to all three stimuli—and more so to
combinations of stimuli—FAT-costimulated TNF-� release
from M. tuberculosis-infected cells is similar to (or, for most
donors, better than) an optimal dose (100 U/ml) of IFN-� (Fig.
3B). These relative amounts of elicited TNF-� remain the
same regardless of experimental kinetics (not shown).

In contrast to IFN-�, FAT are capable of stimulating secre-
tion of TNF-� in the absence of costimuli (47, 48) (Fig. 3A).
Monocytes stimulated with both FAT and IFN-� also pro-
duced more TNF-� in the presence or absence of M. tubercu-
losis than IFN-� alone. Autologous T cells (primary or PPD-
specific lines) which were activated and washed but added to
monocyte cultures unfixed (therefore secreting IFN-� and
other cytokines) also enhanced TNF-� production to a greater
extent than did the same cells when fixed (n � 2; not shown).

FAT and M. tuberculosis stimulate transcription of TNF-�
mRNA. mRNA was harvested from parallel cultures at earlier
time points between 1 and 8 h poststimulation and assayed by
an RNase protection assay. Differences in the levels of TNF-�

mRNA were detectable as early as 2 h after stimulation (Fig. 4)
and persisted until 8 h (n � 2; not shown). Peak increase in
TNF-� mRNA was seen at 4 h (Fig. 4), and the differences in
subsequent TNF-� protein release (Fig. 1B and 3) were crude-
ly reflected in the relative amounts of TNF-� transcribed, i.e.,
FAT or IFN-� synergistically augmented TNF-� release in the
presence of M. tuberculosis (Fig. 4). However, in both the
presence and absence of M. tuberculosis, the relative amount of
RNA to protein was higher in the IFN-�-treated cells than in
FAT-treated cells (Fig. 3 and 4). mRNA from M. tuberculosis-
infected cells cocultured with FAT appeared to decay earlier
than that from those cocultured with IFN-� (Fig. 4), an obser-
vation which was maintained when the transcriptional inhibitor
actinomycin D was added to parallel cultures 2 h poststimula-
tion (n � 2, not shown). Although indirect, the data suggest
that FAT- and M. tuberculosis-treated cells increase TNF-�
production by an increase in de novo transcription.

FAT and M. tuberculosis synergistically activate NF-�B.
Transcription of monocyte TNF-� in response to many stimuli
involves at least some degree of NF-�B activation (13, 37, 43,
44, 45, 52). Nuclear extracts from monocytes treated with
M. tuberculosis and/or FAT for 90 min were assayed for NF-�B
binding activity by gel retardation. Although a physiological
inoculum of M. tuberculosis does not activate NF-�B to the
same level as maximal stimulation with LPS does (Fig. 5A),
and FAT alone stimulated minimal monocyte NF-�B activity
(Fig. 5B), together M. tuberculosis and FAT synergistically

FIG. 3. FAT are at least as effective as IFN-� in synergizing with M. tuberculosis to induce TNF-� release from monocytes. Primary monocytes
were cultured in the absence (A) or presence (B and C) of M. tuberculosis (MTB; 1 bacterium per monocyte) with the indicated costimulus (FAT,
1 T cell per monocyte, or IFN-� [100 U/ml]) for 24 h before supernants were collected and assayed for TNF-� by ELISA. The cultures from a
subgroup of donors represented in C also received a monoclonal antibody against IFN-� at the time of stimulation. Each symbol represents the
release of TNF-� from the cells of an individual donor; each point represents the mean of triplicate cultures from an individual donor (points
overlap on or near the baseline for unstimulated or IFN-�-treated cells). Monocyte TNF-� release induced by FAT was higher than that stimulated
by IFN-� (P 
 0.05). IFN-� plus FAT treatment stimulated more TNF-� production in the presence or absence of M. tuberculosis than did IFN-�
alone (P � 0.01). In a separate analysis, anti-IFN-� MAb inhibited IFN-� (P 
 0.05) but not FAT coinduction of TNF-� in the subgroup of donors
(f to k) tested.

VOL. 69, 2001 M. TUBERCULOSIS-INDUCED MONOCYTE TNF-� 6583



stimulated increased NF-�B binding (Fig. 5B and C). The
identity of the �B binding band was confirmed by its dimuni-
tion (Fig. 5B) and supershifting (Fig. 5, top panel, arrow) with
anti-NF-�B p50 antiserum. These results point to one potential
mechanism for upregulation of TNF-� transcription in co-
stimulated cells.

DISCUSSION

These results are the first formal demonstration that T-cell
membranes can synergistically stimulate TNF-� from primary
human monocytes infected with live M. tuberculosis. Although
it has been demonstrated previously that adhesion per se (18),
ligation of specific adhesion molecules (12, 51), and stabiliza-
tion of the cytoskeleton by taxol (9) all stimulate monokine
release by macrophages or macrophage-like cells, to date most
studies of the mechanism of TNF-� release in tuberculosis
have focused on soluble mediators, such as IFN-�, as regula-
tory factors (7, 28). In this study we demonstrate that FAT
costimulate M. tuberculosis-induced TNF-� as well as if not
better than IFN-� (Fig. 3).

These results are unlikely to be an artifact of fixation, as
unfixed membrane preparations could substitute for whole

fixed T cells, nor is this phenomenon likely to be a result of
residual PHA-PMA carryover, because many other T-cell
lines, as well as cycloheximide-treated HUTs activated and
fixed as FAT used in Fig. 1, do not stimulate monokine secre-
tion (8, 20, 47). Conversely, physiological stimuli, including
those likely to be present at the site of M. tuberculosis infection,
including cytokines (32) and mycobacterial antigens (5), acti-
vate T cells (subsequently washed and fixed) to stimulate
monokine secretion in the absence of PHA and PMA

The T-cell ligand(s) and cognate macrophage receptors re-
sponsible for this phenomenon have not been identified. The
ability of crude or partially purified membrane protein prepa-
rations or of fixed T cells to stimulate TNF-� production sug-
gests that it is a membrane molecule or group of molecules
(38) (Fig. 2). Previous studies have demonstrated that FAT
prepared from HUT or primary T cells alone stimulate a low
but significant level of monokine production (47, 48). Our
studies confirm that while a 1:1 ratio of T cells to monocytes
triggers only minimal TNF-� release in the absence of M. tu-
berculosis, in the presence of M. tuberculosis it potentiates mono-
cyte TNF-� release severalfold (Fig. 1 to 3). Several mem-
brane-associated candidate molecules modify monokine release
in other systems, including CD11a,b,c, CD18, CD40L, CD69, and
CD2, yet none of these molecules appears to be acting in isolation

FIG. 4. Effect of M. tuberculosis, FAT, and IFN-� on TNF-�
mRNA levels in primary monocytes. (A) Monocytes were treated for
the indicated number of hours in the absence (left-hand lanes) or
presence (right-hand lanes) of M. tuberculosis (MTB;1 bacterium per
monocyte), without (top panel) or with FAT (1 cell per monocyte;
middle panel) or IFN-� (100 U/ml; lower panel) as indicated before
RNA was harvested and assayed by RNase protection (as described in
Materials and Methods). RNA for TNF-� (upper band, 234 nt) and
�-actin (lower band, 155 nt) is shown from one representative of three
experiments. (B) Phosphoimage quantitation of A. Results shown were
derived from ratios of TNF-� to �-actin in monocyte RNA from cells
treated for the indicated number of hours in the absence (solid sym-
bols) or presence (open symbols) of M. tuberculosis without (O) or with
FAT ({) or with IFN-� (�) as indicated.

FIG. 5. NF-�B activation by M. tuberculosis in the absence or pres-
ence of FAT membranes. Monocytes were stimulated with LPS (1
�g/ml) or M. tuberculosis (MTB; 3 �-irradiated bacteria per monocyte)
and/or FAT membranes (the equivalent of 3 T cells per monocyte) as
indicated for 90 min before nuclear proteins were extracted and as-
sayed by EMSA. Results shown are the percentage of radiolabeled
probe binding to NF-�B relative to a constitutive internal control
(RBPJ�) from one representative of two experiments for each of A, B,
and C (solid bars). In addition, the identity of the NF-�B was con-
firmed by gel retardation with anti-NF-�B p50 antiserum (B; open
bars; arrow, bottom panel). The lanes in the lower panel correspond to
the bars shown in B as follows: 1 and 4, unstimulated; 2 and 5, FAT; 3 and
6, FAT plus M. tuberculosis; 1 to 3, no antibody; 4 to 6, plus anti-p50.
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upon human monocytes (8, 14, 23, 29, 35, 47, 51). For example,
FAT with undetectable levels of CD40L are capable of stimulat-
ing monokine secretion (32), and ligation of monocyte CD11/
CD18 in the absence of costimulation produces no TNF-� (14,
51). These beta-integrins are involved both in intercellular adhe-
sion and in phagocyte-M. tuberculosis binding, yet our preliminary
attempts to block FAT stimulation with anti-CD11b and anti-
CD18 antibodies achieved only partial inhibition of TNF-� secre-
tion. These results were subsequently supported when neither
anti-CD18, anti-CD40, nor anti-CD69 was able to completely
abrogate FAT-stimulated TNF-� release from the monocytes of
reactional leprosy patients (29). Antibody blocking of FAT-me-
diated stimulation with anti-CD69 or anti-CD2 has also achieved
only partial inhibition (8, 20, 23), despite the ability of its immo-
bilized ligand, CD58, to stimulate TNF secretion (51). In addi-
tion, antibodies to the macrophage adhesion molecules I-CAM-1
(CD54), which is significantly upregulated during M. tuberculosis
infection, and the alpha integrin common chain CD29 had no
effect (8, 20, 47, 51), even though adherence to fibronectin stim-
ulates monocyte TNF-� secretion (12). Immobilized antibodies to
CD45 and to the extracellular matrix III receptor CD44 stimulate
monocytes to secrete modest amounts of TNF-� (19, 51), but the
effect of blocking potential T-cell ligands for these molecules have
not yet been examined. However, although these and other
studies reinforce the notion of redundancy and/or synergy,
at least in humans, among known T-cell membrane molecules
that stimulate monokine secretion, they do not preclude an
as-yet-unidentified molecule acting in isolation. The identifi-
cation and isolation of such a molecule(s) is the subject of
ongoing work.

Previous studies have demonstrated that human monocyte
TNF-� is regulated primarily at the transcriptional level, with
a minor translational component (13, 27, 30, 37). TNF-�
mRNA accumulation in M. tuberculosis- and FAT-treated
monocytes (Fig. 4) preceded protein secretion (Fig. 1B) with
the appropriate kinetics to suggest a large degree of transcrip-
tional regulation. Changes in transcript stability and/or tran-
scriptional repression mediated by 3� AU sequences (3, 4, 6,
30, 37, 38) vary with the stimulus and cell type studied. Al-
though FAT- and M. tuberculosis-treated monocytes, like FAT-
treated THP-1 cells (48) and like LPS-treated human mono-
cytes (13, 27), showed no sign of enhanced TNF-� message
stability in the presence of actinomycin D, these additional
regulatory influences are not excluded.

Definition of the mechanism for any enhanced TNF-� tran-
scription awaits identification of the promoter elements used in
human macrophages. Three main groups of transcription fac-
tors have been implicated in the human macrophage TNF-�
gene: AP-1, C/EBP, and NF-�B (22, 26, 37, 43, 45). Depending
on the stimulus and system used, a role can be demonstrated
for all of these transcription factors, yet none of them seems to
be absolutely required for TNF-� production in human mac-
rophages (19, 22). In addition, proteins from all three families
promiscuously interact with each other in many systems to
inhibit or promote transcription, depending both on the pro-
teins and on the context of the binding sites (1). Whether
these transcription factors, separately or together, are required
for M. tuberculosis-stimulated human TNF-� transcription re-
mains to be determined (22, 52).

NF-�B plays an important role in the murine TNF-� pro-

moter (33) and is activated in human monocytes in response to
many stimuli (30, 36, 37), including M. tuberculosis (41, 44, 52)
(Fig. 5). The addition of FAT to M. tuberculosis-stimulated
monocyte cultures synergistically increased the binding of nu-
clear protein extracts to �B sequences (Fig. 5). M. tuberculosis
binds many macrophage surface receptors, including the toll-
like receptors TLR-2 and TLR-4, leading to a series of intra-
cellular events resembling IL-1 and LPS signaling pathways,
which culminate in NF-�B activation in murine cells (24, 46).
How FAT, which alone induce only minimal changes in NF-�B
binding activity, could influence these pathways and result in
increased NF-�B binding is not yet known. One possibility is
via enhanced MEKK1 activity as a result of a cytoskeletal
response to adhesive interactions with T cells (53). Another
may involve interactions of NF-�B family members with other
transcription factors, such as C/EBP proteins (1) activated in
response to M. tuberculosis (52) as discussed above, although
C/EBP� activation in response to adherence has not yet been
examined. Whatever the preceding upstream events, increased
transcription factor binding to �B sites provides one mecha-
nism by which M. tuberculosis plus FAT could stimulate de
novo transcription of TNF-� mRNA.

Lymphocyte contact-dependent stimulation in the presence
of M. tuberculosis may also be relevant to other aspects of
macrophage biology. Although we found no difference in the
viability of M. tuberculosis associated with FAT-treated mono-
cytes versus M. tuberculosis in untreated monocytes 48 to 72 h
postinfection, Silver et al. reported a reduction in M. tubercu-
losis CFU during the first 96 h of coculture of monocytes with
unfixed lymphocytes (36). Whether there is overlap in the
contact-dependent mechanisms responsible for TNF-� release
or whether other mechanisms (e.g., cytotoxic T cells) operate
in these latter studies (36) requires further clarification. How-
ever, as enhancement of TNF-� production by lymphocytes
appears to have a strict requirement for activation (Fig. 1 and
2), while naive (prior to culture) nonadherent cells from PPD-
negative donors are able to stimulate M. tuberculosis killing
(36), it is likely that some differences exist.

Many other cytokine genes, adhesion molecules, and human
immunodeficiency virus type 1 (HIV-1) contain promoter ele-
ments similar to the TNF-� gene and are influenced by similar
stimuli, including M. tuberculosis, opening the possibility of
contact-mediated modulation of these processes. It is therefore
possible that T-cell contact may augment M. tuberculosis-in-
duced modulation of HIV-1 transcription in macrophages. In-
deed, engagement of CD11a, CD18, CD44, CD45, and CD58
stimulates HIV transcription in the chronically infected my-
elomonocytic cell line, OM10.1, although this is largely depen-
dent on autocrine TNF-� (34). However, in the inflammatory
foci, not all of the heterogeneous macrophage population may
react the same to these stimuli. In fact, maturing monocytes
become, at least transiently, refractory to stimuli inducing TNF
production, including M. tuberculosis (28), while in some ma-
ture macrophage populations, M. tuberculosis inhibits HIV-1
transcription, possibly by inducing the expression of dominant-
negative C/EBP� isoforms (52).

In mycobacterial infection, where TNF-� appears to contrib-
ute to both the containment and pathology of the disease,
novel therapeutic approaches are being proposed based on
modulation of TNF-� release (7, 42). However, in our in vitro
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system, which was essentially free from any potential contam-
inating cofactors, M. tuberculosis on its own elicited only mod-
erate amounts (0 to 0.5 ng/ml) of TNF-� from monocytes from
the majority of donors. T cells were also needed for substantial
TNF-� release; in this respect, surface contact was as least as
potent as the secreted stimulus IFN-�. The data presented in
this paper clearly demonstrate a major role for direct cellular
interaction in the production of TNF-� from monocytes. Such
interaction is likely to be of significance in the host response to
M. tuberculosis and should be considered in any therapeutic
approach via TNF-� modulation.
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