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SUMMARY

It has previously been shown that the inherently tumour necrosis factor-a (TNF-a)-sensitive L929
murine fibroblast cell line becomes much more sensitive to the cytotoxic effect of this cytokine after
exposure to Mycobacterium tuberculosis in culture. In this study it is now shown that normal human
cells of types likely to be involved in tuberculous lesions are affected in a similar way. Growth of
normal human fibroblasts is usually stimulated by TNF-a in vitro, but after exposure to M.
tuberculosis or to extracts of this organism, these cells are killed rather than stimulated by subsequent
exposure to TNF-a. Similarly, human endothelial cells become susceptible to doses to TNF-a which
do not normally affect viability. Moreover this enhancement ofsensitivity to TNF-a is not confined to
its toxicity. Endothelial cells and HeLa cells exposed to M. tuberculosis express increased levels of
ICAM-1 after subsequent exposure to TNF-a, implying synergy between the two stimuli. It is
suggested that these effects contribute to the ability ofM. tuberculosis to distort the normal protective
role of TNF-a so that the cytokine becomes detrimental to the host.

INTRODUCTION

Evidence that tumour necrosis factor-or (TNF-a) plays a central
role in the immunopathology of tuberculosis is strong, but
mostly indirect. Thus these patients have macrophages acti-
vated by interferon-y (IFN-y), other lymphokines and calci-
triol,'-4 and such macrophages can be shown in vitro to be
strongly primed for TNF-cx release" 4 and to be expressing TNF-
a in vivo.3 Moreover Mycobacterium tuberculosis contains at
least one and probably several powerful triggers of cytokine
release.56 Alveolar lavage cells from these patients release
massive quantities of TNF-x in vitro,7 and develop high serum
levels of TNF-a inhibitors,8 which probably arise as a response
to chronic TNF-x release in vivo. These points, together with the
fact that patients can be febrile and cachectic argue that TNF-a
may be released locally into the lesions, and spill over into the
systemic circulation.

TNF-cx does not always cause tissue damage, but two factors
contribute to the likelihood that TNF-or does so in tuberculosis.
First, cetain types of inflammation, such as that induced by
endotoxin9 or some tumours'0 cause the tissue to become
sensitive to TNF-ox. Sites containing T-cell-mediated responses
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to mycobacterial antigens share this property, and are TNF-CX
sensitive."-'3 Secondly, individual cells can become hypersen-
sitive to TNF-a when exposed to M. tuberculosis.'4 Thus it was
demonstrated recently that when the fibroblast line L929 is
infected with M. tuberculosis or exposed to culture supernatants
(treatments which have little direct effect on cell survival), the
cells are killed by much lower doses of TNF-a..'4 This ability to
sensitize L929 cells to TNF-a is shared by M. fortuitum and
M. vaccae, but not by M. avium, M. kansasii, or bacillus
Calmette-Guerin (BCG) (ref. 14; E. A. Filley, H. A. Bull, P. M.
Dowd and G. A. W. Rook, unpublished observations). How-
ever the L929 line is ofmurine origin, and it is inherently TNF-cx
sensitive. Therefore these observations did not show whether
the factor(s) produced by M. tuberculosis can also increase the
TNF-a sensitivity of human cells, and more importantly, of
normal cell types likely to be directly involved in the inflamma-
tory process in vivo. The present study set out to answer these
questions using normal human fibroblasts and normal human
umbilical vein endothelial cells (HUVEC). It was also the aim of
this study to find out whether the sensitization to TNF-a led
only to increased susceptibility to its toxicity, or also, during the
40-50 hr which elapse before cell death in the in vitro system, to
enhancement of other parameters known to change following
exposure of these cells to TNF-a. For this purpose changes in
expression of the intracellular adhesion molecule ICAM- 1 were
studied. TNF-a has been shown to increase expression of
ICAM- I on endothelial cells in a concentration- and time-
dependent manner."
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MATERIALS AND METHODS

Cell lines
HUVEC were prepared in medium 199 with modified Earle's
salts (Gibco, Paisley, U.K.) containing added glutamine and
20% pooled human serum. The method was as described
previously. 16 They were used as primary cultures. The HeLa cells
were a CD4-transfected line prepared as part of the Medical
Research Council's AIDS-directed programme, which were
obtained from E. Puszczynska (National Institute for Biological
Standards and Controls, South Mimms, U.K.). These were
cultured in RPMI-1640 (Gibco Biocult, Uxbridge, U.K.) with
5% foetal calf serum (FCS), but no antibiotics. The normal
human foreskin fibroblasts (HFF) were obtained from Dr T.
Meager (NIBSC), and cultured in RPMI-1640 with 10% FCS,
without antibiotics. These had been passaged x 8 when used.

Reagents
Except where specifically stated, all reagents were obtained from
Sigma (Poole, U.K.). Lowenstein-Jensen medium was prepared
in this laboratory. Recombinant murine (rm) TNF-a was a gift
from Dr G. R. Adolf (Boehringer, Vienna, Austria). Mono-
clonal antibody to ICAM-1 was RRI/1.1.1 obtained from
Boehringer as ascites-derived IgGl at 25 mg/ml.'7 An irrelevant
monoclonal with no known binding specificity, of the same
subclass (monoclonal antibody P3), was used as control.

Organisms
Mycobacterium tuberculosis strain H37Rv was obtained from
Professor J. Grosset (Faculte de Medicine Pitie-Salpetriere,
Paris, France) and maintained by serial passage on Lowenstein-
Jensen medium. The Glaxo strain ofBCG was subcultured onto
the same medium from the manufacturer's vials, and passaged
on it for more than 1 year before use in these experiments.
Suspensions of organisms consisting essentially of single bacilli
were prepared from 7-day cultures as described previously,'8
and sonicates ofBCG, and M. tuberculosis'9 were prepared from
the same organisms cultured for 3 weeks on Sauton's medium.

Assays for TNF-x sensitivity of the cell lines
These were based on a published TNF-oc bioassay. 14 Briefly, cells
were plated in 96-well flat-bottomed microtitre wells, (Nunc,
Roskilde, Denmark) at 1-2 x 104 cells/well in the appropriate
medium (described above). Two hours later, when the cells were
adherent, a further 10 p1 of RPMI was added, containing
nothing, or a suspension of M. tuberculosis or BCG Glaxo
adjusted to give 40 organisms/cell, or sonicated M. tuberculosis
to give a final concentration of 0.5 mg/ml. This organism/cell
ratio resulted in uptake of > 3 bacteria by at least 96% of the
cells. The sonicate concentration was selected from dose-
response studies published previously.'4 After incubation for a
further 16 hr, some of the wells to which whole bacteria had been
added were rinsed three times with medium and treated with
EDTA/trypsin to remove the cells. Cytospins of these cells were
prepared, and the per cent infected cells and the number of
bacilli/cell were checked after staining with the Ziehl-Neelsen
technique, as described previously.'4 To the remaining replicate
wells, a full series of rTNF-a dilutions was added in 100 p1 of
RPMI. The appropriate range of TNF-ot concentrations for
each of the three cell lines was predetermined in pilot experi-
ments. Metabolic inhibitors such as emetine and actinomycin,

usually used in TNF-a bioassays, were not used in the experi-
ments reported here. Then 46 hr after addition ofTNF-a (i.e. 62
hr after addition of M. tuberculosis or control medium), the
supernatant was poured off, the monolayers were fixed with
methanol for 1 min, and cell survival was determined as
described previously.'4 Briefly the monolayers were fixed with
methanol for 1 min, stained with 0-75% crystal violet for 5 min,
and rinsed with water. Finally 50 yil of 33% acetic acid was
added to each well to dissolve the dye, and the optical density at
570 nm was determined in an ELISA reader. Error bars indicate
+ SD.

Semiquantitative assay for expression ofICAM-1
To assess expression ofICAM- 1 an extra stage was added to the
protocol outlined in the previous section. After the 46 hr of
incubation with TNF-oc, the monolayers were fixed with 0-1%
glutaraldehyde in phosphate-buffered saline (PBS) for 10 min.
ICAM- I expression was then detected by 'cell ELISA' as
described previously.20 Briefly, the wells were blocked for 30 min
with PBS containing 0-1% bovine serum albumin (BSA), and
5 mM EDTA. Then the anti-ICAM-l monoclonal antibody at
0 5 pg/ml or the same concentration of an isotype-matched
control was added to the wells, which were incubated for a
further 1 5 hr at room temperature. The wells were then washed
three times with PBS/EDTA/BSA, and peroxidase-conjugated
antibody to murine Ig (Dako P260; Dako, High Wycombe,
U.K.) was added at a final dilution of 1/500 in PBS/EDTA/BSA
for 1 5 hr at room temperature. After further washes the binding
was assessed using standard protocols, with ABTS (Sigma
A 1888) as chromogen. After reading the ELISA result, the same
wells were washed, and fixed again in methanol, before survival
was assessed as described in the previous section, to allow
correction of the values for TNF-a-induced changes in cell
numbers.

RESULTS

The effect of culture with M. tuberculosis on the growth and
survival of the cell lines when subsequently exposed to TNF-a

TNF-a was not inherently toxic to the three cell lines used
(Fig. 1). In some experiments HeLa were stimulated by 10 ng/ml
TNF-a. Growth of the normal fibroblasts was routinely stimu-
lated by TNF-x as reported by others,2' and peaked between 10
and 30 ng/ml. Growth ofHUVEC was not significantly affected
by TNF-a except when they were plated at very low cell densities
when, like the other lines, their growth was stimulated (data not
shown).22

All three lines took up M. tuberculosis as described pre-
viously'4'23 using other 'non-phagocytic' cell lines in vitro. In the
experiments shown in the figures, at least 96% of the cells
contained > 3 bacilli, and most cells contained too many for
precise counting.

When infected with M. tuberculosis all three types showed
modestly decreased cell numbers at the end of the experiment
(i.e. 62 hr after infection) even in the absence of TNF-a. Thus
mean absorbance values calculated from seven replicate experi-
ments ranged from 7 5% (HUVEC) to 20% (fibroblasts) below
those of uninfected cells (Fig. 1).
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Figure 1. Human HeLa, fibroblasts, or HUVEC were infected with
M. tuberculosis (0) or left as uninfected controls (0), and cultured for
16 hr. Then the indicated concentration of TNF-a was added, and the
cells were cultured for a further 46 h. Cell density was then assessed, and
calculated as a percentage of that seen in the non-infected control wells,
cultured without TNF-a. The results are plotted as the mean+ SD of
seven experiments.

When the infected cells were exposed to increasing concen-
trations of TNF-a for 46 hr (added 16 hr after addition of
organisms as described above), there was a dose-related increase
in dead and detached cells, evident as a decrease in cell numbers
at 62 hr. The cytotoxic effect was similar for HeLa and
fibroblasts, but somewhat less marked for HUVEC. When
tested, exposure to BCG had a detectable but very weak effect,
while the effect of sonicated M. tuberculosis was intermediate
(data not shown), as already reported for L929 cells.'4

The effect of M. tuberculosis on the expression of ICAM-1 and
on the induction of ICAM-1 by TNF-a

Expression ofICAM- 1 in each well was corrected for changes in
cell survival in the same well. Infection of HUVEC with M.
tuberculosis led to an increase in background ICAM- I ex-
pression, even in the absence of TNF-a (Fig. 2). The mean
increase with M. tuberculosis but no TNF-cx was +45 8 + 29%
relative to uninfected controls in seven replicate experiments.
This was not due to contaminating endotoxin, since although
addition of polymyxin B sometimes reduced the background
ICAM- 1 expression in wells not exposed to M. tuberculosis,
addition of this antibiotic to wells containing infected cells
tended to augment the increase in ICAM-1 expression to
+ 53 + 39%, although this difference was not significant.

Background expression of ICAM-1 by HeLa cells was
similar to that of HUVEC. Again this was slightly increased
after exposure to M. tuberculosis (+ 25 5 + 15 1%), and further
(but not significantly) increased if polymyxin was also present
(+32+ 13%).

Addition ofTNF-ca caused a dose-related increase in ICAM-
1 expression, which was significantly greater in HeLa or
HUVEC exposed to M. tuberculosis. The effect of exposure to
sonicated M. tuberculosis was intermediate. These experiments
were not performed with the fibroblasts.

DISCUSSION
The results reported here indicate that M. tuberculosis, or
factors related from it, may be able to alter the pattern of
response of normal tissue cells to TNF-cx. First, cells for which
the cytokine is normally a growth stimulator, such as fibro-
blasts,2' may, after exposure to M. tuberculosis, be inhibited or
killed by it. Secondly, endothelial cells may become not only
more susceptible to TNF-a-induced damage, but also more
likely to promote the extravasation of inflammatory cells via
increased expression of adhesion molecules. The mechanism of
these effects ofM. tuberculosis is not clear. One possibility is that
it is partly due to release of other cytokines such as interleukin- I
(IL-l), which then act synergistically with the TNF-ox.

The effects demonstrated are not attributable to contaminat-
ing endotoxin. Addition of polymyxin reproducibly increased
rather than decreased the effects of M. tuberculosis. Further
examination of this unexpected finding using the more TNF-a-
sensitive L929 murine fibroblast line has shown that the effect is
real, but is seen only when live M. tuberculosis is used. Thus
polymyxin does not alter the TNF-cx-enhancing effect of
sonicated M. tuberculosis (data not shown). The most likely
explanation is the known ability of the polymyxins to damage
the cell membrane and cause leakiness of mycobacteria.24 The
possibility that the TNF-a-enhancing activity is released in
greater quantities from such damaged organisms is now being
investigated.

These studies also add to the list of cell types known to take
up M. tuberculosis in vitro. Shepard first showed that M.
tuberculosis can enter not only HeLa cells (a neoplastic line) but
also human amnion and monkey kidney.23 Recent electron
microscope studies confirm that mycobacteria apparently taken
up by 'non-phagocytic' cells are indeed intracellular.25 It is now
shown that they are also taken up by normal human fibroblasts
and endothelial cells. It remains unexplained why M. tuberculo-
sis is not seen inside such cell types in vivo, particularly in view of

HUVEC
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Figure 2. HeLa or HUVEC were cultured alone, or with M. tuberculosis as described in Fig 1. ICAM- I expression was estimated, and
corrected for cell numbers as described in Materials and Methods. Results are expressed as mean + SD of three experiments. Results
from the different experiments were normalized by treating the ICAM- I expression ofcontrol cells cultured without M. tuberculosis or
TNF as 100%.

the fact that M. leprae is routinely found inside these cells.26'27
The present data provide a possible explanation. Cells which
take up M. tuberculosis may be killed rapidly by TNF-oc and
other cytokines. This killing takes more than 40 hr in vitro
(unless emetine is added),'4 but in vivo other cytokines such as
IFN-y may further enhance the cytotoxic effect. Similarly the
increased expression of adhesion molecules may cause the
infected cells to become targets for killer cell activity.28 These
data may also explain the fact that in vitro macrophages tolerate
intracellular M. tuberculosis less well than cell types such as
those studied here, and may die if infected with more than five
bacilli. Perhaps the macrophages are rendered TNF sensitive,
and are then killed by the TNF which they themselves release.

In the mouse it seems that TNF-a plays a major protective
role during mycobacterial infection.29 This suggests that the
balance between the protective and immunopathological roles
of TNF-a favours the former in this species. This may be
attributable to the ability of TNF-a to trigger production of
nitric oxide by murine macrophages activated by IFN-y,
resulting in inhibition of M. tuberculosis.30'31 Moreover the
immunopathology is much less evident in mice than in man, and
in order to evoke necrotic skin-test responses (Koch phenome-
non) to mycobacterial antigen in mice it is necessary to
supplement the TNF-x levels in the skin-test site. 12"13 The
situation is different in man. There is no good evidence that
human macrophages can produce nitric oxide. This appears to
be attributable to their inability to make tetrahydrobiopterin
which is an essential co-factor.32 Similarly there is only one
unconfirmed report that TNF-a together with IFN-y and
calcitriol will cause human monocytes to inhibit growth of M.
tuberculosis.33 Thus in human disease the immunopathological
role ofTNF-ax may be dominant, and we suggest that the ability
of M. tuberculosis to enhance directly both the toxic and
proinflammatory effects ofTNF-a which we report here, may be
one of the mechanisms responsible.

ACKNOWLEDGMENTS

This work was supported by the British Medical Research Council.

REFERENCES

1. ROOK G.A.W., TAVERNE J., LEVETON C. & STEELE J. (1987) The role
of gamma-interferon, vitamin D3 metabolites and tumour necrosis
factor in the pathogenesis of tuberculosis. Immunology, 62, 229.

2. ROOK G.A.W. (1988) The role of vitamin D in tuberculosis
(Editorial). Am. Rev. resp. Dis. 138, 768.

3. BARNES P.F., FONG S.J., BRENNAN P.J., TwomEY P.E., MAZUMDER
A. & MODLIN R.L. (1990) Local production of tumor necrosis
factor and IFN-gamma in tuberculosis pleuritis. J. Immunol.
145, 149.

4. TAKASHIMA T., UETA C., TsuYUGUCHI I. & KISHIMOTO S. (1990)
Production of tumor necrosis factor alpha by monocytes from
patients with pulmonary tuberculosis. Infect. Immun. 58, 3286.

5. MORENO C., TAVERNE J., MEHLERT A., BATE C.A., BREALEY R.J.,
MEAGER A., ROOK G.A.W. & PLAYFAIR J.H.L. (1989) Lipoarabino-
mannan from Mycobacterium tuberculosis induces the production
ofTumour Necrosis Factor from human and murine macrophages.
Clin. exp. Immunol. 76, 240.

6. SILVA C.L. & FACCIOLI L.H. (1988) Tumor necrosis factor (cachec-
tin) mediates induction of cachexia by cord factor from mycobac-
teria. Infect. Immun. 56, 3067.

7. ROOK G.A.W., FOLEY N.M. & MEAGER A. (1990) What mediates
the immunopathological component of the immune response to
Mycobacterium tuberculosis? Can it be switched off. Bull. Int. Union.
Tuberc. Lung. Dis. 65, 23.

8. FOLEY N., LAMBERT C., McNICOL M., JOHNSON N.M.I. & ROOK
G.A.W. (1990) An inhibitor ofthe toxicity oftumour necrosis factor
in the serum of patients with sarcoidosis, tuberculosis and Crohn's
disease. Clin. exp. Immunol. 80, 395.

9. ROTHSTEIN J. & SCHREIBER H. (1988) Synergy between tumor
necrosis factor and bacterial products causes haemorrhagic necrosis
and lethal shock in normal mice. Proc. natl. Acad. Sci. U.S.A.
85, 607.

10. HAVELL E.A., FIERS W. & NORTH R.J. (1988) The antitumor
function of tumor necrosis factor (TNF). I. Therapeutic action of
TNF against an established murine sarcoma is indirect, immunolo-
gically dependent, and limited by severe toxicity. J. exp. Med.
167, 1067.

11. ROOK G.A.W. & AL ATTIYAH R. (1991) Cytokines and the Koch
phenomenon. Tubercle, 72, 13.

12. AL ATTIYAH R., ROSEN H. & ROOK G.A.W. (1992) A model for the
investigation offactors influencing haemorrhagic necrosis mediated
by tumour necrosis factor in tissue sites primed with mycobacterial
antigen preparations. Clin. exp. Immunol. 88, 537.



Tuberculosis, TNF and human cells 509

13. AL ATIiYAH R., MORENO C. & ROOK G.A.W. (1992) TNF-alpha-
mediated tissue damage in mouse foot-pads primed with mycobac-
terial preparations. Res. Immunol. 143, 601.

14. FILLEY E.A. & ROOK G.A.W. (1991) Effect of mycobacteria on
sensitivity to the cytotoxic effects of tumor necrosis factor. Infect.
Immun. 59, 2567.

15. POBER J.S., GIMBRONE M.A., LAPIERRE L.A., MENDRICK D.L., FIERS
W., ROTHLEIN R. & SPRINGER T.A. (1986) Overlapping patterns of
activation of human endothelial cells by interleukin-1, tumour
necrosis factor, and immune interferon. J. Immunol. 137, 1893.

16. BULL H.A., PITTILO R.M., WOOLF N. & MACHIN S.J. (1988) The
effect of nicotine on human endothelial cell release of prosta-
glandins. Br. J. exp. Path. 69,413.

17. ROTHLEIN R., DUSTIN M.L., MARTIN S.D. & SPRINGER T.A. (1986)
A human intracellular adhesion molecule (ICAM-). J. Immunol.
137, 1270.

18. ROOK G.A.W., CHAMPION B.R., STEELE J., VAREY A.M. & STAN-
FORD J.L. (1985) I-A restricted activation by T cell lines of anti-
tuberculosis activity in murine macrophages. Clin. exp. Immunol.
59,414.

19. PAUL R.C., STANFORD J.L. & CARSWELL J.W. (1975) Multiple skin-
testing in leprosy J. Hyg. Cam. 75, 57.

20. ROSENBAUM J., PoTrINGER B.E., Woo P., BLACK C.M., Loizou S.,
BYRON M.A. & PEARSON J.D. (1988) Measurement and characteri-
sation of circulating anti-endothelial cell IgG in connective tissue
diseases. Clin. exp. Immunol. 72,450.

21. AUSTGULEN R., ESPEVIK T. & NISSEN-MEYER J. (1987) Fibroblast
growth stimulatory activity released from human monocytes. The
role of tumour necrosis factor. Scand. J. Immunol. 26, 621.

22. GERLACH H., LIEBERMAN H., BACH R., GODMAN G., BRETT J. &
STERN D. (1989) Enhanced responsiveness of endothelium in the
growing/motile state to Tumour Necrosis Factor/Cachectin. J. exp.
Med. 170,913.

23. SHEPARD C.C. (1958) A comparison of the growth of selected

mycobacteria in HeLa, monkey kidney, and human amnion cells in
tissue culture. J. exp. Med. 107, 237.

24. RASTOGI N., HENROTrE J.G. & DAVID H.L. (1987) Colistin-induced
cell leakage in Mycobacterium aurum. Zentralbl. Bakteriol. Mikro-
biol. Hyg. (A) 263, 548.

25. RASTOGI N. & DAVID H.L. (1988) Mechanisms of pathogenicity in
mycobacteria. Biochimie, 70, 1101.

26. BODDINGIUS J. (1974) The occurrence of Mycobacterium leprae
within axons of peripheral nerves. Acta. Neuropathol. 27, 257.

27. EsIRI M.M., WEDDELL A.G.M. & REES R.J.W. (1972) Infection of
murine striated muscle with Mycobacterium leprae: a study by light
and electron microscopy. J. Pathol. 106, 73.

28. IKUTA S., KIRBY J.A., SHENTON B.K., GIVAN A.L. & LENNARD
T.W.J. (1991) Human endothelial cells: effect of TNF-alpha on
peripheral blood mononuclear cell adhesion. Immunology, 73, 71.

29. KINDLER V., SAPPINO A.P., GRAU G.E., PIGUET P.F. & VASSALLI P.
(1989) The inducing role of tumor necrosis factor in the develop-
ment of bactericidal granulomas during BCG infection. Cell, 56,
731.

30. CHAN J., XING Y., MAGLIOZZO R.S. & BLOOM B.R. (1992) Killing of
virulent Mycobacterium tuberculosis by reactive nitrogen inter-
mediates produced by activated murine macrophages. J. exp. Med.
175,1111.

31. DENIS M. (1991) Interferon-gamma-treated murine macrophages
inhibit growth of tubercle bacilli via the generation of reactive
nitrogen intermediates. Cell. Immunol. 132, 150.

32. STUEHR D.J., CHO H.J., KWON N.S., WEISE M.F. & NATHAN C.F.
(1991) Purification and characterization of the cytokine-induced
macrophage nitric oxide synthase: an FAD- and FMN-containing
flavoprotein. Proc. natl. Acad. Sci. U.S.A. 88, 7773.

33. DENIS M. (1991) Killing of Mycobacterium tuberculosis within
human monocytes: activation by cytokines and calcitriol. Clin. exp.
Immunol. 84, 200.


