
INFECTION AND IMMUNITY, Aug. 2002, p. 4743–4746 Vol. 70, No. 8
0019-9567/02/$04.00�0 DOI: 10.1128/IAI.70.8.4743–4746.2002
Copyright © 2002, American Society for Microbiology. All Rights Reserved.

Interleukin-8 Secretion from Mycobacterium tuberculosis-Infected
Monocytes Is Regulated by Protein Tyrosine Kinases but Not by

ERK1/2 or p38 Mitogen-Activated Protein Kinases
Clara Ameixa† and Jon S. Friedland*

Department of Infectious Diseases, Faculty of Medicine, Imperial College of Science, Technology and Medicine, Hammersmith
Campus, London, United Kingdom

Received 23 January 2002/Returned for modification 13 March 2002/Accepted 13 May 2002

Mycobacterium tuberculosis upregulates NF-�B binding and interleukin-8 (IL-8) gene expression and secre-
tion in primary human monocytes. Inhibition of tyrosine protein kinases but not of ERK1/2 or p38 mitogen-
activated protein kinases downregulates tuberculosis-induced IL-8 secretion. The inhibitor genistein decreased
NF-�B nuclear translocation and IL-8 gene transcription in addition to acting on posttranscriptional
processing.

Mycobacterium tuberculosis causes about three million
deaths annually, and one-third of the world’s population has
latent tuberculosis (TB) (28). An important mechanism of host
defense against TB is granuloma formation, which follows leu-
kocyte influx. Interleukin-8 (IL-8) is one chemokine which
appears to have a significant role in regulating leukocyte influx
in TB. Elevated IL-8 concentrations are present in bronchoal-
veolar lavage fluid (4, 14, 29), pleural fluid (34), and plasma (7)
of TB patients and in M. tuberculosis-infected human tissue (3,
25). In vivo studies have shown that pretreatment with anti-
IL-8 alone inhibits mycobacterial granuloma formation (15).
At a cellular level, phagocytosis of M. tuberculosis by monocytic
cells is an important stimulus to IL-8 secretion, although other
cell types, including respiratory epithelial cells, are also sources
of IL-8 in TB (2, 6, 17, 32, 36). IL-8 is involved in attracting
neutrophils and T cells and in monocyte recruitment (8, 24).
Novel therapeutic approaches targeting IL-8 secretion during
inflammation are the subject of ongoing research (35). How-
ever, relatively little is known about the mechanisms control-
ling IL-8 secretion in TB.

IL-8 in monocytes/macrophages is regulated primarily at the
level of gene transcription. Many studies have demonstrated
that NF-�B mediates the expression of genes involved in the
lipopolysaccharide (LPS)-induced proinflammatory response
(9), and activation of NF-�B in monocytes is found in TB (2,
21, 22, 31). NF-�B has a pivotal role in the control of IL-8 gene
expression (2, 13, 23, 27, 30, 31, 32). Inflammatory stimuli
including tumor necrosis factor and LPS, which activate NF-
�B, have also been shown to activate upstream signaling path-
ways involving tyrosine kinases (1, 5, 33) and mitogen-activated
protein kinases (MAPK) p38 and p42/44 (ERK) as well as
stress-activated protein kinase/JNK (9, 12, 16, 18, 19, 20, 26),

and these can further regulate the action of transcription fac-
tors (9, 10). However, regulation of such cellular signaling
pathways is both cell type and stimulus specific. In the present
study, we examined the role of these signal transduction paths
in the control of M. tuberculosis-induced, NF-�B-associated
upregulation of IL-8 secretion.

Transcriptional upregulation of IL-8 mRNA after stimula-
tion of primary human monocytes by M. tuberculosis was first
confirmed by semiquantitative reverse transcription-PCR, as
we have described previously (2). Primers used were homolo-
gous to the 5� end of exon 1 and the 3� end of exon 2 of the IL-8
gene. Adhesion purification of monocytes results in limited
transcriptional upregulation of the IL-8 gene (11). Further
specific upregulation of IL-8 transcripts due to TB stimulation
was detected at 8 h, and peak mRNA levels were detected after
16 h (data not shown), which is consistent with previous data
obtained by using Northern analysis (6). In contrast, peak IL-8
mRNA levels were detected 4 h after stimulation by LPS, the
positive control. We next analyzed the kinetics of TB-induced
NF-�B activation in monocytes by using established method-
ology (2). TB is known to stimulate translocation of this tran-
scription factor, which is important in the control of IL-8 gene
expression (2, 31). Electromobility gel shift assays showed ac-
tivation of NF-�B within 30 min, peaking at 1 to 2 h and still
detectable 24 h after infection; the specificity of transcription
factor binding was confirmed by competition experiments
(data not shown). Transient upregulation of NF-�B is typical
of responses of human monocytes to pathogens, and this pat-
tern is similar to but of longer duration than that found for M.
tuberculosis-stimulated respiratory epithelial cells (32).

The role of MAPK pathways in control of IL-8 gene expres-
sion was investigated by pretreating monocytes for 1 h with
either the established ERK kinase-specific inhibitor PD98059
or the p38 kinase-specific inhibitor SB203580 before infection
with TB (Fig. 1). Neither inhibitor had any effect on monocyte
viability (data not shown). Pretreatment of cultures with
PD98059 did not alter TB-induced IL-8 secretion, although
there was a dose-dependent inhibition of LPS-induced IL-8
secretion, as has been observed previously (20). Inhibition of
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the p38 MAPK path by SB203580 did not inhibit TB- or LPS-
induced IL-8 secretion. The activity of this compound was
confirmed since it inhibited IL-8 production induced by zymo-
san. LPS is known to activate the p38 path, and our data
contrast with a report by Manthey et al. in which blocking this
pathway was found to inhibit IL-8 mRNA accumulation (19).
Such a difference may reflect the fact that they used a different
inhibitor, SB202190, and that in that study monocytes were
purified by elutriation. TB induces p38 MAPK activation in
neutrophils, which leads to the generation of reactive oxygen
intermediates that may contribute to mycobacterial killing
(26). Although we did not find that p38 MAPK was involved in

the control of IL-8 secretion, our data do not exclude other
roles for p38 in TB.

The effects of broad-spectrum protein tyrosine kinase inhi-
bition were next investigated, since MAPK inhibition did not
affect TB-induced IL-8 secretion. Cultures were pretreated
with 1, 10, or 100 �M genistein (Fig. 2). Genistein did not alter
monocyte viability, and in a dose-dependent manner, it signif-
icantly inhibited both TB- and LPS-dependent IL-8 secretion.
Genistein at 100 �M but not at lower concentrations inhibited
IL-8 mRNA accumulation (Fig. 3A), suggesting that tyrosine
kinase acts at least in part on transcription. Consequently, we
investigated the effect of tyrosine kinase inhibition on NF-�B
binding and observed a partial downregulation in TB-infected
monocytes pretreated with the highest dose of genistein (Fig.
3B), which contrasts with the effects of tumor necrosis factor
stimulation, where inhibition of NF-�B binding is critical (1).
We attribute the basal NF-�B activity level seen in Fig. 3B,
lane 1, to the purification procedure. Since lower concentra-
tions of genistein also inhibit IL-8 secretion, it is probable that
protein tyrosine kinases have effects on posttranscriptional reg-
ulatory pathways in addition to regulating NF-�B-dependent
IL-8 gene expression.

In summary, we have investigated some of the cellular mech-
anisms by which M. tuberculosis stimulates primary human
monocytes to secrete IL-8 at high concentrations. Soon after
phagocytosis of M. tuberculosis, there is an activation of NF-�B
which persists over 24 h and has kinetics consistent with those
of IL-8 gene expression. Unexpectedly, we demonstrated that
neither the ERK1/2 nor the p38 component of the MAPK
signaling pathways, which are activated in TB, regulates this
process. In contrast, protein tyrosine kinases are shown to be
critical regulators of IL-8 in TB, acting pre- and posttranscrip-
tionally.

FIG. 1. Effect of MAPK inhibitors on IL-8 secretion by human
monocytes stimulated with either LPS or TB or left unstimulated
under control conditions. Cells were cultured in the presence of 0.1, 1,
and 10 �M PD98059 (A) and SB203580 (B). Data are presented as the
means � standard errors of the mean of the results of at least three
experiments. �, P � 0.05 versus untreated control.

FIG. 2. Effect of inhibition of protein tyrosine kinases by 1, 10, or
100 mM genistein on IL-8 secretion from human monocytes stimulated
with either LPS or M. tuberculosis (TB). Data are presented as means
� standard errors of the mean of the results of at least three experi-
ments. �, P � 0.05 versus control without drug.
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