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ABSTRACT:  Previous work has demonstrated an increase in the production of
granulocyte-macrophage colony-stimulating factor (GM-CSF) by monocytes derived
from asthmatic individuals.  We have suggested that monocytes and macrophages
enhance airways inflammation by augmented cytokine production.

We tested this hypothesis by measuring the production of GM-CSF and macrophage-
derived cytokines,  namely interleukin-1β (IL-1β),  tumour necrosis factor-α (TNF-
α) and interleukin-8 (IL-8),  from unstimulated and lipopolysaccharide (LPS)-stimulated
peripheral blood monocytes and alveolar macrophages in 31 asthmatic and 11 nor-
mal, control subjects.

The basal production of GM-CSF was four fold higher in the monocytes of asth-
matic individuals,  but there was no significant difference in the basal production
of TNF-α,  IL-1β and IL-8.  After stimulation with LPS,  asthmatic monocytes pro-
duced twofold more GM-CSF and fourfold more IL-1β than the monocytes from
control subjects.  Unstimulated macrophages from asthmatic subjects produced sig-
nificantly less GM-CSF and TNF-α than macrophages from controls,  and there
was no difference in either IL-1β or IL-8 production.  When stimulated by LPS,
macrophages from asthmatic subjects produced twofold more GM-CSF,  threefold
more TNF-α and fourfold more IL-8.  The levels of IL-8 produced by both mono-
cytes and macrophages were at least 20 fold higher than those  of the other cytokines
measured.

There is selectivity in the upregulation of cytokine production by monocytes and
macrophages in asthma.  The putative role of different cytokines secreted by the
mononuclear phagocyte in the pathogenesis of airways inflammation depends both
on the relative numbers of monocytes and macrophages and on their state of stimu-
lation.
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Increasing evidence implicates cells of the monocyte-
macrophage lineage in the mechanisms of asthma.  Increas-
ed numbers of circulating monocytes expressing the low
affinity immunoglobulin E (IgE) receptor (FcεRII) have
been observed in allergic disorders,  such as asthma [1].
After allergen challenge, an increased recruitment of mono-
cytes has been observed in the bronchoalveolar lavage
(BAL) fluid of asthmatic subjects [2],  and monocytes
from asthmatic patients have been shown to have increased
expression of complement receptors [3].  Macrophages
also express the low affinity IgE receptor and can be
stimulated to release mediators by allergen [4, 5].  Immuno-
histochemical studies of bronchial biopsies from asth-
matic patients have demonstrated an increased infiltration
of macrophages into the airways,  compared to normal
individuals [6].  Many of these macrophages had the
characteristics of blood monocytes, suggesting the active

recruitment of monocytes into the airways from the cir-
culation.

Since the pathology of bronchial asthma demonstrates
a multicellular process [6, 7],  with significant infiltra-
tion of the airways by activated T-cells,  eosinophils and
macrophages,  attempts to understand the pathogenesis
of asthma should account for the mechanisms of cellu-
lar interactions.  We have suggested that cytokines derived
from macrophages may act as the messengers for cellu-
lar communication and that they are increased in asth-
ma.  We have shown that the major activity released
from peripheral blood monocytes and macrophages, with
the capacity to augment eosinophilic survival and func-
tion, is granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) [8, 9].  GM-CSF enhances the survival
of the eosinophils in culture and primes these cells for
subsequent mediator generation [10].  It promotes the
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maturation and differentiation of granulocytes and mac-
rophages from bone marrow progenitors [11].  It facili-
tates antigen presentation by the increase in the expression
of class II molecules [12].  Thus,  GM-CSF may play a
critical role in the amplification of the inflammatory
response in asthmatic airways.

It is not known whether the upregulation of GM-CSF
is part of a more general increase in cytokine produc-
tion by macrophages or whether it is selective for GM-
CSF alone.  We have,  therefore,  extended our previous
experiments to examine the concentrations of GM-CSF
as well as a number of other macrophage-derived cyto-
kines interleukin-1β (IL-1β),  tumour necrosis factor-α
(TNF-α) and interleukin-8 (IL-8), which may play a role
in the mechanisms of the airways inflammation charac-
teristic of bronchial asthma.

Methods 

Subjects

Peripheral blood mononuclear cells.  Eleven normal sub-
jects (8 males and 3 females;  mean±SEM age 23±1 yrs;
6 atopic;  2 smokers) and 31 patients with bronchial asth-
ma (19 males and 12 females;  mean±SEM age 41±3 yrs;
29 atopic;  7 smokers) were studied.  The resting forced
expiratory volume in one second (FEV1) for the asth-
matic subjects was 78±3% predicted values.

Alveolar macrophages.  Nine normal subjects (6 males
and 3 females; mean±SEM age 23±1 yrs; 5 atopic; 2 smok-
ers) and 8 patients with bronchial asthma (5 males and
3 females; mean±SEM age 23±1yrs; 7 atopic; 1 smoker)
were studied. The resting FEV1 for the asthmatic sub-
jects was 91±6% predicted values.

In some cases, peripheral blood mononuclear cells and
alveolar macrophages were isolated from the same nor-
mal (n=9) and asthmatic (n=8) donors to determine if
there was a relationship between the state of activation
of the monocytes and macrophages in an individual.

Bronchial asthma was diagnosed on the basis of a his-
tory of episodic wheezing and 20% reversibility of air-
ways obstruction after inhalation of 400 µg salbutamol
via a metered dose inhaler.  Atopy was defined as the
presence of a positive skin-prick test reaction for one of
the common aeroallergens: grass pollen, silver birch pollen,
cat fur,  and  Dermatophagoides pteronyssinus.  The
asthmatic subjects were only using salbutamol on an as-
needed basis and were not taking any other medication.
Each subject gave informed consent and the study was
approved by the local Ethics committee.

Preparation of monocyte-derived culture supernatants

Peripheral blood mononuclear cells (PBMC) were iso-
lated from venous blood by centrifugation on Lymphoprep
(Nycomed UK Ltd,  Birmingham,  UK) as described by
BOYUM [13].  The cells were washed twice in Hank's

Balanced Salt Solution, without calcium and magnesium
(HBSS) (Gibco, Paisley, UK).  The cells were counted
and assessed for viability in trypan blue; viability always
exceeded 95%.  PBMC were suspended at a concentra-
tion of 2×106 cells·ml-1 in RPMI 1640 supplemented with
25 mM hydroxyethylpiperazine ethanesulphonic acid
(HEPES) (Gibco), 2 mM L-glutamine (Gibco), penicillin
and streptomycin (100 U·ml-1 and 100 µg·ml-1,  respec-
tively,  Gibco) and 10% foetal bovine serum (FBS) (sup-
plemented RPMI).  Aliquots of the cell suspension (4
ml) were plated onto 60 mm plastic tissue culture dish-
es (Falcon, Marathon Laboratory Supplies, London, UK)
and were incubated for 2 h at 37°C in 5% CO2.  The
culture medium was then removed and the plates were
washed twice with supplemented RPMI (without FBS);
the nonadherent cells were collected and counted. The
adherent cells were >90% monocytes,  as determined by
immunostaining with anti-CD14.  The remaining cells
consisted of T-cells,  B-cells and natural killer (NK) cells.
The cells were cultured in supplemented RPMI (2 ml)
for 24 h in the absence or presence of LPS (5 µg· ml-1,
Sigma Chemical Co. Ltd  Poole, Dorset, UK).  After 24
h the medium was aspirated, centrifuged at 400×g for
10 min and the cell-free supernatants were stored at
-20°C.

Bronchoalveolar lavage (BAL)

Subjects had taken no medication for at least 12 h.
Bronchoscopy was performed with a flexible fibreoptic
instrument (Olympus BF-B3,  London,  UK) 15 min after
premedication with atropine (600 µg i.v.) and local anaes-
thesia with lignocaine (2 and 4%).  BAL was performed,
as described previously [14, 15], by instillation of 50 ml
aliquots of 0.9% saline at 37°C into a subsegmental
bronchus of the right middle lobe.  Each instillation was
followed by gentle aspiration, a maximum of 300 ml
being instilled.

Preparation of alveolar macrophage-derived culture
supernatants

BAL fluid was centrifuged at 300×g for 10 min at 4°C
and the cell pellet was washed twice in HBSS as described
above.  The cells consisted of 73.4+3.1% macrophages,
23.7±4.3% mononuclear cells, 0.3±0.2% polymorpho-
nucleocytes (PMN), 0.2±0.1% eosinophils, 2.2±1.0%
epithelial cells. Cells were suspended at a concentration
of 1×106 cells·ml-1 in supplemented RPMI.  Aliquots of
the cell suspension (3 ml) were plated onto 60 mm plas-
tic tissue culture dishes and were incubated for 2 h at
37°C in 5% CO2.  The culture medium was then removed
and the plates were washed twice with supplemented
RPMI (without FBS); the nonadherent cells were collec-
ted and counted.  The adherent cells were >95% macro-
phages, and were cultured in supplemented RPMI (3 ml)
for 24 h in the absence or presence of LPS (5 µg·ml-1)
under optimal conditions,  which we had defined previ-
ously.  After 24 h the medium was aspirated, centrifuged



at 400×g for 10 min and the cell-free supernatant was
stored at -20°C.

Cytokine measurements

The levels of GM-CSF,  TNF-α,  IL-1β and IL-8 were
measured in the same macrophage and PBMC supernatants
with commercially available enzyme-linked immunosor-
bent assay (ELISA) kits (British Biotechnology Products
Ltd, Abingdon, Oxon, UK).  The manufacturer's instruc-
tions were followed throughout.  The lower limits of sen-
sitivity for each of the assays were:  GM-CSF 1.5 pg·ml-1;
TNFα 4.8 pg·ml-1;  IL-1β 0.3 pg·ml-1;  and IL-8 4.7 pg·ml-1.
Cytokine concentrations were expressed as ng·10-6 cells
(final cell numbers).

Statistical analyses

The data were analysed using the Mann-Whitney U-
test and Spearman's rank correlation.  A p-value of <0.05
was considered to be significant and NS denotes that the
p-value was not significant at 5% level.  All analyses
were carried out using the Minitab statistical software
package.  Data are expressed as median values with >95%
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Fig. 1.  –  The generation of:  a) GM-CSF;  b) TNF-α;  c) IL-1β;  and d)  IL-8 by PBMC,  in the absence and presence of LPS;  comparison
between control and asthmatic groups.  Data are presented in the form of a "box and whisker plot",  where the Y-axis displays the spread of the
data.  The shaded box represents the interquartile range and the solid line across the box marks the median value.  The "whiskers" extending from
the top and bottom of the box represent the data.  GM-CSF:  granulocyte-macrophage colony-stimulating factor;  TNF-α:  tumour necrosis fac-
tor-α;  IL-1β:  interleukin-1β;  IL-8:  interleukin-8;  PBMC:  peripheral blood mononuclear cells;  LPS:  lipopolysaccharide.
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confidence intervals (CI) and are presented in the form
of a "box and whisker plot",  where the Y-axis displays
the spread of the data.  The shaded box represents the
interquartile range, and the solid line across the box
marks the median value.  The "whiskers" extending from
the top and bottom of the box represent the range of the
data.  All plots were generated using the Kaleidagraph
data analysis program for the Apple Macintosh compu-
ter.

Results

Cytokine generation by peripheral blood monocytes

In the absence of LPS, the PBMC from asthmatic indi-
viduals produced significantly more GM-CSF (p<0.05)
(fig. 1a and table 1) than those of control subjects.  There
were no statistically significant differences between the
two groups in either TNF-α (p<0.06) (fig. 1b),  IL-1β
(p<0.17) (fig. 1c) or IL-8 (p<0.12) (fig. 1d) production
by unstimulated PBMC.  Table 1 shows the levels of
cytokine generation by PBMC in the absence of LPS.

In the presence of LPS,  the PBMC from asthmatic
individuals produced significantly more GM-CSF (p<0.04)
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(fig. 1a and table 2) and significantly more IL-1β (p<0.03)
(fig. 1c) than those of control subjects.  There were no
significant differences between the two groups in either
TNF-α (p<0.71) (fig. 1b) or IL-8 (p<0.57) (fig. 1d) pro-
duction by LPS-stimulated PBMC.  Table 2 shows the
levels of cytokines generated by PBMC in the presence
of LPS.

Cytokine generation by macrophages

In the absence of LPS,  the macrophages from the con-
trol subjects produced significantly higher levels of GM-
CSF (p<0.03) (fig. 2a and table 3) and TNF-α (p<0.04)
(fig. 2b) than those from asthmatic individuals.  No sig-
nificant differences were observed between the two groups
for IL-1β (p<0.15) (fig. 2c) and IL-8 (p<1.0) (fig. 2d).
Table 3 shows the levels of cytokines generated by
macrophages in the absence of LPS.

In the presence of LPS,  the macrophages of asthmatic
individuals produced significantly more GM-CSF (p<0.02)
(fig. 2a and table 4), TNF-α (p<0.05) (fig. 2b) and IL-
8 (p<0.04) (fig. 2d) than those of control subjects.  There

Table 1.  –  Cytokine generation by peripheral blood
monocytes in the absence of LPS

Cytokine Control group Asthmatic group p-value
n=11 n=31

GM-CSF 0.003 0.014 <0.05*
ng·10-6 cells (0.001–0.293) (0.004–0.326)
TNF-α 0.028 0.106 <0.06
ng·10-6 cells (0.004–0.379) (0.023–0.596)
IL-1β 0.009 0.078 <0.17
ng·10-6 cells (0.001–1.148) (0.011–0.515)
IL-8 32.5 110.0 <0.12
ng·10-6 cells (6.25–155.0) (35.0–325.0)

Data are presented as median, and 95% confidence interval in
parenthesis.  GM-CSF:  granulocyte-macrophage colony-stim-
ulating factor;  TNF-α:  tumour necrosis factor-α;  IL-1β:  inter-
leukin-1β;  IL-8:  interleukin-8;  LPS:  lipopolysaccharide.  *:
p-value <0.05 considered significant.

Table 2.  –  Cytokine generation by peripheral blood
monocytes in the presence of LPS

Cytokine Control group Asthmatic group p-value
n=11 n=31

GM-CSF 0.98 2.37 <0.04*
ng·10-6 cells (0.31–3.19) (1.42–3.92)
TNF-α 3.27 4.17 <0.71
ng·10-6 cells (1.90–6.65) (2.71–7.50
IL-1β 1.41 6.37 <0.03*
ng·10-6 cells (0.60–9.46) (4.13–9.79)
IL-8 193.1 311.0 <0.57
ng·10-6 cells (96.3–805.0) (191.3–361.2)

Data are presented as median, with 95% confidence interval in
parenthesis.  For abbreviations see legend to table 1.  *:  p-
value <0.05 considered significant.

Fig. 2.  –  The generation of:  a)  GM-CSF;  b)  TNF-α;  c)  IL-1β;
and  d)  IL-8 by alveolar macrophages,  in the absence and presence
of LPS;  comparison between control and asthmatic groups.  Data are
presented in the form of a "box and whisker plot",  where the Y-axis
displays the spread of the data. The shaded box represents the interquar-
tile range and the solid line across the box marks the median value.
The "whiskers" extending from the top and bottom of the box repre-
sent the range of the data.  For abbreviations see legend to figure 1.
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was no difference in IL-1β (p<0.27) (fig. 2c) produced
by the two groups.  Table 4 shows the levels of cytokines
generated by macrophages in the presence of LPS.

Comparison of monocyte and macrophage cytokine gen-
eration

Unstimulated macrophages from the control subjects
produced significantly more GM-CSF (p<0.02) and TNF-
α (p<0.001) than unstimulated monocytes from the same
group,  and,  after LPS stimulation,  these macrophages
produced significantly more GM-CSF (p<0.001) and
TNF-α (p<0.0002) than the corresponding monocytes.
In contrast, the macrophages from asthmatic individuals
produced basal levels of GM-CSF and TNF-α similar to
those of the monocytes; however,  these macrophages
were able to produce more GM-CSF (p<0.0001) and
more TNF-α (p<0.0001) than the monocytes,  following
LPS stimulation.  No significant differences were observed
in either IL-1β or IL-8 production between monocytes
and macrophages.

There was poor correlation between the amounts of
each cytokine produced by monocytes and their respec-
tive macrophages, indicating that there was no relation-
ship between the state of activation of monocytes and
macrophages in either the control or asthmatic group.
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The correlation coefficient "r" for the four cytokines are
as follows:  GM-CSF control group r=-0.079 (NS), asth-
matic group r=0.084 (NS);  TNF-α control r=-0.23 (NS),
asthmatic r=0.29 (NS);  IL-1β control r=-0.051 (NS),  asth-
matic r=0.006 (NS);  IL-8 control r=0.35 (NS),  asthma-
tic r=0.3 (NS).

Discussion

We have shown that unstimulated monocytes from
asthmatic subjects produce more GM-CSF than those
from nonasthmatic subjects,  with no significant differ-
ence in the production of TNF-α,  IL-1β and IL-8.  The
increased production of GM-CSF by monocytes from
asthmatic patients is consistent with previous findings
[9].  Although there was no significant difference between
asthmatic and normal subjects in the production of IL-
8 by peripheral blood monocytes,  the quantities of IL-
8 produced were substantially greater than those of the
other three cytokines detected.  The levels of IL-8 mea-
sured were similar to those reported by other workers
[16, 17].  We have measured cytokines in this study
using commercially available ELISA techniques.  The
use of in situ hybridization to detect messenger ribonu-
cleic acid (mRNA) would have provided additional infor-
mation,  but the presence of mRNA does not necessarily
equate to secreted product.

Following stimulation of peripheral blood monocytes
by LPS,  there was a significant increase in the pro-
duction of each of the cytokines measured.  LPS was
used in these studies to provide a global nonspecific acti-
vation signal,  in an attempt to evaluate the full poten-
tial of the cells.  LPS-activated monocytes from asthmatic
subjects secreted more GM-CSF and IL-1β than those
from normal individuals,  whilst TNF-α and IL-8 were
produced in similar quantities by both groups of sub-
jects.  If the elevated expression of certain cytokines by
monocytes from asthmatic subjects is due to in vivo prim-
ing, then the priming mechanism may be selective for cer-
tain cytokines.

In the absence of LPS stimulation,  macrophages from
asthmatic subjects produced significantly lower levels of
GM-CSF and TNF-α compared with the nonasthmatic
individuals.  Furthermore, the quantities of GM-CSF and
TNF-α generated by macrophages and monocytes from
asthmatic patients are similar,  in contrast to those of
normal subjects, where the production of these cytokines
by macrophages is substantially higher than by mono-
cytes.  This implies that macrophages recovered from
asthmatic subjects may be functionally different.  This
suggestion is supported by the data of POSTON et al. [6]
who showed that macrophages infiltrating the airways
in asthma are phenotypically different from those in nor-
mal airways.  We found no statistical difference between
monocyte and macrophage IL-1β production in the con-
trol group, in contrast to the findings of WEWERS et al.
[18],  who measured total IL-1 by bioassay.

In contrast to the data from unstimulated macrophages,
LPS-activated macrophages from asthmatic subjects pro-
duced greater amounts of GM-CSF, TNF-α and IL-8

Table 3. –  Cytokine generation by macrophages in the
absence of LPS

Cytokine Control group Asthmatic group p-value
n=9 n=8

GM-CSF 0.12 0.018 <0.03*
ng·10-6 cells (0.023–0.202) (0.009–0.098)
TNF-α 1.72 0.15 <0.04*
ng·10-6 cells (0.25–8.17) (0.057–4.328)
IL-1β 0.045 0.017 <0.15
ng·10-6 cells (0.011–0.148) (0.002–0.093)
IL-8 169 193 <1.0
ng·10-6 cells (116–259) (54–683)

Data are presented as median, with 95% confidence interval in
parenthesis.  For abbreviations see legend to table 1.  *:  p-
value <0.05 considered significant.

Table 4.  –  Cytokine generation by macrophages in the
presence of LPS

Cytokine Control group Asthmatic group p-value
n=9 n=8

GM-CSF 10.9 27.5 <0.02*
ng·10-6 cells (5.5–28.3) (23.0–119.1)
TNF-α 15.1 49.1 <0.05*
ng·10-6 cells (7.1–67.2) (25.2–161.3)
IL-1β 1.56 2.44 <0.27
ng·10-6 cells (0.34–5.89) (0.64–15.01)
IL-8 377 1630 <0.04*
ng·10-6 cells (190–1848) (667–2789)

Data are presented as median, with 95% confidence interval in
parenthesis. For abbreviations see legend to table 1.  *:  p-
value <0.05 considered significant.
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compared to cells from normal individuals.  This sug-
gests that macrophages recovered from asthmatic airways
may already have been primed in vivo and have the poten-
tial for enhanced cytokine production.

Enhanced production of IL-1, TNF-α and IL-8 may
contribute to airways inflammation.   Interleukin-1 induces
the proliferation and activation of T cells [19].  It increas-
es expression of adhesion molecules on endothelial cells
[20], and may play a critical role in initiating the leuco-
cyte infiltration into asthmatic airways.  IL-1 upregulates
GM-CSF production in human bronchial cells [21], and
may be critical in enhancing GM-CSF expression in asth-
matic airway epithelium.  TNF-α also increases endothe-
lial cell adhesion molecule expression [22] and,  in addition
to cytotoxic actions [23],  it increases production of in-
flammatory mediators,  such as GM-CSF,  prostaglandins
and platelet-activating factor [24–26].  The recent finding
that TNF-α secretion is increased in the allergen-induced
late phase asthmatic response [27] supports the possible
role of this cytokine in airways inflammation.  IL-8 is a
potent neutrophil- [28], and eosinophil-activating chemo-
tactic peptide [29],  and its expression can be stimulat-
ed by TNF-α and IL-1β [30].  This molecule is relatively
resistant to proteases [28] compared to other cytokines,
and may be involved in more prolonged inflammatory
actions.

These experiments support the view that there is an
increase in the production of cytokines by monocytes and
macrophages of asthmatic individuals compared with
those of normal subjects.  The data presented here show
a wide distribution of cytokine levels within each group;
consequently,  whilst there may appear to be differences
between the groups, only large differences are statisti-
cally significant.  There does, however, seem to be a de-
gree of selectivity in the upregulation of cytokine production
which is dependent not only on the maturity of the cell,
but also on its state of activation.  In vivo,  monocytes
and macrophages are exposed to a wide variety of cytokines
and other mediators, which may prime the cells for en-
hanced function.  The cytokine network in inflammation
is complex and prediction of its effects cannot be based
on the action of one cytokine;  therefore,  caution needs
to be exercised in the interpretation of data based on the
analysis of a single cytokine when considering the mech-
anisms of bronchial asthma.
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