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Summary

Tumour necrosis factor (TNF) blockade has become an important immu-
nomodulatory therapy, particularly in patients refractory to conventional
immunosuppression, but responses can be unpredictable. Understanding
the complex biology of TNF processing may be key to predicting such
responses and reduce unwanted side effects. TNF bioavailability is regulated
partly by TNF-a converting enzyme (TACE) cleavage; however, it can also
be cleaved by proteinase-3 (PR-3). We have demonstrated this mechanism
previously in healthy human alveolar macrophages (AM), leading us to
hypothesize that PR-3-mediated TNF processing may be an important
mechanism in inflammatory lung disease. Furthermore, this may be more
apparent in diseases with a neutrophil component typical of usual intersti-
tial pneumonia (UIP), compared with sarcoidosis, where lymphocytes pre-
dominate. We isolated AM from patients with UIP and sarcoidosis and
healthy subjects. We found increased TACE expression on AM in sarcoidosis.
In contrast, TACE was not increased in UIP; we found increased cleavage of
glutathione S-transferase-proTNF) substrate, relative to both sarcoidosis
and healthy controls. Furthermore, cleavage was subject to inhibition by
serine protease inhibitor, rather than a TACE inhibitor BB-3103. Cleavage
was proportional to the number of neutrophils isolated from bronchoalveo-
lar lavage, whereas there was an inverse relationship between neutrophils
and BB-3103 inhibition. There was also increased PR-3 on the AM surface in
UIP relative to healthy controls. These data provide evidence for PR-3-
mediated cleavage in UIP, which may have implications for future therapeu-
tic targeting of TACE.
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Introduction

Tumour necrosis factor (TNF)-a is implicated in the patho-
genesis of numerous immunologically mediated conditions
and its central role has been emphasized recently by the
success of anti-TNF therapies in diseases such as rheumatoid
arthritis [1], Crohn’s disease [2] and steroid refractory
asthma [3]. Anti-TNF therapies have also been used in
refractory sarcoidosis [4], idiopathic pulmonary fibrosis [5]
and moderate to severe chronic obstructive pulmonary
disease [6], but with less impressive results. An understand-
ing of the complex biology of TNF processing and activity
may be key to predicting responses to TNF blockade. This
could potentially minimize unwanted side effects such as
increased risk of infection [7].

The TNF-a is produced in a membrane-associated form
(mTNF) which is cleaved by TNF-a converting enzyme
(TACE) to yield the soluble product. Both forms can ini-
tiate cellular responses by binding to receptors on neigh-
bouring cells [8,9]. It is likely that these responses are
different because of altered ligation of TNF receptors.
Soluble ligation initiates cytokine production, whereas
mTNF can induce apoptosis and anergy in neighbouring
cells [10]. Membrane-bound TNF is also able to reverse
signal, a phenomenon known to exist in the TNF super-
family. This mechanism is thought to be important in
down-regulating inflammatory responses, as ligation of
mTNF in monocytes has demonstrated inhibition of
lipopolysaccharide (LPS) responses [11] and this may be
related to enhanced mRNA degradation [12].
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Clearly, mechanisms regulating the relative availability of
mTNF and soluble TNF are important. It is now recognized
that TNF cleavage can be mediated by the serine protease
proteinase-3 (PR-3) [13], in addition to TACE. PR-3 is the
target antigen for the autoantibody in Wegener’s granuloma-
tosis, but whether or not it contributes to the pathogenesis or
is an epiphenomenon is not clear [14]. PR-3 is able to
degrade extracellular matrix, and its potential contribution
to pulmonary inflammatory disease has been demonstrated
by the induction of emphysema in hamsters following
intratrachael installation [15]. PR-3 is also increased in the
sputum of cystic fibrosis patients, and correlates with disease
severity [16]. We have described PR-3-mediated cleavage of
mTNF on the alveolar macrophage (AM) surface in healthy
subjects [17]. We have also demonstrated that PR-3 is
expressed on AM and that this is not de novo expression but
exogenous PR-3.

Because lung neutrophils are the most likely source of
PR-3, we hypothesized that there would be an increased
contribution of PR-3 to TNF processing in diseases with
abundant alveolar neutrophils. Thus we selected subjects
with usual interstitial pneumonia (UIP) as a model of
neutrophil-predominant disease and pulmonary sarcoidosis
as a model where T cells predominate (thus PR-3 expression
should be minimal). We evaluated expression of both TACE
and PR-3 on the surface of AM from our study groups. In
addition, we determined the relative impact of TACE and
PR-3 catalytic activity using specific inhibitors.

Materials and methods

Subjects

Patients with UIP were diagnosed according to American
Thoracic Society/European Respiratory Society criteria [18].
The UIP group (n = 20) had a median age of 73 years (range
42–88 years). The normal control population (n = 15), with
no previous history of lung disease, had a median age of 54
years (range 23–87 years). Patients with pulmonary sarcoi-
dosis (n = 15) had disease confirmed by histology on lung
biopsy and a median age of 43 years (range 27–78 years;
see Table 1). No patients were receiving steroids prior to
inclusion. The study was approved by North Bristol National
Health Service Trust Ethics Committee.

The AM culture

Bronchoalveolar lavage and AM isolation were performed
as described previously [19]. AM were cultured for 24 h
with LPS (Sigma, Poole, UK) in the presence or absence of
10 mM BB-3103 metalloproteinase inhibitor (courtesy of
British Biotech, Oxford, UK) and serine protease inhibitor
Pefabloc (Roche Diagnostics, Mannheim, Germany). For
flow cytometry, AM were incubated overnight in sterile
Teflon wells to prevent adherence (Savillex Corp., MN,
USA). Supernatant was collected and analysed for the pres-
ence of soluble TNF.

Generation of cleavage substrate

A recombinant pGEX-2T vector containing a glutathione
S-transferase (GST)-proTNF plasmid was donated by British
Biotech [20]. The plasmid was transfected into Escherichia
coli (TOP10F; Invitrogen, Paisley, UK) and protein
expression was controlled by the Taq promoter, induced
by isopropylthiogalactosidase. Following induction, GST-
proTNF was expressed for 2·5 h before lysis by sonication.
The 50 kDa fusion protein was purified from sonicates using
affinity chromatography (GST purification module; Amer-
sham Biosciences, Little Chalfont, UK) and resuspended
at 1 mg/ml. The fusion protein was stored at -80°C until
required.

Cleavage assay

Purified AM were adhered onto 24-well tissue culture plates,
1 ¥ 106 per well (Gibco-Nunc, Paisley, UK). Protein traffick-
ing was arrested by preincubation for 1 h with 5 mg/ml
brefeldin A (Sigma) in the presence or absence of BB-3103
and/or Pefabloc (Sigma), before addition of 10 mg GST-
proTNF substrate. After 2 h supernatant was removed and
spun briefly at 1398 g to remove cell debris. Supernatants
were concentrated by centrifugation at 15 339 g for 1·5 h,
4°C in microcon filters (YM3; Millipore, Watford, UK).
Samples were run through a 15% polyacrylamide gel and
transferred onto nitrocellulose membrane (Immobilon; Mil-
lipore) using a semi-dry transfer system (Bio-Rad, Hemel
Hempstead, UK). Membranes were stored in 1 ¥ Tris-
buffered saline (TBS) prior to Western blotting.

Table 1. Characteristics of bronchoalveolar lavage (BAL) cell populations, median (range).

Normal Sarcoidosis UIP

Total cells ¥ 106 11·2 (6·6–21·2) 9·7 (8·1–21·7) 18·4 (10·6–35·7)

Percentage of total BAL cells

Alveolar macrophages 96·4 (88·2–100) 72·7 (46·1–89·1) 68·4 (41·1–74·9)

Lymphocytes 1·5 (0–4·7) 25·1 (11·0–53·7) 4·1 (0·6–7·1)

Neutrophils 1·9 (0–5·4) 2·1 (0·6–2·7) 25·2 (7·6–52·3)

Eosinophils 0 0·9 (0–3·2) 3·1 (1·1–4·5)

UIP, usual interstitial pneumonia.
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Western blotting

Nitrocellulose membranes were incubated with blocking
solution (5% Marvel/TBS/0·05% Tween) for 30 min before
addition of biotinylated anti-GST antibody (Autogen-
Bioclear, Calne, UK) dilution in blocking solution. After 1 h
incubation, membranes were washed in TBS/0·05% Tween.
A 1 : 2000 dilution of streptavidin–horseradish peroxidase
(Autogen-Bioclear) in blocking solution was then added for
a further 1 h incubation. Following 4 ¥ 10 min washes, elec-
trochemiluminescence detection reagent (GE Healthcare,
Little Chalfont, UK) was added for 1 min. Membranes were
then exposed immediately to X-ray film (Kodak X-Omat;
Sigma) and developed after 1 min. Cleavage by TACE results
in a 30 kDa band. The density of this band relative to the
50 kDa parent molecule was quantified using Geldoc 1000
with Quantity One software (Bio-Rad).

Soluble TNF enzyme-linked immunosorbent assay

The AM were cultured for 24 h in the presence or absence of
10 mg/ml LPS, 10 mM Pefabloc (Roche Diagnostics) and
10 mM BB-3103. Supernatants were harvested and stored at
-70°C prior to analysis. TNF levels were determined using a
commercial enzyme-linked immunosorbent assay (ELISA)
kit (Endogen, Perbio Science, Cramlington, UK).

Flow cytometry

Unfixed AM were analysed immediately after isolation and
were incubated for 10 min in citric acid buffer, pH 4·0, to
remove any receptor bound proteins. Cells were then washed
once in phosphate-buffered saline (PBS(/0·5% bovine serum
albumin/0·1% sodium azide (wash buffer) before addition
of 10 mg human IgG to block non-specific binding.
Phycoerythin (PE)-labelled anti-human TACE antibody,
fluorescein isothiocyanate-labelled membrane-associated
TNF antibody or the appropriate isotype control antibodies
(0·5 mg antibody/sample; R&D Systems, Abingdon, UK)
were added to the cells for 30 min at 4°C in the dark.
PR-3 was detected by incubation with PR-3 Pelikine
anti-neutrophil cytoplasm antibody (Research Diagnostics,
Concord, MA, USA), followed by rabbit anti-mouse-rPE
(Dako, Ely, UK). Cells were then washed twice in wash buffer
and fixed in PBS/1% paraformaldehyde solution. Labelled
cells (1 ¥ 104) were acquired on a picsXL flow cytometer
(Beckman Coulter, High Wycombe, UK) and analysed using
Expo 32 software (Beckman-Coulter).

Statistical analysis

Statistical analyses were performed using GraphPad Prism
(GraphPad Software Inc., San Diego, CA, USA). The data
were distributed normally. Comparisons between multiple

groups were performed using one-way analysis of variance
(anova), with Tukey’s multiple comparison tests (mct) to
compare individual group differences. Paired data were com-
pared using Student’s t-test. Relationships between param-
eters were assessed using Pearson’s correlation. A P value of
< 0·05 was regarded as significant.

Results

The TACE expression and function is increased on AM
from subjects with interstitial lung disease

There was a significant difference in TACE surface expres-
sion between the three subject groups (P < 0·005, one-way
anova), with the highest expression in sarcoidosis (Fig. 1a).
This was significantly different from both healthy controls
(P < 0·01 Tukey’s mct) and UIP subjects ( P < 0·05). Experi-
ments were carried out to determine whether the increased
levels of TACE in interstitial lung disease were reflected by
increased cleavage. Cleavage of GST-proTNF was signifi-
cantly different between the groups (P < 0·0005) and the
highest level of cleavage was observed in UIP subjects
(Fig. 1b). This was significantly higher than cleavage in sar-
coidosis (P < 0·05) and healthy controls (P < 0·001).

The relationship between TNF cleavage and TACE
demonstrated in healthy subjects is lost in the presence
of neutrophilic but not lymphocytic inflammation

We have shown previously that TACE expression on the
surface of AM from healthy subjects is proportional to cleav-
age [17]. We have also found that this relationship is main-
tained in sarcoidosis (Fig. 2a). When we related cleavage to
TACE expression we found that the association seen in
healthy controls and in sarcoidosis subjects was lost in
patients with UIP, with a median bronchoalvelar lavage fluid
(BALF) neutrophil count 25% of cell population (Fig. 2b).
This led us to consider the neutrophilic role. Pooling the data
from all subjects, we found a significant positive correlation
between percentage neutrophils in the BALF and cleavage
efficiency (Fig. 2c) and a negative correlation with the
inhibitory effect of BB-3103 (Fig. 2d). These data high-
lighted the possibility that an alternative, non-matrix metal-
loproteinase (MMP) enzyme, possibly from neutrophils, was
responsible for cleaving the GST-proTNF substrate in UIP.

The TACE inhibition is not sufficient to block TNF
cleavage in UIP subjects

There was a significant difference in the ability of BB-3103
to inhibit cleavage between the groups (P < 0·05) (Fig. 3a
and b), with increased inhibition in sarcoidosis compared
with UIP (P < 0·05). Pefabloc treatment alone had no effect
on cleavage in the sarcoidosis group, but reduced cleavage
significantly by UIP AM. Furthermore, Pefabloc in addition
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to BB-3103 increased the level of inhibition further in
UIP.

Soluble TNF present in healthy control AM superna-
tants was reduced in unstimulated AM by the presence
of BB-3103 (P < 0·001). Similarly, Pefabloc reduced TNF
release (P < 0·05). Pefabloc had no effect on LPS-induced
TNF in healthy control AM; BB3103 reduced TNF release,
although this failed to reach statistical significance (P = 0·09)
(Fig. 3c). In sarcoidosis BB-3103 and Pefabloc had no sig-
nificant effects on unstimulated TNF release. However, LPS-
stimulated TNF was reduced significantly only by BB-3103

(P < 0·05) (Fig. 3d). By contrast, in UIP BB-3103 had no
effect on TNF release by AM, but Pefabloc reduced both
untreated and LPS-stimulated TNF significantly (P < 0·01
and P < 0·05 respectively) (Fig. 3e). Combined treatment of
BB-3103 and Pefabloc had no additive or synergistic effects.

Surface expression of PR-3 on AM

Flow cytometry revealed increased staining for PR-3 on the
surface of AM from the UIP group relative to healthy
controls and sarcoidosis subjects (ratio to isotype control
3·17 � 0·56 versus 1·68 � 0·23 and 1·57 � 0·3 respectively)
(data not shown).

Discussion

It is well recognized that TACE cleavage to generate soluble
TNF is a key processing event in host defence, and we and
others have demonstrated that TACE is up-regulated in
conditions such as sepsis [21], multiple sclerosis [22]
and osteoarthritis [23]. We have also shown previously
that TACE can be up-regulated in response to LPS and
interferon-g, and conversely down-regulated by the anti-
inflammatory cytokine interleukin-10 [17].

We have studied two human diseases in which changes in
TNF homeostasis have been implicated, namely UIP [24]
and sarcoidosis [19], characterized by neutrophilic and
lymphocytic predominance respectively. Surprisingly, this
study has demonstrated increased levels of TACE on sar-
coidosis AM, but not in UIP. This is despite the fact that
AM in UIP are known to secrete relatively high levels of
soluble TNF [25]. By contrast, we detected increased cleav-
age of GST-proTNF in UIP. The measurement of GST-
proTNF provides a useful model for the investigation
of cleavage activity on the surface of cells. We used GST
detection in Western blots to prevent interference from
AM-derived TNF-a. However, we cannot be certain that
the product we are measuring is being cleaved in an iden-
tical fashion to native mTNF. For this reason we have
looked at the effect of TACE inhibition on soluble TNF
detection in AM supernatants by ELISA. We have also con-
firmed the specificity of the cleavage by Western blotting
and demonstrated a 17·5 kDa band using TNF-a-specific
antibodies. Our assumption is also supported by the
observed significant correlation between TACE expression
and GST-proTNF cleavage in normal subjects and the
reduction of cleavage in the presence of the MMP inhibitor
BB-3103, which has been demonstrated previously to
inhibit TACE catalytic activity in vitro [26].

In UIP, where there are significant numbers of alveolar
neutrophils, the association between TACE expression of
GST-proTNF cleavage was lost. Furthermore, in contrast to
both healthy subjects and patients with sarcoidosis, inhibi-
tion of TACE by BB-3103 in UIP subjects did not result in a
reduction in GST-proTNF cleavage. Our previous work in
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Fig. 1. Freshly isolated alveolar macrophages (AM) were incubated

with specific phycoerythrin (PE)-labelled anti-tumour necrosis factor

(TNF)-a converting enzyme (TACE) antibody and acquired on a flow

cytometer (a). Data are expressed relative to PE-labelled isotype

control. *P < 0·01 sarcoidosis (n = 15) versus healthy controls (n = 15),

P < 0·05 sarcoidosis versus usual interstitial pneumonia (UIP)

(n = 20), Tukey’s multiple comparison tests (mct). AM were incubated

with glutathione S-transferase (GST)-proTNF substrate for 2 h. The

cleaved substrate was then detected by Western blotting using a

specific GST antibody. * P < 0·05 sarcoidosis (n = 15) versus normal

controls (n = 15), §P < 0·001 UIP (n = 20) versus healthy controls,

P < 0·05 UIP versus sarcoidosis Tukey’s mct (b). (a,b) P = 0·005,

one-way analysis of variance.
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healthy subjects suggested that PR-3 might be contributing
to cleavage, especially in UIP. When we added the specific
serine protease inhibitor Pefabloc to assess any inhibitory
effect on cleavage we found that although the effect was
minimal in healthy and sarcoidosis subjects, it had increased
significance in UIP, both in terms of substrate cleavage and
generation of soluble TNF in culture. Although there has
been a great deal of interest in the ability of TACE to cleave
TNF-a, it was actually demonstrated several years earlier
that mTNF could also be cleaved by a serine protease [27], to
be identified later as PR-3 [13], and the cleavage site is
located at Arg-Val [28], which is immediately adjacent to the
Ala-Val cleavage site of TACE, both yielding a 17·5 kDa
product. PR-3 is produced by myelomonocytic cells, and the
mature enzyme is stored in azurophilic granules of
neutrophils. However, it is known to be present on the
surface of monocytes [29], endothelial cells [30] and AM

[17,31]. Whether this represents production of PR-3 or
insertion of exogenous hydrophobic PR-3 into the cell mem-
branes [32] is a matter of contention.

We have reported previously that de novo synthesis of
PR-3 did not occur in AM from healthy subjects. Further-
more, AM from patients in the current study did not
express mRNA transcripts for PR-3. However, we have dem-
onstrated previously that both purified PR-3 and PR-3
present in activated neutrophil supernatants are able to
bind to AM in vitro [17]. This finding is supported by
another study which showed that PR-3 was able to bind to
the outer plasma membrane of human umbilical vein
endothelial cells [30]. We suggest that this is a possible
mechanism to account for the increased ability of AM from
UIP subjects to process TNF-a, which is supported by an
increase in PR-3 on the surface AM in UIP relative to
normal controls.
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Fig. 2. Sarcoidosis alveolar macrophages (AM) (n = 15) (a) and usual interstitial pneumonia (UIP) AM (n = 20) (b) were incubated with

glutathione S-transferase (GST)-proTNF) substrate for 2 h. The cleaved substrate was then detected by Western blotting using a specific GST

antibody. Cleavage of GST-proTNF by AM (n = 50) is associated with an increased number of neutrophils in the bronchoalveolar lavage fluid

(BALF). P = 0·001, Pearson’s correlation (c). The ability of BB-3103 to inhibit GST-proTNF cleavage is related inversely to the percentage number of

alveolar neutrophils present in the BALF. AM (n = 50) were preincubated for 30 min with 10 mM BB-3103 before addition of GST-proTNF substrate

for 2 h. P = 0·006, Pearson’s correlation (d).
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These data provide an explanation for the high levels of
soluble TNF found in these lung conditions. While there are
anti-TNF therapies available, these target both soluble and
membrane forms of the TNF protein. As it is suggested that
mTNF may have beneficial effects, such as inducing apopto-
sis and anergy of immune cells [33,34] which would limit the
injurious response, it may be that this approach could
be refined. Indeed, in a study by Fujita et al., TNF over-
expressing mice were protected from bleomycin and trans-
forming growth factor (TGF)-b-induced lung injury [35]. In
addition, local expression of TNF may be important for apo-
ptosis of lung fibroblasts [36] and it has been postulated that
fibrosis in UIP may actually be a consequence of low levels of
TNF and other proinflammatory cytokines around fibro-
blastic foci [37]. Interestingly, there have been reported cases
of pulmonary fibrosis in patients receiving anti-TNF thera-
pies for rheumatoid arthritis [38,39]. Pharmacological inhi-
bition of the TNF cleavage site has been proposed as a way of
preserving functional mTNF while limiting the damaging
effects of soluble TNF. These compounds are currently under
evaluation [40], but a recent randomized clinical trial has
found no efficacy in rheumatoid arthritis [41] and idiopathic
pulmonary fibrosis [5]. Our study demonstrates that TACE
is not the only means of generating soluble TNF, and it is
possible that in diseases where this form of TNF is mediating
pathology, TACE inhibition alone may by insufficient.
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