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Neutrophils process interleukin-1p and interleukin-18
precursors in a caspase-1-like fashion — processing
is inhibited by human vascular smooth muscle cells
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ABSTRACT. Inflammation contributes to the pathogenesis of atherosclerosis. Proinflammatory cytokines,
including interleukin-1 (IL-1), may be involved in the local inflammation occurring in the vessel wall. Vascular
smooth muscle cells express the unprocessed IL-1f precursor molecule. Invading leukocytes, such as monocytes
or polymorphonuclear granulocytes (PMN) may activate the IL-1p precursor during atherogenesis. Thus, we
investigated the capacity of PMN to process IL-1f and IL-18 precursors. Processing was analyzed using Western
blot and bioassay for IL-1-activity was performed. As few as 80 to 400 PMN/mL detectably processed prelL-1f.
PMN also cleaved the caspase-1 substrate prelL-18. The prelL.-1p and prell.-18 cleavage products were located
at the same apparent molecular weight as those resulting from cleavage by monocyte-derived caspase-1. PMN
expressed caspase-1 mRNA and immunoreactive protein. The N-terminus of the prelL-1p cleavage product
expressed the sequence expected for caspase-1 cleavage. The cleavage product was active in the bioassay for IL-1
activity, and the caspase-1 inhibitor YVAD blocked processing. We have shown previously that SMC can block
processing of prellL.-1 by caspase-1. In contrast, SMC do not block processing of PARP by caspase-3. Here, we
show that SMC also inhibited the PMN-mediated processing of recombinant and native prelL-1p or prelL-18
depending on the cell number, whereas EC or fibroblasts did not block processing. Our results indicate that PMN
can activate prelL-1p in a caspase-1-like fashion. During inflammatory processes, PMN may activate prelL-1§
released from SMC, thereby altering IL-1-mediated cardiovascular functions, including contractility, apoptosis,
and cytokine production.
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Cytokines derived from cardiovascular cells, including
cardiomyocytes, endothelial cells (EC) or smooth muscle
cells (SMC) contribute to the pathogenesis of cardiovascu-
lar diseases by regulating local inflammatory responses [1,
2]. Among the cytokines interleukin-1 (IL-1) is a key
mediator in inflammation [3] and may contribute to devel-
opment of atherosclerosis [4]. IL-1 has been detected in
coronary artery SMC [5] and in its precursor form in rabbit
arteries [6], but not in proliferating arterial SMC [7, 8]. In
addition to a number of other cell types, cultured SMC also
produce both IL-1 isoforms, but only their precursors can
be detected in western blot [9, 10]. In contrast to the IL-10.
precursor (prelL-1a), the prelL-1f is biologically inactive

* E.W. and M.H. contributed equally to this work.

** Current address: Marthin-Luther-Universitdt Halle-Wittenberg, Kli-
nikum der Medizinischen Fakultit, Universititsklinik und Poliklinik fiir
Kinder- und Jugendmedizin, Forschungslabor fiir krebskranke Kinder,
Ernst-Grube-Straf3e 40, 06120 Halle (Saale)

and proteolytic activity is necessary to obtain biological
activity.

Proteolytic cleavage of prelL-1f into its biologically ac-
tive, 17 kDa form is performed by the IL-1B-converting
enzyme (ICE; caspase-1; [11, 12]). This enzyme was origi-
nally identified by its capacity to process the IL-1f precur-
sor [13, 11, 12]. It was the first member of the caspase
family. Caspases contain a cysteine in their active site and
cleave behind aspartic acid. In the 31 kDa IL-1J3 precursor,
this position is Asp''®-Ala''’, which results in the mature
17 kDa IL-1P. An additional cleavage position at Asp>’-
Gly>® may result in formation of a 28 kDa protein. Besides
IL-1PB, other substrates of caspase-1, such as IL-18 or
IL-33, have been described [14-16]. At present, 14
caspases are known. Some of them, caspase-4 and -5, are
only expressed in human, in mice (caspase-11) or in bo-
vine (caspase-13). Most of the caspases, such as the initia-
tor caspases-8, -9, and -10, as well as the effector
caspases-3, -0, and -7, are preferentially involved in the
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regulation of apoptosis. The caspases-1, -4, and -5 in
human, and caspase-1, -11, and -12 in mice, are thought to
be important for the regulation of inflammatory processes
[17]. The presence of caspase-3, -8, -9, and -10 in PMN has
been reported recently [18] and caspase-1 (ICE) expres-
sion in murine or human PMN has been shown [19, 20].
Although caspase-1 is not a key caspase in apoptosis, since
mice lacking caspase-1 are not apoptosis-defective [21],
its involvement in various aspects of apoptotic cell death
has been shown for example in fibroblast cell culture [22],
in human neurons [23], as well as in ovarian cancer [24].
Caspases-12 and -14 are believed to be phylogenetically
related to the inflammatory caspases. The caspases are
activated in protein complexes composed of various pro-
teins. The assembly of these complexes depends on the
stimulus and the caspase to be activated. One of the first
examples for such a complex was the apoptosome involved
in the activation of caspase-9 [25]. Some of the numerous
proteins involved in the activation of the inflammatory
caspases in the inflammasome necessary for the activation
of caspase-1 have been summarized in recent reviews [26,
27, 17]. Evidence for the presence of the inflammasome
protein ASC in PMN was obtained using PMN cDNA for
two hybrid yeast experiments [28], and it has been shown
that ASC is upregulated upon stimulation in PMN [29].
These complexes are thought to be present in the cytosolic
compartment where they are assembled from monomeric
proteins. The activation of these complexes is unclear, but
it appears as if pathogens, via their conserved pathogen-
associated molecular patterns (PAMPs) or via Toll-like
receptor activation, induce the assembly of the inflamma-
some. More recently, other inflammasome activators have
been described, including uric acid crystals [30], which act
in an ASC/NALP3-dependent fashion. On the other hand
intracellular pathogens may activate the inflammasome in
an ASC/IPAF-dependant pathway [31]. Upon activation of
caspase-1 in the inflammasome, biologically active IL-1f
is formed.

IL-1 can stimulate or modulate many functions of cardio-
vascular cells, including contractility of heart [32] or ves-
sel wall cells [33], apoptosis [34], migration [35], as well
as production of proteases [36, 37], NO [38] or inflamma-
tory mediators [39]. We have shown previously that SMC
produce IL-1-activity, but do not release it [10], SMC
express the IL-1 precursor cell-associated [40], but do not
detectably process it, however block processing of
prelL-1P by caspase-1 or monocytes [41]. In addition to
SMC, cultured heart muscle cells, but not fibroblasts or
endothelial cells, also inhibited processing of prelL-1§
(our unpublished data). In order to contribute to the regu-
lation of cell function and/or the pathogenesis of cardio-
vascular diseases, SMC-derived prelL-1f has to be con-

Abbreviations:

EC human vascular endothelial cells
ICE IL-1pB-converting enzyme

IL interleukin

MNC human mononuclear cells

PARP polyADP ribose polymerase

PMN polymorphonuclear granulocytes
prelL precursor molecule of interleukin
SMC human vascular smooth muscle cells
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verted into its biologically active form, despite the
presence of an inhibitory activity.

During inflammatory processes in the heart or the vessel
wall, leukocytes and cardiovascular cells may interact
[42], and monocytes or, to some degree, polymorpho-
nuclear cells (PMN) may invade these tissues [43]. It has
been reported that PMN can express IL-1 mRNAs [44] and
that murine PMN can express caspase-1 RNA [19, 20].
However, it remained unclear whether caspase-1 in human
PMN is active and cleaves prelL-1f or prelL-18, two
major caspase-1 substrates. Production and release of
functional caspase-1 by PMN invading cardiovascular tis-
sues may contribute to the activation of biologically inac-
tive SMC-derived prell.-1p, released from injured and/or
necrotic SMC. Thus, we investigated the expression and
function of caspase-1 in human PMN and the modification
of PMN-mediated prelL-1f cleavage by SMC.

We show here that PMN express caspase-1 mRNA and
immunoreactive protein, and that they process prelL-1
and prelL-18. The cleavage product of prelL-1f expressed
the expected N-terminal sequence unique to caspase-1
cleavage. The processing products were biologically ac-
tive and a caspase-1 inhibitor blocked the processing.
Processing of precursor IL-1 by PMN was inhibited by
SMC preparations in a cell ratio (SMC/PMN)-dependent
manner. Thus, PMN may activate prelL-1p in a caspase-
1-like fashion, resulting in modification of cardiovascular
cell functions, including contractility, apoptosis and in-
flammatory processes (i.e. cytokine production).

METHODS

Materials

Cell culture media were purchased from Biochrom (Ber-
lin, Germany). Fetal calf serum (FCS; endotoxin
< 50 pg/mL) was obtained from Serva (Heidelberg, Ger-
many). Heparin was from Sigma (Deisenhofen, Germany),
ficoll-hypaque was from Pharmacia (Uppsala, Sweden)
and polyvinyl alcohol (PVA; 10 g/L; 0.9% NaCl) from
Merck (Darmstadt, Germany). Rabbit polyclonal antise-
rum directed against recombinant IL-1[ was generated in
rabbits. The anti-IL-1,5, 4o antibody (Fib 3) was raised
as described previously [45]. The anti-caspase-1 antibody
(sc-622) was obtained from Santa Cruz (Heidelberg, Ger-
many), and the IL-18 antibody was obtained from R&D
(MAB318; Wiesbaden). Peroxidase-conjugated goat-anti-
rabbit and goat-anti-mouse antibodies were obtained from
Dianova (Hamburg, Germany). Recombinant caspase-1
was purchased at Biomol (Hamburg, Germany).

Isolation and culture of human vascular cells
and leukocytes

Human vascular smooth muscle cells (SMC) were cultured
in DMEM containing 1 g/ glucose, 2 % antibiotics,
L-glutamine, and 10 % fetal calf serum and were charac-
terized as described previously [46]. Polymorphonuclear
cells (PMN) were isolated from heparinized blood of
healthy donors following ficoll-hypaque density gradient
centrifugation (40 min, 500 x g) and further sedimentation
through PVA (50 % in HBSS) [47]. The remaining eryth-
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rocytes were hypotonically lysed and the PMN were
washed with PBS. The resulting cells were > 98 % PMN,
as determined by forward and side scatter FACS analysis.
The use of the cells has been approved by the local ethical
committee.

Preparation of recombinant proteins

Recombinant proteins (prelL-1a, prelL-1f, and prelL-18)
were cloned (pQE-30 vector) and expressed in Escherichia
coli as described [41, 48]. The recombinant proteins were
purified by Ni-NTA chromatography (Quiagen, Chat-
sworth, USA).

PrelL-1f and prelL-18 cleavage by recombinant
caspase-1 or PMN and Western blot analysis

For processing experiments, recombinant prelL-1(
(15 pg/mL =225 ng/lane), prelL-18 (27 pg/mL =400
ng/lane) or native SMC-derived IL-1-precursor was incu-
bated with caspase-1, monocytes or PMN in processing
buffer (10 mM HEPES, 1 mM DTT, 10 % glycerol).

We investigated the blocking capacity of SMC using SMC
lysates added to processing experiments. SMC lysates
were prepared from cultured cells following trypsiniza-
tion, centrifugation and washing in PBS. The cells were
adjusted to 50,000 cells/uL in water and were subjected to
4 freeze/thaw cycles. PrelL-1p was then preincubated
(37 °C) with the lysates for 10 minutes. After this period,
caspase-1 or cells (as a source of cellular caspase-1) were
added (30 min, 37 °C).

Both the processing and the inhibition experiments were
stopped by addition of SDS-PAGE sample buffer (1 M
Tris, 25 % glycerol, 0.5 % SDS, 15 % 2-mercaptoethanol,
0.1 mg/mL bromophenol blue) and heat-inactivation
(95 °C, 10 min). Finally, the samples were separated by
standard SDS-PAGE under reducing conditions and blot-
ted to polyvinylidene-difluoride membranes (0.8 mA/cm?,
6V, 30 min; Immobilon-TM-P, Millipore, Eschborn, Ger-
many).

After blocking the blots with dilution buffer (15 % bovine
serum, 0.01 % thimerosal, 0.05 % Tween-20, 150 mM
NaCl, 10 mM NaH,PO,), the blots were incubated (1 h)
with the respective antibody in dilution buffer. Subse-
quently, a peroxidase-conjugated second antibody
(1:4,000; 1 h) was added. After each incubation, the blots
were washed three times (1 mM Tris-HCI, 0.05 %
Tween-20 and 0.01 % thimerosal). Finally, substrate solu-
tion was added (diaminobenzidine (5 mg/mL) in 17 mM
citric acid, 65 mM NaH,PO,, 0.1% H,0,, 0.01% thimero-
sal).

Fibroblast assay for detection of biological
IL-1 activity in processed samples

In order to show, that PMN cleave the IL-1f precursor
specifically and sufficiently to obtain biologically active
material, we analyzed the processing samples for biologi-
cal IL-1-activity in the fibroblast assay [49, 50]. We also
investigated the caspase-1 inhibitor Y VAD (Bachem, Weil
a.R., Germany) in the biological processing assay. Briefly,
stimulated heparinized whole blood, as well as PMN (0.1 x
106) or MNC incubated with the precursor, were cultured
in the presence or absence of the caspase-1 inhibitor
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YVAD. After overnight culture, the supernatants were
harvested and analyzed in the fibroblast assay. Briefly,
human dermal fibroblasts were cultured in DMEM con-
taining 4.5 g/L glucose, 2 % antibiotics, L-glutamine and
10 % fetal calf serum. The fibroblasts (5,000/well) were
plated onto flat-bottomed, 96-well plates, cultured over-
night, washed, and samples or standard applied [49, 50].
After incubation for 96 hours, the cells were stained with
crystal violet and measured in a multi-well reader at 570
nm. This assay is much more sensitive than the Western
blot and can detect IL-1 activity at 10 to 40 pg/mL.

Isolation of total RNA and reverse transcriptase
polymerase chain reaction (PCR)

Total RNA of the cultured cells was isolated according to
Chomczynski et al. [51]. cDNA was prepared by reverse
transcription (RT) of total RNA (1 pg) with oligo (dT),,_;5
using reverse transcriptase (Superscript™, Gibco-BRL,
Karlsruhe, Germany) and diluted in 100 pL double-
distilled water. The cDNA (10 pL) was mixed on ice with
10 pL of primers, 80 pL of reaction mix (10 mM Tris, pH
8; 50 mM KCI, 2.5 mM MgCl,, 0.01 % gelatin, 4 pL
dNTPs (200 uM)) and 0.5 pL Tag-polymerase (2.5 U,
Gibco BRL, Karlsruhe, Germany). The following specific
primers were used for the analysis of caspase-1 expres-
sion: sense, ATAT GGA TCC GAC AAC CCA GCT ATG
CCC; anti-sense ATAT CTG CAG ATG TCC TGG GAA
GAG GTA (20 uM each). PCR was started in the first cycle
with melting (2 min, 94 °C), annealing (2 min, 58 °C) and
extension (3 min, 72 °C). The PCR was performed for 35
cycles with 2 seconds prolongation of extension per cycle.
The PCR-products were separated in 1.3 % agarose and
visualized by UV-trans-illumination. In order to exclude
contamination with genomic DNA, PCR was performed
with non-reverse-transcribed mRNA.

Statistics

All experiments were performed at least three times and
representative experiments are shown. The mean and stan-
dard deviation of the IL-1-activity were calculated from
triplicate cultures.

RESULTS

Polymorphonuclear neutrophils cleave prelL-1[
and prelL-18 in a caspase-1-like fashion

Polymorphonuclear neutrophils (PMN) may activate un-
processed, inactive IL-1f precursor (prelL-1B) in a
caspase- 1-like fashion. In order to evaluate this hypothesis
we first investigated the capacity of PMN to process the
prelL-1f using recombinant prelL-1B (15 pg/mL). PMN
processed prellL-1fB depending on cell number (figure 1).
The lowest cell concentrations generating processed IL-1(3
detectable in Western blot were 80 to 400 PMN/mL,
whereas more than 6.25 x 10° cells/mL completely pro-
cessed the prelL-13. PMN did not contain endogenous
IL-1P detectable in Western blot even at the highest PMN
concentration tested (i.e. 75 x 10%/mL; -). The prelL-1B
cleavage products obtained following processing by PMN
ran at the same apparent molecular weight as those ob-
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Figure 1

PMN process recombinant IL-1p precursor in a cell number-
dependent fashion.

PMN were isolated from heparinized blood and washed with PBS.
Various cell numbers of PMN were incubated for 30 minutes at 37°C
with recombinant prelL-1f (+; 15 pg/mL = 225 ng/lane). The pro-
cessing products were separated by SDS-PAGE and analyzed in
Western blot (FIB-3; 1 pg/mL). For control, prelL.-13 (Precursor;
225 ng/lane) and mature IL-1f (Mature; 40 ng/lane) were included.
No endogenous IL-1f was detected in the highest PMN concentra-
tion (-). Five experiments with comparable results were performed.

tained following monocyte-derived caspase-1 cleavage
(figure 2A) and expressed the N-terminal sequence ex-
pected for caspase-1 cleavage. Further experiments
showed that the PMN released a part of the caspase-1-like
activity into the supernatant (data not shown). Taken to-
gether these data indicate that PMN can cleave prelL.-1 in
a caspase-1-like fashion.

A further caspase-1 substrate is prelL-18. SMC express
IL-18 mRNA, but do not release IL-18 protein detectable
on Western blot (our unpublished results). Thus, we ana-
lyzed the capacity of the PMN to process this caspase-1
substrate. These experiments may provide further evi-
dence for the caspase-1-like character of the processing
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Figure 2

PMN process recombinant prelL.-1§ and prell.-18 in a caspase-
1-like fashion.

A) PMN and caspase-1 produce similar IL-1f processing products.
PMN (10° cells/mL) or caspase-1 (20 ng/mL; CASP) were incubated
for 30 minutes at 37 °C with recombinant IL-1f precursor (15
pg/mL) in processing buffer and analyzed as described in figure 1.
Three experiments showed similar results.

B) PMN and caspase-1 produce similar IL-18 processiné7 products.
Prell.-18 (27 pg/mL) was incubated with PMN (3.3 x 10° cells/mL)
or caspase-1 (33 ng/mL) in processing buffer for 15 minutes. The
products were separated by SDS-PAGE and analyzed in Western
blot. Similar results were obtained in three experiments.
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activity in the PMN. For this purpose we synthesized
recombinant prelL-18 and investigated cleavage of this
protein by PMN. Figure 2B shows that monocyte-derived-
caspase-1 and PMN cleaved prelL-18 and that the cleavage
products ran at the same apparent molecular weights.

PMN express caspase-1 mRNA and protein,
and generate biologically active IL-1f
from recombinant prell-1f

The above data indicate that PMN process IL-1[3 precursor
in a caspase- 1-like fashion. In order to further substantiate
this hypothesis, we performed RT-PCR with total RNA
isolated from monocytes (Mg@) or PMN preparations (fig-
ure 3A). The experiments showed that highly purified
PMN constitutively express caspase-1 mRNA. PCR with-
out prior RT (-) did not contain specific products, indicat-
ing the absence of detectable DNA contamination. In line
with the expression of caspase-1 mRNA, Western blot
experiments with a caspase-1 antiserum showed that PMN
express immunoreactive caspase-1 protein (figure 3B). As
expected, the major band was detected at 45 kDa. Com-
pared to monocytes, the PMN contained a higher amount
of caspase- 1 propart, as indicated by the additional band at
14 kDa.

We obtained further evidence for caspase-1-like cleavage
by analyzing the biological activity of the processed
samples in the IL-1-assay with human dermal fibroblasts.
IL-1B is not active in its precursor form, but needs to be
cleaved by caspase-1, in order to become biologically
active. Removal of a few amino acids from the C-terminus
or proteolysis results in loss of biological activity. Thus,
examination of the biological activity may provide infor-
mation about the intactness of the processed IL-13. We
incubated recombinant IL-1f precursor with three concen-
trations of PMN and harvested the supernatants. Part of the
supernatant was tested using Western blot and showed the
same results as presented above. The other part of the
sample was tested in the bioassay for IL-1 activity. The
experiments showed that the PMN produced biologically
active IL-1P from the inactive precursor in a cell-number
dependent fashion (figure 4A). The supernatants of all
three PMN cultures expressed biological IL-1 activity sig-
nificantly higher than the control (none), which contained
recombinant IL-1 precursor but no cells. The specificity of
the resulting biological activity was confirmed by inhibi-
tion with a monospecific IL-1p antibody, showing that the
antibody blocked the IL-1 activity (light grey bars) to reach
control levels, i.e. the activity in the inhibited samples was
not significantly higher than in the control. Finally, we
investigated a synthetic caspase-1 inhibitor peptide
(YVAD) in the processing assay for biological IL-1 activ-
ity (figure 4B). As expected, stimulated whole blood pro-
duced IL-1 activity. The caspase-specific peptide blocked
the generation of IL-1 activity in whole blood by up to
39 %. Stimulated PMN and MNC (100 ng LPS/mL) were
incubated with precursor IL-1f3 and produced biologically
active IL-1. In the presence of the caspase-1 inhibitor, the
generation of biological activity by PMN was reduced to
44 9%. This inhibition provides further evidence for the
presence of enzymatically active caspase-1 activity in the
PMN.
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Figure 3

PMN express caspase-1 mRNA and immunoreactive protein.

A) PMN express caspase-1 mRNA. RT-PCR was performed using total mRNA isolated from monocytes (Mg) or PMN from two different donors.
These preparations were incubated with (+) or without (-) reverse transcriptase and PCR was performed (35 cycles) using primers specific for
caspase-1. Samples were run on a 1.3 % agarose gel and visualized by UV-trans-illumination. A 100 base pair ladder was included as marker. The
expected size of the PCR product was 880 bp. Two separate experiments provided the same result.

B) PMN express caspase-1 protein. PMN and as the control the monocytic cell line HL60 (Mg), were applied to SDS-PAGE, blotted and stained
with an antibody detecting the 45 form of the caspase-1 (filled arrow). The 14 kDa protein (open arrow) corresponds to the N-terminal propart
of caspase-1 zymogen, which was used as antigen (i.e. the antibody detects the complete caspase-1, containing the propart, and the propart itself).

SMC block the PMN-mediated processing of processing. In contrast, endothelial cells at the highest
of recombinant prell-1p, prelL-18 concentration (50 EC to 1 PMN) did not inhibit the PMN-
and native SMC-derived IL-1p precursor mediated IL-1B processing. SMC preparations also

blocked the processing of prelL-18 by PMN. The left lane
of figure 5B shows that PMN processed prelL-18, whereas
SMC did not process IL-18 (right lane). However, in the

We have shown previously that SMC can inhibit recombi-
nant caspase-1. Above we have presented data showing
that PMN can process caspase-1 substrates in a caspase-1-
like fashion. Consequently, we proposed that SMC may presence of SMC, the PMN no longer processed the
inhibit processing by PMN also. In order to verify this prelL-18 (middle lane). In separate control experiments
proposal, we investigated the effect of SMC on the (data not shown), we found that EC did not block the
caspase-1-like activity of PMN. SMC preparations processing of prelL-18, indicating the specificity of the
blocked the processing of prelL-1 by PMN depending on inhibition.

the cell number (figure 5A). At the ratios of 3.1 or 6.3 SMC In the above experiments we used recombinant caspase-1
to 1 PMN, we detected processing, whereas at the ratios of substrates. The next experiments were performed to inves-
25 or 50 SMC to 1 PMN we measured complete inhibition tigate the processing of native SMC-derived prelL-1f3 in-
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Figure 4
PMN release biologically active IL-1 from recombinant IL-1p precursor in a caspase-1-like fashion.
A) Processing of recombinant IL-1[ precursor by PMN results in biologically active IL-1f. Biologically inactive recombinant prelL-1 was
incubated without (None) or with PMN (2 x 10°, 2 x 10%, and 2 x 10°/mL, respectively) for 30 minutes (125 pL; 1,665 ng prelL-1p). Samples
(25 pL) were analyzed in Western blot (data not shown) and fibroblast assay (100 pL) for biological IL-1-activity. To parallel cultures in the
fibroblast assay, a specific IL-1f antibody was added (“Ab added”; light grey bars; final Ab concentration 1:400). The p-values are presented
above the columns. Three experiments with similar results were performed.
B) Activation of recombinant IL-1[8 precursor by PMN is inhibited by the caspase-1 inhibitor YVAD. Heparinized whole blood, as well as
isolated MNC (5 x 103/mL) or PMN (1 x 10%/mL) were stimulated with LPS (100 ng/mL) and cultured overnight (37°C, 7.5% CO,) in the
presence or absence of the inhibitor YVAD (Ac-Tyr-Val-Ala-Asp-aldehyde; Bachem). This peptide preferentially inhibits caspase-1 and,
100-fold less, other inflammatory caspases, such as caspase-4 or -5. The supernatants were harvested and analyzed in the fibroblast assay for IL-1
activity. Three experiments showed similar results.
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Figure 5
SMC inhibit processing of recombinant and native caspase-1
substrates.
A) Increasing numbers of SMC inhibit processing of recombinant
prelL-1f3 by PMN. First, prelL-1B (15 pg/mL =225 ng/lane) was
preincubated for 10 minutes (37°C) with processing buffer (0.0) or
processing buffer containing lysates of different numbers of SMC or
EC, corresponding to the ratios presented in the figure (i.e. 25 =25
SMC per 1 PMN). Subsequently, defined numbers of PMN were
added to these preparations (ratio of 1/50 = 2.5 x 103 PMN/mL + 12.5
x 10° SMC/mL), incubated for 30 minutes and analyzed as described
in figure 1. Similar results were obtained in four experiments.
B) Processing of recombinant prelL-18 by PMN is inhibited by SMC.
prelL.-18 (27 pg/mL) was preincubated for 10 minutes (37°C) with or
without SMC lysates (16.7 x 10° cells/mL; SMC), subsequently
incubated for 30 minutes with isolated PMN (3.3 x 10° cells/mL) and
blotted. Similar results were obtained in three experiments.
C) Increasing numbers of PMN overcome the inhibition of proces-
sing of native SMC-derived IL-1f precursor. Lysates of interleukin-
o/TNF-o-stimulated (10/20 ng/mL) SMC (187,500/lane) were used
as a source of native IL-1f precursor (None; 0/50). Two concentra-
tions of PMN were added to the native SMC-derived IL-1f precursor:
A) 3750 =3750 PMN to 187 500 SMC (1/50); B) 18 750 = 18 750
PMN to 187 500 SMC (5/50). In parallel samples (data not shown),
the same PMN concentrations, exposed to preIL-1f in the absence of
SMC, readily processed the recombinant preIL-1f. Similar results
were obtained in three experiments
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stead of recombinant prelL.-1B (figure 5C). SMC stimu-
lated with TNF and IL-lo contained native IL-1f3
precursor detectable in Western blot, but no mature IL-1.
This native prelL-1B of SMC was incubated without PMN
(none), or with PMN at the ratio of 1 PMN per 50 SMC (i.e.
3,750 PMN) or 5 PMN per 50 SMC (i.e. 18,750 PMN). At
the ratio of 1 to 50, the PMN did not process the native
IL-1 precursor, although controls, in the absence of SMC,
showed that the same concentration of PMN readily pro-
cessed recombinant prelL.-1B. This finding indicates that
the processing is blocked at the ratio of 1 PMN per 50
SMC. However, at the five-fold higher ratio of 5 PMN to
50 SMC the PMN could overcome inhibition, and pro-
cessed the native SMC-derived IL-1f precursor, as shown
by the disappearance of the precursor and the appearance
of a faint IL-1f processing product.

Summarizing the data of figure 5A and C, we concluded
that PMN processed native, SMC-derived IL-1 precursor
and that SMC inhibited the processing of this native, as
well as the processing of the recombinant IL-1[ precursor
at a ratio of > 10 SMC to 1 PMN.

Taken together, we show that PMN process recombinant
and native caspase-1 substrates, the caspase-1 inhibitor
Y VAD inhibits processing by PMN, and that processing of
IL-1P precursor results in biological activity and the cor-
rect N-terminal sequence. Furthermore, as shown previ-
ously by us for caspase-1, SMC preparations also inhibited
processing by PMN. Thus, we conclude that PMN can
process IL-1f and IL-18 precursors in a caspase-1-like
fashion.

DISCUSSION

It has been reported previously that PMN express IL-1a
and IL-1p mRNA [52, 44], and that murine PMN express
ICE mRNA [19]. However, it has also been shown that
caspase-1 in oral and circulating PMN is inactive [53].
Thus, it remained unclear whether or not PMN can cleave
caspase-1 substrates, such as prelL-1B or prelL-18. In
order to answer this question, we analyzed the expression
and function of caspase-1 in isolated human PMN. In this
report, we provide evidence that polymorphonuclear
granulocytes (PMN) cleave the IL-1 precursor (prell-
1B) in a caspase-1-like fashion, and may overcome the
previously described IL-1f processing inhibitory activity
present in SMC [41].

The IL-1B processing activity of PMN was cell-number
dependent. Already a PMN-concentration of 80 to 400
PMN/mL was capable of processing the recombinant
IL-1 precursor. This result and the purity of PMN of more
than 98 % indicates that the IL-1f processing was not
caused by contamination of the PMN preparation by
monocytes or other cells. Other enzymes, besides
caspase-1, may also contribute to the processing of the
prelL-1B. Such enzymes include lysosomal proteases,
such as elastase or cathepsin G, which are capable of
processing prelL-1f at different cleavage sites [54-56],
thereby resulting in N-termini different from those result-
ing from caspase-1 cleavage. However, the PMN process-
ing product expressed the N-terminal sequence expected
for caspase-1 cleavage. The experiments showing biologi-
cal activity of the processing products added further evi-
dence for a specific (physiological) cleavage, since unspe-
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cific protein breakdown would also alter the C-terminus.
However, removal of as few as 4 to 7 amino acids at the
C-terminus would result in loss of biological activity [57].
We obtained further evidence for the presence of a
caspase-1-like cleavage from inhibition experiments with
a synthetic caspase-1 inhibitor (YVAD). This inhibitor
blocked the production of IL-1 activity in stimulated whole
blood used for control. It also inhibited the development of
biologically active IL-1 from the recombinant IL-1f pre-
cursor by monocytes and PMN. Many efforts to show
inhibition in Western blot failed, probably due to the lower
sensitivity of this method or the time-dependence of the
inhibitor reported previously [58], i.e; the processing assay
uses a very short incubation period of 30 minutes, how-
ever, in the biological inhibition assay the inhibitor was
present overnight. PMN also processed IL-18 in the same
manner as recombinant caspase-1 or monocytes. Taken
together, these data suggest that PMN express caspase-1 or
a caspase-1-like enzyme with a comparable specificity.
PCR experiments, showing that PMN expressed caspase-1
mRNA, and Western blot experiments showing that PMN
expressed immunoreactive caspase-1 further support this
suggestion.

Our Western blots indicated that PMN do not release
endogenous IL-1, although others have reported the pres-
ence of IL-1-activity in human or murine PMN culture
supernatants [59-61]. The detection limit of Western blot
may have contributed to this result. However, even in the
thousand-fold more sensitive biological fibroblast-assay,
we did not detect significant IL-1-activity in PMN. One
explanation for these different results is that the cited
authors used the thymocyte assay [59], which measures
other cytokines, such as IL-6 and IL-7, in addition to IL-1.
Furthermore, the different isolation methods [60] may
have contributed to the different results. On the other hand,
the authors described the presence of 2 to 6 pg IL-1p/10°
PMN supernatants, as measured by ELISA [20]. This is a
very small amount of IL-1f protein, which is at the thresh-
old of the ELISA system, and just below the detection limit
of the bioassay. In experiments with wild type and caspase-
17" mice low concentrations of IL-1B were also detected.
However, the purity of the PMN in these experiments was
only 90 to 95 %. Thus, the low IL-13 measured may have
been derived from contaminating cells [61]. Furthermore,
it is possible that the ELISA may have detected inactive
IL-1pB cleavage products, rather than biologically active
IL-1. Another explanation for the lack of bioactivity in the
fibroblast assay could be the presence of IL-1 receptor
antagonist, which may be produced by PMN [62]. How-
ever, we did not obtain evidence for an inhibitory effect of
the PMN samples in the biological IL-1 assay. On the other
hand, it has been reported that oral and circulating PMN
express active caspase-3, but not active caspase-1 [53],
which is in line with our results that PMN express no
endogenous IL-1f.

Compared to monocyte IL-1f production, which can re-
lease 500 to 2,000 pg/mL into culture supernatants, the
highest IL-1f measurement of 40 pg/mL in PMN found by
Rowe et al. [61] appears low. Thus, since PMN can express
and release active caspase-1 activity, as we have shown in
this report, we may speculate that the PMN-derived
caspase-1 preferentially activates external substrates pro-
vided by other cells in the inflammatory environment.
Such an environment may be present in the inflamed vessel
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wall or heart tissue with invading PMN (compare below).
On the other hand, a further activation by pathogens or
inflammatory activators could be sufficient to enhance
IL-1P production and release by PMN. Such a stimulus
could include interaction of external ATP with P2X recep-
tors, which for example potently triggers superoxide pro-
duction in PMN [63] and which is necessary for IL-103
release in monocytes [64-67].

Previously, we have shown that SMC release IL-6 [46],
whereas they retain prolL-1f cell-associated [10, 40, 39],
possibly due to inhibition of the processing of the IL-1f
precursor [41]. Recent investigations (our unpublished
results) have shown the specificity of the inhibition, since
SMC preparations blocked cleavage of prelL-1p and
prelL-18 by caspase-1, but not processing of PARP by
caspase-3. In the present report we show that SMC lysates
also inhibited the PMN-mediated processing of prelL.-1[3
and prelL-18. We believe that this inhibitory activity,
which still awaits further characterization, is different
from the previously described ICEBERG [68], since it is
located primarily in the membrane fraction, rather than in
the cytosolic fraction of the SMC, as reported for ICE-
BERG. For the same reason we suggest that the serpin
proteinase inhibitor PI-9, which can inhibit caspase-1 [69,
70], is probably not a candidate for the inhibitory activity
described here. Other inhibitory pathways for inflamma-
tory caspases like caspase-1, may interfere with the in-
flammasome. This multi-protein complex, where the en-
zymes are brought together in close proximity with other
proteins, activates caspases by cleaving them at specific
sites [71, 17, 72]. Thus, the blockade of the inflammasome
may result in the blockade of IL-1 processing. However,
the inflammasome proteins are probably not involved in
the inhibitory mechanism described by us, because they
are components of a caspase-activating protein complex.
However, the inhibition observed in our system also takes
place in the presence of active (i.e. already cleaved) recom-
binant caspase-1 in a cell-free system, where no further
activation or “complexation” of the caspase-1 inflamma-
some is needed. Thus, in addition to the discussed path-
ways of inhibition of prelL-1f processing, we assume that
additional inhibitory mechanisms may exist in the SMC.
The interaction of PMN and SMC suggested by us may
take place during various inflammatory conditions ob-
served during atherosclerosis, which is thought to be influ-
enced potently by inflammatory processes [1, 2], but also
during other types of pathogenesis, which involves inflam-
mation. There is evidence that after balloon angioplasty or
shunt implantation, proliferation of SMC, accumulation of
monocytes and apoptosis in both cell types takes place in
parallel [73], raising the possibility of multiple interactions
as suggested in this paper. On the other hand, in coronary
artery bypass grafting SMC loss, probably mediated by
accumulating monocytes, has been considered [74]. Also,
in atheromata, apoptosis of SMC as well as monocytes,
and the presence of caspase-1 have been reported [75]. In
PDE-inhibitor-mediated vasculitis, SMC associated with
inflammation showed caspase-3 expression and TUNEL
staining, and PMN depletion reduced the vasculitis and, to
some degree, caspase-3 [76]. Even more interestingly, in
experimentally-induced intima thickening in rabbit, direct
interaction and engulfment has been shown. Surprisingly,
PMN, but not monocytes, were engulfed by SMC [77], a
process that may result in further activation of inflamma-
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tory mediators. In balloon-injured arteries it has been
shown that PMN precede monocyte infiltration [78] and
therefore may well have a role in the vessel wall response.
Thus, it appears possible that after injury, PMN infiltration
may result in development of synthetic SMC [79]. In
summary, a variety of cellular interactions, which may
contribute to local inflammation, may take place in the
vessel wall for example by enhanced IL-13 maturation, as
shown here.

Taken together, we propose that PMN can process and
activate prelL.-1f in a caspase-1-like fashion. In the event
of accumulation of leukocytes in cardiovascular tissues,
the leukocytes may overcome the IL-1f processing inhibi-
tory activity caused by SMC and cleave unprocessed
prelL-1B from injured and/or necrotic SMC. Enhanced
levels of activated IL-1 may contribute to inflammatory
processes in cardiovascular tissues by altering contractil-
ity, apoptosis or cytokine production by cardiovascular
cells.
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