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Interleukin-33 (IL-33) (NF-HEV) is a chromatin-associated nuclear
cytokine from the IL-1 family, which has been linked to important
diseases, including asthma, rheumatoid arthritis, ulcerative colitis,
and cardiovascular diseases. IL-33 signals through the ST2 receptor
and drives cytokine production in type 2 innate lymphoid cells (ILCs)
(natural helper cells, nuocytes), T-helper (Th)2 lymphocytes, mast
cells, basophils, eosinophils, invariant natural killer T (iNKT), and
natural killer (NK) cells. We and others recently reported that, unlike
IL-1p and IL-18, full-length IL-33 is biologically active independently
of caspase-1 cleavage and that processing by caspases results in IL-33
inactivation. We suggested that IL-33, which is released upon cellular
damage, may function as an endogenous danger signal or alarmin,
similar to IL-1 or high-mobility group box 1 protein (HMGB1). Here,
we investigated the possibility that IL-33 activity may be regulated
by proteases released during inflammation. Using a combination of
in vitro and in vivo approaches, we demonstrate that neutrophil
serine proteases cathepsin G and elastase can cleave full-length hu-
man IL-33,_,70 and generate mature forms IL-3395 370, IL-3399 270,
and IL-334¢9_270- These forms are produced by activated human neu-
trophils ex vivo, are biologically active in vivo, and have a ~10-fold
higher activity than full-length IL-33 in cellular assays. Murine IL-33 is
also cleaved by neutrophil cathepsin G and elastase, and both full-
length and cleaved endogenous IL-33 could be detected in the bron-
choalveolar lavage fluid in an in vivo model of acute lung injury
associated with neutrophil infiltration. We propose that the inflam-
matory microenvironment may exacerbate disease-associated func-
tions of IL-33 through the generation of highly active mature forms.
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Cytokines of the IL-1 family (IL-1a, IL-1B, IL-18) play a major
role in inflammatory, infectious, and autoimmune diseases
(1-3). IL-33 [previously known as nuclear factor from high en-
dothelial venule or NF-HEV (4, 5)], is a chromatin-associated
nuclear cytokine from the IL-1 family (6, 7), which has been linked
to important diseases (8-10), including asthma (11), rheumatoid
arthritis (12, 13), ulcerative colitis (14), and cardiovascular dis-
eases (15).

IL-33 signals through the ST2 receptor (4), a member of the IL-1
receptor family, which is expressed (or induced) on various im-
mune cell types, including mast cells, basophils, eosinophils, T-
helper (Th)2 lymphocytes, invariant natural killer T (iNKT) and
natural killer (NK) cells, macrophages, dendritic cells, and neu-
trophils (8-10). IL-33 stimulation of ST2 on Th2 cells induces se-
cretion of the Th2 cytokines IL-5 and IL-13 (4, 16). Recently, IL-33
has been shown to drive production of extremely high amounts of
these Th2 cytokines by type 2 innate lymphoid cells (ILCs) (natural
helper cells, nuocytes, innate helper 2 cells), which play important
roles in innate immune responses, after helminth infection in the
intestine (17-19) or influenza virus infection in the lungs (20, 21).
An important role of IL-33 in innate rather than acquired immu-
nity is also supported by observations in IL-33-deficient mice (22).

It was initially believed that, like IL-1p and IL-18, processing of
IL-33 by caspase-1 to a mature form was required for biological
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activity (4). However, we (23) and others (24-26) demonstrated
that full-length IL-33 is biologically active and that processing of
IL-33 by caspases results in its inactivation, rather than its activa-
tion. Further analyses revealed that IL-33 is constitutively
expressed to high levels in the nuclei of endothelial and epithelial
cells in vivo (27) and that it can be released in the extracellular
space after cellular damage (23, 24). IL-33 was, thus, proposed (23,
24, 27) to function as an endogenous danger signal or alarmin,
similar to IL-1a and high-mobility group box 1 protein (HMGB1)
(28-32), to alert cells of the innate immune system of tissue
damage during trauma or infection.

An important question that has not yet been resolved is whether
full-length IL-33 is the unique bioactive form of the cytokine or
whether mature bioactive forms are also generated in vivo. Because
IL-33 plays important roles in inflammatory diseases, we hypoth-
esized that IL-33 could be cleaved by proteases released from in-
nate effector cells during inflammation. In this report, we show, by
using both in vitro and in vivo approaches, that IL-33 is processed
into mature bioactive forms by neutrophil elastase and cathepsin
G. Interestingly, the IL-33 mature forms generated by neutrophil
serine proteases, 1L-33¢5 570, 1L-3399_270, and 1L-33;09_270, have
an increased biological activity compared with the full-length
1L-33,_»7 protein. Proteolytic processing may, thus, play an im-
portant role in the regulation of IL-33 activity during inflammation.

Results

Biological Activity of Full-Length IL-33 Is Increased by Neutrophil
Elastase and Cathepsin G. In situ processing of full-length I1L-33
has been observed in some biological assays (25), and it has been
questioned whether the full-length IL.-33 form itself or one of its
cleavage products represented the truly bioactive species. To
address this issue, we tested the biological activity of full-length
IL-33; 570, produced in three different expression systems, using
a cellular bioassay validated in our previous studies, IL-33-de-
pendent secretion of IL-6 by MC/9 mast cells (23). As shown in
Fig. 14, full-length IL-33 proteins produced in rabbit reticulocyte
lysate (RRL), wheat germ extract (WGE), or human in vitro
protein expression system (HES) induced IL-6 secretion in mast
cells. We then determined the size of the IL-33 proteins at the
beginning and at the end of the assay (24-h incubation) by
Western blot analysis (Fig. 1B). Whatever the expression system
used, we found no evidence for IL-33 processing during the
bioassay. We concluded that full-length IL-33 does not require
processing for biological activity.
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Fig. 1. The biological activity of full-length IL-33;_7¢ is increased by neu-
trophil elastase and cathepsin G. (A) Capacity of full-length IL-334_570 produced
in RRL, WGE, or HES (5 pL of lysate) to activate the IL-33-responsive mast cell
line MC/9 (2 x 10° cellsiwell) was analyzed by determining IL-6 levels in
supernatants using an ELISA. (B) Western blot analysis (305B mAb) of full-
length IL-33,_,7 produced in RRL, WGE, or HES before or after incubation with
M/9 cells for 24 h. (C) Full-length IL-33;_570 produced in RRL (5 pL of lysate)
was preincubated with neutrophil elastase (NE) (30 mU/uL; 30 min at 37 °C) or
cathepsin G (CG) (0.09 mU/uL; 1 h at 37 °C) before incubation with MC/9 cells
(10° cellsiwell) for 24 h. IL-6 levels in supernatants were detected by ELISA.
Results in A and C are shown as means and SD of three separate data points
and are representative of two independent experiments.

The observation that full-length IL-33 is biologically active did
not exclude the possibility that some proteases released during
inflammation may cleave IL-33 and generate mature forms with
increased biological activity. Because neutrophil serine proteases
have been shown to play key roles in inflammatory processes and
maturation of IL-1 family cytokines (1, 3, 33-37), we tested the
possibility that neutrophil serine proteases may be involved in
the processing and regulation of IL-33. We found that incubation
of full-length IL-33 with neutrophil elastase and cathepsin G
resulted in an increase of IL-6 secretion by mast cells, compared
with cells treated with full-length IL-33 alone (Fig. 1C). These
later results indicated that neutrophil elastase and cathepsin G
can regulate IL-33 bioactivity.

Neutrophil Elastase and Cathepsin G Cleave IL-33 and Generate Mature
Forms ".'3395_270, ".'3399_270, and ".'33109_270- We then asked whether
full-length IL-33; ,7 is cleaved by neutrophil serine proteases.
Western blot analysis revealed that neutrophil elastase and ca-
thepsin G process in vitro-translated full-length human IL-33 and
generate cleavage products of ~18-21 kDa (Fig. 24). In contrast,
the C-terminal IL-1-like domain of IL-33 (IL-33y;, 570) is not
cleaved by neutrophil serine proteases. Importantly, neutrophil
elastase and cathepsin G also cleaved endogenous native IL-33
released from human necrotic endothelial cells and generated
similar cleavage products, one major product of ~20 kDa for
elastase and two major products of ~21 and 18 kDa for cathepsin
G (Fig. 2B). Based on size of the cleavage products, MS analyses
(Fig. S1 and Table S1) and site-directed mutagenesis experiments
(Fig. 2 C-E), we mapped the cathepsin G cleavage sites at F94
and L108 and the elastase cleavage site at 198 in the human IL-33
sequence. As shown in Fig. 2D, replacement of residue F94 by
a glycine abrogated the formation of the larger cathepsin G
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Fig. 2. Neutrophil elastase and cathepsin G generate IL-33 mature forms IL-
3395270, 1L-3399_270, and 1L-33199_270. (A and B) IL-33 is a substrate for neutro-
phil elastase and cathepsin G. In vitro-translated IL-331_570 and IL-33112.270
proteins (A) or endogenous native IL-33 isolated from necrotic endothelial cells
(B) were incubated with purified neutrophil elastase (NE) (30 mU/uL; 30 min at
37 °C) or cathepsin G (CG) (0.09 mU/uL; 1 h at 37 °C). (C) Primary structure of
human IL-33. The IL-1-like domain with its 12 p-strands (black boxes) is in-
dicated. The sequence surrounding the cathepsin G and elastase cleavage sites
is shown. (D and E) Identification of the cathepsin G and elastase cleavage sites
using IL-33 single-point and deletion mutants. Mutation of Fgq and L;og to
glycine abrogates formation of the 21- and 18-kDa CG (0.06 mU/uL; 1 h at 37 °C)
cleavage products, respectively (D). Mutation of lgg to glycine abrogates for-
mation of the 20 kDa elastase (19 mU/uL; 30 min at 37 °C) cleavage product (E).
In vitro-translated proteins IL-3395 270, IL-33109-270, @and IL-3399 270 COMigrate on
SDS/PAGE with the 21- and 18-kDa cathepsin G cleavage products (D) and the
20-kDa elastase cleavage product (E), respectively. *, secondary cleavage
products. Proteins were separated by SDS/PAGE and revealed by Western blot
with anti-IL-33-Cter mAb 305B (A-E). Blots are representative of at least three
independent experiments.

cleavage product, whereas mutagenesis of residue L108 prevented
formation of the smaller product. In addition, the cathepsin G
cleavage products comigrated on SDS/PAGE with in vitro-trans-
lated 1L-3395_570 and IL-33;09_279 proteins. Similarly, the elastase
cleavage product comigrated on gels with in vitro-translated IL-
3399270, and this product was no longer observed when residue
198 was replaced by a glycine (Fig. 2E). Cleavage products of
higher molecular mass were observed with the F94G and 198G
mutants (Fig. 2 D and E), indicating that cathepsin G and elastase
can cleave IL-33 at additional secondary sites, further upstream in
the N-terminal part. Together, these findings indicated that IL-33
is a substrate for neutrophil elastase and cathepsin G, which
generate mature forms, 1L.-339s5_570, IL.-3399 570, and 1L-33109_270-

IL-33 Mature Forms Are Generated by Activated Human Neutrophils
ex Vivo. We observed that PMA-activated human neutrophils can
process full-length 1L-33; 579 and generate three cleavage prod-
ucts, which comigrate on SDS/PAGE with IL-3395 579, [L-3399 270,
and IL-33;09 70 (Fig. 34). Cleavage of IL-33;_»7¢ was prevented
when neutrophils were treated with the serine protease inhibitor 4-
(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF) (Fig. 3B).
Western blot analysis revealed that the three cleavage products are
detected with anti-IL-33-Cter antibodies directed against the IL-1-
like domain but not detected with anti-IL-33-Nter antibodies
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Fig. 3. Activated human neutrophils generate IL-33 mature forms IL-3395_570,
1L-3399270, and IL-33109_270. (A and B) In vitro-translated full-length human IL-
334570 Was incubated with PMA-activated human neutrophils. Proteins were
comigrated on SDS/PAGE with in vitro-translated IL-3395_570, IL-3399_270, and IL-
33109-270 Proteins and revealed by Western blot with anti-IL-33-Cter mAb 305B
(A and B, Left) or anti-IL-33-Nter antibodies (B, Right). IL-33 was incubated
with increasing amounts of supernatants from activated neutrophils (6 x 10%-
10° neutrophils; 15 min at 37 °C) (A). Cleavage of IL-33 by activated
neutrophils (10> neutrophils; 2 h at 37 °C) was inhibited by serine protease
inhibitor AEBSF (1 mM) (B). (C) In vitro-translated IL-334_570 or single-point
mutants IL-33rg4g, IL-33,986, and IL-33 19sg Were incubated with PMA-activated
human neutrophils (10° neutrophils; 2 h at 37 °C). Proteins were separated on
SDS/PAGE and revealed by Western blot with anti-IL-33-Cter mAb 305B. Blots
are representative of three independent experiments, with neutrophils iso-
lated from three different donors.

recognizing the first 15 amino-terminal residues of IL-33, in-
dicating that the cleaved forms contain the C-terminal IL-1-like
domain of IL-33. Incubation of IL-33; 7 single point mutants
with activated neutrophils (Fig. 3C) indicated that: (7) the larger
cleavage product corresponds to the IL.-3395_579 form, because this
form is not observed in the Phe94 mutant; (ii) the second cleavage
product corresponds to the IL-3399_»7¢ form, which is eliminated in
the I1e98 mutant; (iii) the smaller cleavage product corresponds to
the IL-33;09_270 form, which is not generated in the Leu108 mutant.
These results thus demonstrate that activated human neutrophils
can process full-length IL-33 into mature forms IL-33¢s 57,
IL-3399_270, and IL-331¢9_270.

IL-33 Mature Forms Have Increased Biological Activity Compared with
the Full-Length IL-33,_,7 Protein. We tested the biological activity of
IL-33 mature forms in two cellular bioassays (23, 38) and found that
in vitro-translated human IL-3395_270, IL-3399_270, and IL—33109_270
induced IL-6 secretion by MC/9 mast cells (Fig. 44) and IL-5 se-
cretion by KU812 basophil-like cells (Fig. 4B). We then compared
the biological activity of the IL-33 mature forms to that of the full-
length IL-33;_57 protein. The four IL-33 forms were quantified by
fluorescence (Fig. 4C), and secretion of IL-6 by MC/9 cells in re-
sponse to different concentrations of the proteins was analyzed.
These experiments revealed that ~10-fold higher concentrations of
the full-length IL-33 protein were required to obtain similar levels
of IL-6 secretion by MC/9 cells (Fig. 4C). We concluded that ma-
ture forms IL-3395_27(), IL—3399_27(], and IL—331()9_27() have a hlgher
biological activity (~10-fold) than the full-length IL-33 protein.

IL-33 Mature Forms Are Biologically Active in Vivo. To determine
whether I11-339s5_579, IL-3399 270, and 1L-33;9 270 are biologically

Lefrangais et al.

pg/mL)

FL 95 99109 —@m— 1-111
——1-270 1000 _
—8— 95-270 750 &
99-270 =
—e—109-270 /" 500 @
250 2
l_"' O

0,0003 0,003 0,03 3 30

IL-33 (r?MS)
Fig. 4. IL-33 mature forms IL-3395 270, IL-3399_270, and IL-33109_270 are bi-
ologically active. (A and B) The capacity of IL-33 mature forms produced in
RRL (5 pL of lysate) to activate the IL-33-responsive MC/9 mast cells (10° cells/
well; 24-h stimulation) (A) and KU812 basophil-like chronic myelogenous
leukemia cells (5 x 10° cells/well; 24-h stimulation) (B) was analyzed by de-
termining cytokine levels in supernatants [IL-6 (A); IL-5 (B)] using ELISAs.
Results are shown as means and SD of three separate data points. (C)
Comparison of the biological activity of IL-33 full-length and mature forms.
The different proteins were quantified by fluorescence and various con-
centrations were used to stimulate MC/9 mast cells (10° cells/well; 24-h
stimulation). IL-6 protein levels in supernatants were detected by ELISA.
Results are representative of at least two independent experiments.

active in vivo, we produced recombinant proteins corresponding to
these mature forms in Escherichia coli. We injected the 1L-3395 570,
1L-3399 579, and IL-331p9_»70 recombinant proteins into wild-type
mice, intraperitoneally (i.p.) every day over a 1-wk period and
observed a striking increase in the size of the spleen (Fig. 54), as
previously observed with the artificially truncated form IL-33115 579
(4, 24). Spleen weight increased from ~100 mg in PBS-treated mice
to >200 mg in mice treated with IL-33¢5 570, IL-3399 570, or IL-
33109_270 recombinant proteins (Fig. 54). Injection of IL-33 mature
forms in vivo also increased the numbers of blood granulocytes and
monocytes (Fig. 5 B and C) and the serum concentrations of IL-5
(Fig. 5D), a Th2 cytokine known to be produced by natural helper
cells in vivo in response to IL-33 (17). In the intestine, IL-33 has
previously been shown to induce goblet cell hyperplasia and mucus
secretion, an effect which is mediated through up-regulation of the
cytokine IL-13 (4). Periodic acid Schiff and alcian blue staining
revealed that mucus secretion was highly increased in the jejunum of
mice treated with the IL-339s_»7 and IL-3399_»79 recombinant pro-
teins, compared with PBS-treated mice (Fig. SE). Together, these
results indicated that the mature forms IL-3395_579, IL-3399_7¢, and
IL-3309_270 are biologically active in vivo. As previously reported by
another group (24), we had difficulties to obtain correctly folded
recombinant full-length IL-33; 7 in quantities compatible with
in vivo assays, and this precluded the comparison of the bioactivity of
full-length and mature IL-33 forms in vivo.

Full-Length and Cleaved Endogenous IL-33 Are Detected in
Bronchoalveolar Lavage Fluid in an in Vivo Model of Acute Lung
Injury Associated with Neutrophil Infiltration. We then determined
whether cleavage of IL-33 by neutrophil elastase and cathepsin G
also occurs in mice. Western blot analysis revealed that neutro-
phil cathepsin G processes in vitro-translated full-length murine
IL-33, 46 and generates one major cleavage product of ~20 kDa
(Fig. 64). This product comigrated on SDS/PAGE with in vitro-
translated murine IL-33;0,_5¢6, indicating that cleavage by ca-
thepsin G may occur after Phe101. Neutrophil elastase generated
a similar major cleavage product of ~20 kDa and a second minor
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Fig. 5. In vivo activity of IL-33 mature forms IL-3395_570, IL-3399_270, and IL-
33109-270- (A—E) BALB/c mice were injected (i.p.) with recombinant proteins (4
ng) every day during 1 wk, and spleens (A), peripheral blood (B and C), serum
(D), and jejunum (E) were collected at day 8 (n = 12/3 experiments for PBS, IL-
3395270, and IL-33g9_570; N = 8/2 experiments for IL-33199_270). Spleen weights
and representative photographs for each group of mice are shown (A).
Numbers of peripheral blood granulocytes (B), monocytes (C), and serum
concentrations of IL-5 (D) were determined. ***P < 0.001 (Student unpaired
and two-tailed t test). Epithelial changes in the jejunum are shown (E).
Mucus was stained with periodic acid Schiff and alcian blue.

product, which comigrated with in vitro-translated murine IL-
33102-266 and IL-33109_266, respectively. A single major cleavage
product of ~20 kDa comigrating with IL-330, 566 Was also gen-
erated when full-length murine IL-33, 555 was incubated with su-
pernatant of activated neutrophils prepared from murine bone
marrow (Fig. 6B). Cleavage was abrogated in the presence of
serine protease inhibitor AEBSF or neutrophil elastase and ca-
thepsin G inhibitors. To determine whether cleaved IL-33 is
generated in vivo, we used a mouse model of acute lung injury
induced by i.v. administration of oleic acid (OA), which results in
damage to the lung alveolar epithelium and recruitment of neu-
trophils in the injured lung (39). We selected this murine model of
human ARDS (acute respiratory distress syndrome) because en-
dogenous IL-33 is constitutively expressed in the alveolar epithe-
lium (40) and can be released in the extracellular space after
cellular damage (23, 24). Two hours after i.v. injection of OA, we
observed an increase in lung weight and protein content in bron-
choalveolar lavage (BAL) fluid (Fig. 6C) and an accumulation of
neutrophils in the alveolar wall and in BAL fluid (Fig. 6 D and E).
Western blot analysis with anti-IL-33-Cter antibodies revealed that
full-length endogenous IL-33 is released in BAL fluid following
acute lung injury (Fig. 6F). Interestingly, a cleaved IL-33 form
comigrating with in vitro-translated murine IL-33;¢, 266 Was also
detected in BAL fluid from the injured lung. Full-length and
cleaved IL-33 forms were detected with anti-IL-33 antibodies in
OA-treated wild-type mice but not in OA-treated IL-337/~ mice
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Fig. 6. Murine IL-33 is processed by neutrophil elastase and cathepsin G ex
vivo, and cleaved endogenous IL-33 is detected in vivo in a model of acute lung
injury associated with neutrophil infiltration. (A and B) In vitro-translated full-
length murine IL-331_366 (2.5 pL) was incubated with purified neutrophil ca-
thepsin G (CG) (14.7 and 29.4 pU/ulL) or elastase (NE) (7.3 and 14.7 mU/uL) (A) or
with supernatants of activated mouse bone marrow neutrophils (3 x 10*
neutrophils) (B) for 1 h at 37 °C. Activated neutrophils were pretreated with
PBS, serine protease inhibitor AEBSF (8 mM), or cathepsin G and elastase
inhibitors (50 uM) for 1 h at 37 °C. Proteins were comigrated on SDS/PAGE with
in vitro-translated murine IL-3310,-26¢ and IL-33109_266 and revealed by West-
ern blot with goat anti-mouse IL-33-Cter antibodies. Blots are representative
of at least three independent experiments. (C-F) Full-length and cleaved en-
dogenous IL-33 are released in BAL fluid following OA-induced acute lung
injury. Lung injury was assessed by measuring lung weight and protein content
in BAL fluid two hours after i.v. OA administration (C). Accumulation of
neutrophils (black arrows) was analyzed by hematoxylin/eosin staining of lung
tissue sections (D) and May-Grunwald-Giemsa staining of BAL fluids cytospins
(E). Proteins from cell-free BAL fluids (30 uL) of OA-treated wild-type (three
mice) or IL-337"~ mice (two mice) were comigrated on SDS/PAGE with in vitro-
translated murine IL-33_,65 and IL-33,_266 and revealed by Western blot with
goat anti-mouse IL-33-Cter antibodies (F). *Nonspecific bands detected in both
wild-type and /L-337"~ mice.

(Fig. 6F), indicating they correspond to bona fide endogenous IL-
33 forms. We concluded that full-length and cleaved endogenous
IL-33 are detected in BAL fluid after alveolar epithelium damage
and neutrophil recruitment in the alveolar wall.

Discussion

In this report, we describe mature bioactive forms of the IL-1
family cytokine IL-33. Because full-length IL-33 is biologically
active and cleavage by caspases results in its inactivation, rather
than its activation, it remained unclear whether mature bioactive
forms of the cytokine could be generated. We now demonstrate
that the bioactivity of human IL-33 is increased by neutrophil
serine proteases cathepsin G and elastase and that full-length IL-
33, 270 is processed by these purified proteases or activated
neutrophils, into mature forms I1L.-3395 579, IL-3399 570, and IL-
33,09-270. These 1L.-33 mature forms contain an intact IL-1-like
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cytokine domain and exhibit a ~10-fold higher activity than the
full-length protein in cellular bioassays. They are very potent
in vivo and induce striking increases in spleen weight, blood
granulocyte and monocyte numbers, and serum concentrations
of IL-5, as well as profound changes in the intestine. Murine IL-
33, 266 can also be processed by neutrophil elastase and ca-
thepsin G or activated neutrophils, and both full-length and
cleaved endogenous IL-33 were detected in vivo in BAL fluid in
a mouse model of acute lung injury associated with high levels of
neutrophil recruitment. Together, these findings bring important
insights into the molecular mechanisms regulating the activity of
IL-33. They provide experimental evidence that proteolytic
processing of IL-33 and removal of the N-terminal part can
greatly increase IL-33 bioactivity. These results, thus, support the
possibility that proteolytic processing of IL-33 may be required
for the extracellular generation of highly active cytokine in vivo.
In addition, they suggest that the inflammatory microenviron-
ment may exacerbate disease-associated functions of IL-33
through the generation of these highly active mature forms.

We have previously proposed (23, 27) that IL-33 may function as
an endogenous danger signal or alarmin, similar to IL-la and
HMGBI1 (28-32), to alert the immune system of cell or tissue
damage during trauma or infection. In support of this model, we
have shown that IL-33 is constitutively expressed to high levels in
the nuclei of endothelial and epithelial cells in normal human
tissues (27) and that it can be released in the extracellular space
after cellular damage (23). Neutrophils are rapidly recruited into
injured tissues during infection or in the absence of infection
during “sterile inflammation,” following the release of major
alarmin molecules such as IL-1a and HMGB1 (28-32). After ac-
tivation, they rapidly release serine proteases from cytoplasmic
granules into the extracellular space (33). Neutrophil elastase and
cathepsin G may, thus, process IL-33 released from damaged cells
into highly active mature forms, soon after the tissue injury, in the
early stages of inflammation. Regulation of IL-33 bioactivity by
neutrophil serine proteases may be particularly important in sterile
neutrophilic inflammation, which is thought to contribute to the
pathogenesis of acute lung and liver injuries, acute ischemia-in-
duced injuries, and chronic diseases affecting the lung, bowel, and
joints (29). IL-33 has been shown to play important roles in mouse
models of rheumatoid arthritis (12, 13) and to orchestrate neu-
trophil migration into the joints (41). Neutrophil serine proteases
are critical for IL-1p processing in the acute phase of arthritis,
characterized by a strong neutrophilic infiltrate (36, 37), and could
also mediate IL-33 processing into mature bioactive forms in in-
flammatory arthritis. Finally, processing of IL-33 by neutrophils
proteases may also occur during bacterial, fungal or viral infec-
tions. For instance, generation of IL-33 mature forms by airway
neutrophils following influenza virus infection could modulate the
activity of type 2 innate lymphoid cells in the lungs (20, 21).

Our results show that mature bioactive forms of IL-33 are
generated by caspase-1-independent mechanisms. Interestingly,
caspase-1-independent activation of IL-1p and IL-18 has been
reported in several studies (1, 3, 34-37, 42, 43). Neutrophil serine
proteases cathepsin G, elastase, and proteinase-3 (PR3) have been
shown to cleave the IL-1f precursor a few residues upstream the
caspase-1 maturation site and to produce mature bioactive forms
of the cytokine (1, 3, 34-37). Extracellular processing of IL-33 into

1. Dinarello CA (2009) Immunological and inflammatory functions of the interleukin-1
family. Annu Rev Immunol 27:519-550.

2. Sims JE, Smith DE (2010) The IL-1 family: regulators of immunity. Nat Rev Immunol 10:
89-102.

3. Dinarello CA (2011) Interleukin-1 in the pathogenesis and treatment of inflammatory
diseases. Blood 117:3720-3732.

4. Schmitz J, et al. (2005) IL-33, an interleukin-1-like cytokine that signals via the IL-1
receptor-related protein ST2 and induces T helper type 2-associated cytokines. Im-
munity 23:479-490.
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mature bioactive forms by neutrophil serine proteases is, thus,
a mechanism shared with other IL-1 family members. In addition
to cathepsin G and elastase, PR3 may also play a role in the reg-
ulation of IL-33 bioactivity because we observed that PR3 can
process full-length IL-33 into cleavage products of ~18-20 kDa
(Fig. S2). Moreover, other proteases, including granzymes, matrix
metalloprotease 9, and mast cell chymase, have been shown to
process IL-1a, IL-1f, and IL-18 precursors into active cytokines (1,
3, 36, 44). It remains to be seen whether these or other proteases
may also play a role in the processing of IL-33 into mature bio-
active forms. Furthermore, the IL-1a-processing protease calpain
has been reported to cleave IL-33 (45), but neither the molecular
nature nor the biological activity of the cleavage product has been
characterized yet.

In summary, this study provides strong evidence that mature
bioactive forms of the IL-1 family cytokine IL-33 can be generated
by neutrophil serine proteases cathepsin G and elastase. This
report describes a precise mechanism leading to the generation of
highly active IL.-33 mature forms. Further characterization of IL-
33 processing could bring important insights in the regulation of
IL-33 activity in inflammatory disease processes.

Materials and Methods

SI Materials and Methods provides details regarding plasmid constructions,
protein production, Western blot analysis, histology, and analysis of blood,
spleen, lung, and BAL samples.

Protein Cleavage Assays with Neutrophil Proteases and Isolated Neutrophils. In
vitro-translated proteins (2-5 pL of lysate) were incubated with neutrophil
elastase (0.3 U; Calbiochem) and cathepsin G (1 mU; Calbiochem) in 15 pL of
assay buffer (2-5 pL of RRL lysate plus 10 uL of PBS) for 30 min to 1 h at 37 °C.
Cleavage assays with activated neutrophils (6 x 10°-10° neutrophils; 15 min
to 2 h at 37 °C) were performed using human neutrophils from healthy
blood donors (Etablissement Francais du sang) or mouse neutrophils isolated
from femur and tibia bone marrow. For a full description, see S/ Materials
and Methods.

IL-33 Activity Assays. In vitro-translated full-length IL-33 or mature forms (5 pL
of lysate/well; 24-h treatment) were used to stimulate IL-33-responsive MC/9
mast cells (ATCC; 10° to 2 x 10° cells/well in 96-well plates) (23) and KU812
basophil-like chronic myelogenous leukemia cells (ATCC; 5 x 10° cells/well in
96-well plates) (38). Cytokine levels in supernatants were determined using
DuoSet IL-6 and IL-5 ELISAs (R&D Systems).

Animals. Female BALB/c mice received daily i.p. injections of 4 pg of
recombinant human IL-3395_370, IL-3399_270, IL-33109-270, Or saline for 7 d.
Blood and histologic analyses were performed on day 8. Acute lung injury
was induced in female C57BL/6 wild type or /L-337"~ mice (8-10 wk old) by i.v.
injection of OA (0.8 ul/g body weight; Sigma) in a 15% solution with 0.1%
BSA. Lung histology and BAL fluid were analyzed 2 h after OA injection. All
mice were bred under specific pathogen-free conditions and handled
according to institutional guidelines under protocols approved by the
Institut de Pharmacologie et de Biologie Structurale (IPBS) and “Région
Midi-Pyrénées” animal care committees.
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