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Summary
Granzyme B is a cytotoxic lymphocyte-derived protease that plays a central role in promoting
apoptosis of virus-infected target cells, through direct proteolysis and activation of constituents of
the cell death machinery. However, previous studies have also implicated granzymes A and B in
the production of pro-inflammatory cytokines, via a mechanism that remains undefined. Here we
show that IL-1α is a substrate for granzyme B and that proteolysis potently enhanced the
biological activity of this cytokine in vitro as well as in vivo. Consistent with this, compared with
full-length IL-1α, granzyme B-processed IL-1α exhibited more potent activity as an
immunoadjuvant in vivo. Furthermore, proteolysis of IL-1α within the same region, by proteases
such as calpain and elastase, was also found to enhance its biological potency. Thus, IL-1α
processing by multiple immune-related proteases, including granzyme B, acts as a switch to
enhance the pro-inflammatory properties of this cytokine.
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Introduction
Granzyme (Gzm) B is a protease typically found in the cytotoxic granules of Natural Killer
(NK) and cytotoxic T cells (CTLs) and, upon delivery into the cytoplasm of virus-infected
target cells, promotes apoptosis to limit virus replication and dissemination (reviewed in
Afonina et al., 2010). Gzm B promotes apoptosis through proteolysis of the BH3-only
protein Bid, as well as via proteolytic processing and activation of caspase-3 (Afonina et al.,
2010). However, accumulating evidence suggests that granzymes A and B may also
influence the production of pro-inflammatory cytokines, although the molecular targets of
these proteases in inflammatory contexts remain to be defined (Sower et al., 1996a,b;
Metkar et al., 2008; Froelich et al., 2009). Interestingly, a number of non-cytotoxic cell
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types, such as mast cells and basophils, have also been found to secrete Gzm B upon
activation (Tschopp et al., 2006; Strik et al., 2007). Furthermore, Gzm B is found at elevated
levels in serum from Rheumatoid arthritis (RA) patients and in other inflammatory
conditions associated with elevated levels of IL-1 (Lauw et al., 2000; Tak et al., 1999; Kim
et al., 2007). For these reasons, we explored whether Gzm B may contribute to the
processing and activation of IL-1.

IL-1 is a cytokine with diverse biological activities and is produced in the early stages of
infection or sterile injury where it plays an important role in instigating immune responses
(Dinarello, 1996; Kono et al., 2010). Although IL-1 is produced in two different forms
(IL-1α and IL-1β), encoded by distinct genes, these cytokines bind to the same receptor and
share similar biological activities (Dinarello, 1996). Despite their relatedness in structure
and biological activity, IL-1α and IL-1β are post-translationally processed in a very
different manner. IL-1α is expressed as a ~31 kDa polypeptide and in this form is capable of
binding to the IL-1 receptor and is biologically active (Mosley et al., 1987a,b). IL-1β is also
expressed as a ~31 kDa polypeptide, but in marked contrast to IL-1α, full length IL-1β is
incapable of binding to the IL-1 receptor and consequently, exhibits little biological activity
(Mosley et al., 1987a,b; Hazuda et al., 1990). IL-1β acquires biological activity upon limited
internal processing by the aspartic acid-specific protease, caspase-1 (Thornberry et al, 1992).
Caspase-1-dependent processing of IL-1β at Asp116 unlocks the biological activity of this
cytokine. Gzm A has also been found to cleave IL-1β in vitro, however the functional
consequences of this event remain unclear (Irmler et al., 1995).

IL-1α is typically released from cells as a result of injury or death and circulating IL-1α
levels are persistently elevated in inflammatory conditions such as RA. Although full-length
IL-1α displays biological activity, this cytokine is susceptible to proteolysis by certain
intracellular proteases. For example, the calcium-activated protease, calpain-1, promotes
restricted proteolysis of IL-1α to produce a ~17 kDa protein, although this reportedly has
little effect on the biological activity of this cytokine (Kobayashi et al., 1990; Carruth et al.,
1991). Therefore, it remains unclear what role calpain-mediated processing of IL-1α serves.
As a full-length protein, IL-1α is typically cell-associated, and a portion of this cell-
associated form may be present at the plasma membrane (Kurt-Jones et al., 1985).
Proteolytic processing of IL-1α may remove a nuclear localization signal or permit shedding
of membrane-associated IL-1α and increase the likelihood of secretion (Watanabe and
Kobayashi, 1994; Matsuhima et al., 1986). Thus, proteolysis of IL-1α may convert this
cytokine from a cell-associated form to a soluble molecule that could exert more systemic
effects. An additional possibility is that proteolysis of IL-1α may modulate the biological
potency of this cytokine, although this issue has not been explored in any detail.

Here we report that human IL-1α, but not IL-1β, is a substrate for the CTL/NK cell
protease, Gzm B, and that processing of this cytokine by the latter protease enhanced its
biological activity several-fold. A similar increase in IL-1α activity was also seen upon
processing of IL-1α by other proteases, such as calpain-1, elastase and mast cell chymase.
Thus, Gzm B and other proteases that are produced during inflammatory responses may
promote inflammation, at least in part, through conversion of pro-IL-1α to its mature form.

Results
IL-1α is a substrate for granzyme B

Because recent studies have suggested that CTL/NK granzymes may have extracellular pro-
inflammatory roles, we set out to explore whether Gzm B was capable of processing any of
the major pro-inflammatory cytokines. To address this issue, we screened a panel of in vitro
transcribed and translated members of the interleukin family (IL-1 to IL-17) for
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susceptibility to proteolysis by Gzm B, as well as a range of other aspartic acid-specific
proteases as controls (data not shown). All proteases were confirmed to be active by virtue
of their ability to cleave synthetic tetrapeptide substrates (data not shown) or control proteins
such as Bid (Figure 1A). The outcome of this screen identified full length IL-1α as a
substrate for Gzm B but not for any of the other proteases tested. As Figure 1A shows,
whereas caspases-1, -3, -4, -5, and – 7 failed to cleave IL-1α, Gzm B produced a major
cleavage product at ~17 kDa. In contrast, Gzm B did not cleave IL-1β, whereas caspase-1
did so, as expected (Figure 1A). To confirm the specificity of IL-1α proteolysis by Gzm B,
we titrated this protease over a range of concentrations from 12.5 to 100 nM. IL-1β failed to
be cleaved by Gzm B at any of these concentrations, whereas proteolysis of IL-1α, as well
as the known Gzm B substrate, Bid, was readily observed (Figure 1B). Importantly, because
human and murine GzmB have been shown to have divergent substrate preferences (Cullen
et al., 2007), we also tested whether murine IL-1α was a substrate for Gzm B and found that
both human and mouse Gzm B cleaved murine IL-1α within the nanomolar range (Figure
S1A and S1B).

IL-1α is cleaved by granzyme B at Asp103
To map the Gzm B cleavage site within IL-1α, we expressed and purified the full-length
cytokine from E. coli and incubated recombinant IL-1α with Gzm B to promote proteolysis.
Cleavage products were then analysed by mass spectrometry, which suggested that
proteolysis occurred between amino acids 80 and 112 (Figure 1C). Because Gzm B has an
almost absolute preference for proteolysis after Asp residues and typically cleaves within
IXXD/S motifs, this suggested that IL-1α was cleaved after Asp103, within the motif
IAND103, which is conserved among mammals (Figure 1D). To confirm this as the site of
proteolysis, we generated a point mutation Asp>Ala103 in IL-1α and tested the
susceptibility of this mutant to proteolysis by Gzm B. As Figure 1E shows, this mutant fully
resisted proteolysis, as did a deletion mutant of IL-1α lacking the N-terminal 103 amino
acids (Figure 1F), confirming that Gzm B cleaves IL-1α at Asp103.

Granzyme B-mediated proteolysis of IL-1α potentiates biological activity
Previous studies have shown that calpain-1 can process IL-1α at Phe118 (Kobayashi et al.,
1990), however the significance of this cleavage event for IL-1α bioactivity has not been
determined. Indeed, it is widely assumed that proteolytic processing of IL-1α within its N-
terminal region has little effect on the biological activity of this cytokine. For these reasons,
we wondered whether Gzm B-mediated processing of IL-1α could impact upon its
biological activity. To explore this issue, we measured the ability of IL-1α to stimulate
production of IL-6 and IL-8 from HeLa cells and primary HUVECs, as both cell types are
known to respond to this cytokine (Bertelsen and Sanfridson, 2007; Rhim et al., 2008).

To mimic the Gzm B cleavage product of IL-1α, we generated a truncated form of this
cytokine missing the N-terminal 103 amino acids (IL-1α104-271). Using this form of IL-1α
we confirmed that both HeLa cells and primary HUVECs were highly responsive to this
cytokine (Figure 2A), with both cell types producing IL-6 and IL-8 in response to
IL-1α104-271. HUVECs also produced GM-CSF under the same conditions (Figure 2A).
These observations confirmed that truncation of IL-1α after Asp103 produced a biologically
active cytokine. However, this type of artificial truncation does not necessarily faithfully
reproduce the natural cleaved form of full length IL-1α, as proteolysis of a protein does not
necessarily disassociate the resulting cleavage products.

To compare the effects of Gzm B-mediated proteolysis of IL-1α with the full-length
cytokine, we incubated bacterially expressed IL-1α precursor in the presence or absence of
Gzm B, followed by assessment of biological activity as above. Surprisingly, proteolytic
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processing of IL-1α by Gzm B increased the activity of this cytokine several-fold (Figure
2B). Similar observations were also made in time course experiments, once again indicating
that Gzm B-mediated proteolysis dramatically increased the bioactivity of IL-1α (Figure
2C).

Importantly, we ruled out the possibility that co-purifying microbial contaminants in the
Gzm B preparations contributed to the effects seen. First, we expressed and purified a
catalytically inactive Gzm B mutant (Gzm BSA) in the same yeast system that was used to
generate wild type Gzm B (Figure S2A-C). This mutant failed to cleave IL-1α and also
failed to enhance the activity of IL-1α on HeLa or HUVECs (Figure S2C and S2D). Second,
neither wild type nor mutant forms of Gzm B induced cytokines when added directly to
HeLa cells in the absence of IL-1α (Figure S2E). Third, whereas HeLa cells are very
responsive to IL-1α, these cells fail to produce IL-6 or IL-8 in response to a wide panel of
microbial components (i.e. pathogen-associated molecular patterns) such as
lipopolysaccharide that would represent possible contaminants (Figure S2F).

Granzyme B does not directly influence inflammatory cytokine production by HeLa or
HUVECs

To further rule out the possibility that residual Gzm B activity within the cleaved IL-1α
preparations was responsible for the increased pro-inflammatory effects seen, we neutralized
this granzyme with the serpin protease inhibitor PI-9, confirming that no residual protease
activity remained after the incubation period with IL-1α (Figure 3A and B). Addition of
PI-9 after Gzm B-mediated proteolysis of IL-1α had no effect on the increased potency of
the Gzm B-treated IL-1α preparations (Figure 3C), demonstrating that Gzm B was not
directly acting upon the cells used to assay IL-1α activity. Similar observations were also
made with HUVECs (data not shown).

We also directly compared the potency of full length IL-1α with the artificially-truncated
IL-1α104-271 protein (which mimics the Gzm B-cleaved form of this cytokine) and once
again observed considerable differences in activity between these forms of IL-1α (Figure
3D). Furthermore, incubation of truncated IL-1α104-271 with Gzm B did not have any effect
on the activity of this cytokine, as expected (Figure 3E). Similarly, incubation of the Gzm B-
non-cleavable form of IL-1α (IL-1αD103A) with this granzyme, also failed to enhance the
activity of this protein (data not shown). Collectively, these data provide strong evidence
that proteolysis of IL-1α by Gzm B enhances the biological activity of this protein up to 10-
fold.

Proteolysis of IL-1α by calpain, as well as other proteases, enhances the bioactivity of this
cytokine

As mentioned earlier, calpain-1 has been shown to cleave IL-1α at Phe118 (Kobayashi et
al., 1990), close to the Gzm B cleavage site at Asp103 (Figure 1D). Therefore, we wondered
whether calpain-mediated proteolysis of IL-1α also enhanced the activity of this cytokine, as
previous studies have failed to address this issue. We first compared the relative efficiency
of IL-1α processing by calpain-1 versus Gzm B. As Figure 4A illustrates, calpain cleaved
IL-1α very efficiently at nanomolar concentrations, producing a cleavage pattern distinct
from that of Gzm B. Furthermore, calpain-1 also cleaved the Gzm B-resistant IL-1αD103A

mutant (Figure 4A), confirming that proteolysis by these proteases occurs at different sites
within IL-1α.

We then explored the effects of calpain-1-mediated proteolysis on IL-1α activity using the
HeLa and HUVEC assays as before. As Figure 4B illustrates, similar to our earlier
observations with Gzm B, proteolysis of IL-1α by calpain-1 also enhanced the potency of
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this cytokine to a similar degree. Thus, proteolysis of IL-1α, by either Gzm B or calpain,
greatly enhanced the biological activity of IL-1α, which suggests that restricted proteolysis
of IL-1α within its N-terminus has a role in regulating the potency of this cytokine.

Elastase and mast cell chymase have been previously implicated as IL-1β-processing
proteases (Black et al., 1988; Hazuda et al., 1990; Mizutani et al., 1991), but it is unclear
whether IL-1α is also processed by these enzymes. Therefore, we explored the effects of
elastase and mast cell chymase on IL-1α and found that both proteases did indeed cleave
this cytokine, albeit producing different processing patterns (Figure 4C and E). Elastase
generated an IL-1α cleavage product very similar in mobility to the Gzm B cleavage
product of IL-1α (Figure 4C), consistent with proteolysis at a candidate site at Ala101
(Figure 4G). Mast cell chymase produced an IL-1α cleavage product running at an almost
identical mobility to the product produced by calpain cleavage (Figure 4E), consistent with
cleavage at a candidate site at Phe116 (Figure 4G). In agreement with this, both enzymes
also enhanced the potency of IL-1α to an extent almost identical to Gzm B (Figure 4D and
F). Thus, proteolysis of IL-1α within its N-terminus, which can be effected by multiple pro-
inflammatory proteases, acts in a switch-like manner to potentiate the biological activity of
this cytokine.

Intracellular and extracellular proteolysis of IL-1α during NK-mediated killing
Several non-cytotoxic cell types, such as plasmacytoid dendritic cells, mast cells,
keratinocytes and basophils have been reported to express Gzm B, but not perforin, upon
activation (Strik et al., 2007; Hernandez-Pigeon et al., 2007; Tschopp et al., 2006). This is
puzzling, as gene knockout studies have shown that perforin is essential for the cytotoxic
effects of granzymes (Kagi et al., 1994; Lowin et al., 1994). However, other studies have
suggested that granzymes may have extracellular roles as pro-inflammatory molecules
unrelated to their role in cell killing (Sower et al., 1996a,b; Metkar et al., 2008).
Furthermore, several studies have also reported that Gzm B-expressing cells can actively
secrete this protease into the extracellular space (Spaeny-Dekking et al., 1998; Prakash et al.,
2009). This suggests that Gzm B might have extracellular functions, independent of its role
as a pro-apoptotic protease, in certain settings.

To explore this possibility, we investigated IL-1α processing as a consequence of Gzm B
secretion into the extracellular space. First, we actively permeabilized the NK cell line, YT,
using the pore-forming protein, streptolysin O, or through freeze thaw-induced cell lysis to
promote granzyme release. This NK line does not express all of the granzymes but does
express Gzm B, Gzm H and Gzm M in addition to perforin (Sedelies et al., 2004). As Figure
5A shows, active permeabilization of YT cells resulted in robust IL-1α proteolysis, with the
resulting cleavage fragment running at an identical mobility to that produced through
proteolysis of IL-1α by recombinant Gzm B. YT cells were also incubated in the presence
or absence of HeLa target cells to induce secretion of granzymes, followed by assessment of
the ability of culture supernatants derived from these assays to cleave full length IL-1α. As
Figure 5B shows, proteolysis of IL-1α was readily detected using supernatants derived from
NK cells over a range of effector to target cell ratios. A time course analysis revealed that
proteolysis was already detectable within 1h of incubation of IL-1α with YT cell
supernatants, whereas incubation with HeLa cell supernatants alone failed to cleave this
cytokine (Figure 5C). Because it was formally possible that proteases other than Gzm B,
released from YT cells, might be responsible for the proteolysis seen, we also explored
whether the Gzm B-specific inhibitory serpin, PI-9, could inhibit IL-1α proteolysis within
YT-derived cell supernatants. These experiments confirmed that proteolysis of IL-1α in the
extracellular space was Gzm B-dependent as this could be completely inhibited through
addition of PI-9 to the reactions (Figure 5D). Furthermore, the Gzm B non-cleavable
IL-1αD103A point mutant was completely resistant to proteolysis by YT-derived cell
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supernatants, further confirming that the proteolysis seen was Gzm B-dependent (Figure
5E).

We also explored the ability of YT cells to cleave cell-associated IL-1α during NK killing.
As Figure 5F shows, intracellular IL-1α was also cleaved efficiently during target cell
apoptosis. Similar results were also found using a different NK cell line, NK-92, as effectors
in similar cell killing assays (Figure 5G). Collectively, these data demonstrate that
endogenous Gzm B is capable of cleaving IL-1α, either intracellularly during NK-mediated
killing, or as a consequence of release of both proteins into the extracellular space.

IL-1α cleaving activity in inflammatory patients
To explore whether IL-1α also underwent processing during inflammation, we obtained
bronchoalveolar lavage fluids (BALF) from patients with persistent inflammatory lung
conditions (cystic fibrosis, chronic obstructive pulmonary disease, bronchiectasis) as well as
healthy donors. Previous studies have shown that such fluids contain high levels of
inflammatory proteases, particularly elastase, due to invasion of the lungs by neutrophils and
other cells of the innate immune system (McElvaney et al., 1991; Reeves et al., 2010). As
Figure 5H illustrates, IL-1α underwent rapid proteolysis to fragments very similar to the
Gzm B/elastase/calpain-cleaved forms of this cytokine in BALF from several cystic fibrosis
and bronchiectasis patients, whereas little processing was seen in controls. Thus, proteases
capable of processing IL-1α to its mature form are secreted into the extracellular space
under inflammatory conditions in vivo.

Granzyme B-cleaved IL-1α exhibits enhanced activity in vivo
We next explored whether the Gzm B-cleaved form of IL-1α also exhibited greater
bioactivity in vivo. To address this question, we compared the adjuvant activity of full-
length versus Gzm B-cleaved IL-1α in an antigen-driven model, using ovalbumin (OVA).
Balb/c mice were immunized with OVA, either alone, or in combination with full-length or
Gzm B-cleaved IL-1α, followed by boosting with the same combinations two weeks later.
One week after boosting, OVA-specific antibodies were measured in the serum as well as
OVA-specific T-cell responses in the peritoneal lavage and spleens of these mice. As Figure
6A and Figure S3 shows, both forms of IL-1α significantly boosted antibody responses to
OVA, with the cleaved form of this cytokine exhibiting considerably greater potency in this
regard. Furthermore, OVA-specific IL-4, IL-5, and IL-10 production from peritoneal lavage
cell preparations was also significantly greater in mice that received the Gzm B-cleaved
form of IL-1α (Figure 6B). Polyclonal stimulation with anti-CD3 also produced more robust
cytokine responses from mice that had received cleaved IL-1α (Figure 6C). A similar trend
towards more robust OVA-specific responses was also observed in splenocytes from the
same mice, but this was less statistically significant than in peritoneal exudates (Figure 6D).
Collectively, these data lend further support to our in vitro observations that Gzm B-
dependent proteolysis of IL-1α acts to enhance the pro-inflammatory effects of this
cytokine.

To again rule out the possibility that a contaminant within the Gzm B preparations could
contribute to the enhanced IL-1α activity seen in vivo, we used the catalytically inactive
mutant form of this protease (Gzm BSA; Figure S2A-C), to explore whether this mutant
could enhance IL-1α activity in vivo. As Figure 7A shows, pre-incubation with Gzm BSA

failed to potentiate IL-1α activity under conditions where incubation with wild type Gzm B
clearly did so.

We also asked whether the IL-1α mutant (D103A) incapable of undergoing processing by
Gzm B (Figure 1E) possessed reduced activity in vivo, when compared to wild type IL-1α.
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As Figure 7B illustrates, IL-1α-dependent enhancement of OVA-specific antibody
responses were consistently less pronounced with IL-1αD103A than with wild type IL-1α,
suggesting that endogenous Gzm B contributes to the potency of IL-1α in vivo.

Finally, we also explored IL-1α-dependent enhancement of OVA-specific antibody
responses in wild type versus gzmB-/- mice. Although it is important to note that several
proteases can process IL-1α to a more active form, as we have shown here, we were
nonetheless interested to explore whether the absence of Gzm B had a significant impact on
IL-1α activity in vivo. As Figure 7C and 7D show, we found that IL-1α-dependent
enhancement of OVA-specific antibodies was greater in wild type animals than that seen in
gzmB-/- mice. Note however that baseline antibody responses to OVA alone were higher in
gzmB-/- animals for reasons that are unclear. Nonetheless, the enhancement effect of IL-1α
on OVA-specific responses was significantly higher in wild type animals than in knockouts,
again suggesting that endogenous Gzm B contributes to IL-1α processing in vivo.

Collectively, these data reveal a hitherto unappreciated consequence of IL-1α processing to
the mature ~17 kDa cytokine. The N-terminal IL-1α pro-peptide appears to function as a
sensor for multiple pro-inflammatory proteases, proteolysis of which switches the activity of
this cytokine from a basal to a hyperactive state.

DISCUSSION
Here we report that IL-1α is a substrate for the CTL/NK protease Gzm B and that
proteolysis of this cytokine by the latter protease very significantly increased its biological
potency. These data suggest that Gzm B may enhance inflammatory responses in certain
situations through proteolytic processing of IL-1α. We have further shown that proteolysis
of IL-1α by calpain-1, elastase and mast cell chymase, at sites close to but distinct from the
Gzm B processing site, also potentiated the activity of this cytokine. This suggests that
proteolysis of IL-1α within its N-terminus, irrespective of the protease involved, acts as a
switch to increase the biological potency of this cytokine. Thus, contrary to current thinking,
limited proteolysis of IL-1α increases biological activity and serves as a further level of
regulation on this cytokine.

Proteolysis of IL-1α may induce a conformational change in this protein that increases its
affinity for the IL-1 receptor complex, thereby increasing biological potency. Alternatively,
the IL-1α N-terminus may partly occlude the receptor binding domain, removal of which
now permits a more stable interaction with the IL-1R complex. This possibility is consistent
with a previous study that utilized sensitivity to proteinase K-mediated proteolysis to
explore whether IL-1α underwent a conformational change as a consequence of removal of
its N-terminus (Hazuda et al., 1991). Although the latter study did not explore the functional
effects of IL-1α proteolysis in any detail, it did suggest that proteolysis of this cytokine
initiated a profound conformational change in the molecule from a proteinase K-sensitive to
a proteinase K-insensitive state (Hazuda et al., 1991). This change is most likely reflected in
an altered conformation that has increased IL-1 receptor affinity.

There are a number of scenarios where Gzm B may encounter IL-1α. First, in a classical
CTL/NK killing reaction, where the target cell expresses IL-1α, this cytokine may become
processed within the target cell and exacerbate pro-inflammatory responses if released from
dying cells prior to clearance of the latter by phagocytes. In this context, it is relevant to note
that Bid was substantially more sensitive to Gzm B-mediated proteolysis than IL-1α. Thus,
although the concentration of Gzm B achieved in a CTL/NK killing reaction is unknown, at
low nanomolar concentrations of Gzm B robust proteolysis of Bid and apoptosis might
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occur without significant proteolysis of IL-1α, with proteolysis of the latter becoming more
significant upon exposure to higher granzyme concentrations.

Second, there are now a number of studies suggesting that NK cells and CTLs, as well as
other cell types, may actively secrete granzymes into the extracellular space (Spaeny-
Dekking et al., 1998; Prakash et al., 2009). In this scenario, where injury or infection has
resulted in necrosis and release of IL-1α, Gzm B released from CTL/NK cells—or indeed
one of the growing number of non-cytotoxic cell types that have been found to express this
granzyme—could process this cytokine and enhance its potency. In this context it is
noteworthy to mention that several studies have detected circulating Gzm B at elevated
levels in rheumatoid arthritis patients and in patients with melioidosis (Spaeny-Dekking et
al., 1998; Tak et al., 1999; Lauw et al., 2000). Furthermore, Gzm B expression and secretion
has been repeatedly detected in non-cytotoxic, pro-inflammatory immune cells such as
macrophages, plasmacytoid dendritic cells, activated mast cells, basophils, B lymphocytes,
macrophages, keratinocytes, platelets, human articular chondrocytes, and breast carcinoma
cells (reviewed in Afonina et al., 2010), further suggesting that this granzyme may have
alternative, non-cytotoxic functions. Proteases such as elastase and mast cell chymase are
abundantly released via degranulation of neutrophils and mast cells during inflammatory
reactions, providing a ready means by which these proteases may encounter IL-1α released
through cell damage. Indeed, several recent studies have shown that IL-1α is a major
initiator of inflammatory responses to necrotic cells (Chen et al., 2007; Kono and Rock,
2008; Kono et al., 2010).

A recent study found that whereas IL-1α was readily released from cells undergoing
necrosis, this cytokine was retained within the nucleus of cells undergoing apoptosis (Cohen
et al., 2010). Retention of IL-1α within the nucleus appears to be facilitated by a nuclear
localization signal within its N-terminus, the region that is separated from the molecule
through Gzm B-dependent proteolysis. Thus, in addition to increasing biological potency
through enhancing IL-1α binding to its receptor, proteolysis of IL-1α by proteases such as
Gzm B may also facilitate its release by overriding the nuclear retention mechanisms that
appear to operate during some forms of cell death.

In summary, in addition to acting as a direct instigator of cell death upon delivery into target
cells, Gzm B may also serve in a hitherto unsuspected capacity as an amplifier of
inflammatory responses through restricted proteolysis of IL-1α. We have also shown that
proteolysis of IL-1α by several other proteases, each of which cleave this cytokine at
distinct sites within its N-terminus, enhanced the biological potency of this cytokine. IL-1α
processing to the mature ~ 17 kDa protein acts as a switch to enhance the pro-inflammatory
properties of this cytokine, from a basal level of activity to a hyperactive one. Thus, in
common with IL-1β, the biological activity of IL-1α is also regulated through restricted
proteolysis.

MATERIALS AND METHODS
Reagents

Recombinant caspase-1, -3, -4, -5, -7 were expressed and purified from bacteria as described
previously (Luthi et al., 2009). Recombinant poly-histidine-tagged human PI-9 was
expressed and purified from bacteria according to standard procedures. Recombinant wild
type Gzm B (both human and murine) and the catalytically inactive mutant, Gzm BSA, were
expressed and purified from Pichia pastoris yeast as described previously (Cullen et al.,
2007). cDNA clones encoding full-length human and murine IL-1α were obtained from
Origene and subcloned into pET45b. Recombinant IL-1α and derivatives were expressed in
E. coli and purified as described in supplemental experimental procedures. Human calpain-1
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and human mast cell chymase were purchased from Calbiochem, human elastase was
purchased from Serva. Polyclonal anti-IL-1α antibody was from AbD Serotec, goat anti-
rabbit HRPO secondary antibody was from Jackson ImmunoResearch. Ac-IETD-AFC was
purchased from Bachem (UK). Lipopolysaccharides (LPS), Mannan, Lipoteichoic acid
(LTA), Muramyl dipeptide (MDP) were purchased from Sigma (Ireland) Ltd., Pam3CSK4,
Flagellin, CpG were purchased from Invivogen (France). Unless otherwise stated, all other
reagents were purchased from Sigma (Ireland) Ltd.

Cell culture
HeLa cells were cultured in RPMI media, supplemented with 5% fetal calf serum, YT cells
in RPMI supplemented with 10% serum and HUVEC (PromoCell, Germany) in endothelial
cell growth media with added growth supplement (PromoCell, Germany). Cells were
cultured at 37°C in humidified atmosphere with 5% CO2.

Cell-killing assays
HeLa cells were transiently transfected with IL-1α expression plasmid using GeneJuice
transfection reagent (Merck, Ireland). For NK-mediated killing, HeLa cells were incubated
with YT or NK-92 cells at 20:1 and 10:1 effector to target ratios, respectively. NK cells
were removed from the target cell monolayer after 3-5 h and HeLa cells were further
incubated for total of 24 h. Cell lysates were generated at 2 × 107 cells/ml and analysed by
western blotting.

Animals
Balb/c mice were purchased from Harlan (UK). Animal experiments were in accordance
with the regulations of the Trinity College Dublin ethics committee and the Irish Department
of Health. Granzyme B null mice, on the C57BL/6 background, were bred at Academic
Medical Center (AMC), Amsterdam, The Netherlands.

Determination of cytokine and antibody concentrations
Cytokines were determined by ELISA as described previously (Luthi et al., 2009). Paired
antibodies for mouse IL-4, IL-5, IL-10 and IFN-γ were purchased from BD PharMingen
(UK), human IL-6, IL-8 and GM-CSF DuoSets were purchased from R&D Systems (UK).
Serum immunoglobulin titres were determined as described previously (Lavelle et al.,
2001).

IL-1α bioactivity assay
HeLa cells were plated at a density of 4 × 104 cells per well and primary HUVECs were
plated at 2 × 104 cells per well on 24-well plates. 24 h later cells were incubated with the
indicated concentrations of recombinant IL-1α, or recombinant annexin V (as a control
protein), and culture supernatants were collected at the specified time-points for quantitative
cytokine analysis by ELISA.

Bronchoalveolar lavage fluid analysis
Bronchoalveolar lavage fluid samples from control individuals or patients with cystic
fibrosis (CF), chronic obstructive pulmonary disease (COPD) or bronchiectasis were
collected as described previously (Reeves et al., 2010). Informed patient consent was
obtained and ethical approval was granted by the Beaumont Hospital Institutional Review
Board.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. IL-1α is a substrate for granzyme B
(A) 35S-labeled IL-1α, IL-1β and Bid were incubated at 37°C for 2 h, either alone, or in the
presence of recombinant caspase-1, -4, -5 (20 nM), caspase- 3, -7 or granzyme B (200 nM)
followed by analysis by SDS-PAGE/fluorography.
(B) 35S-labeled IL-1α, IL-1β and Bid were incubated for 2 h at 37°C with the indicated
concentrations of granzyme B and analysed as in (A).
(C) Recombinant purified full length IL-1α was incubated at 37°C for 2h with the indicated
concentrations of granzyme B and analysed by SDS-PAGE with Coomassie staining. IL-1α
cleavage fragments were excised from the gel and analysed by MALDI-TOF mass
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spectrometry. Mass spectra of cleavage fragments are indicated, with coverage of the two
cleavage fragments underlined in blue and red, respectively.
(D) Schematic representation of IL-1α indicating nuclear localisation signal and granzyme
B and calpain-1 cleavage sites. A sequence alignment of the putative granzyme B cleavage
site in IL-1α from a number of mammals is shown to the right. The P1 Asp residue is
indicated.
(E) 35S-labeled IL-1αWT and IL-1αD103A mutant were incubated at 37°C for 2h with the
indicated concentrations of granzyme B followed by analysis by SDS-PAGE/fluorography.
(F) Recombinant IL-1αFL and IL-1α104-271 were incubated for 2 h at 37°C with the
indicated concentrations of granzyme B, then analysed by SDS-PAGE and Coomassie
staining. All data shown are representative of at least three independent experiments.
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Figure 2. Granzyme B-dependent proteolysis of IL-1α enhances cytokine bioactivity
(A) HeLa (top panels) or HUVEC cells (lower panels) were incubated with 1 nM of
recombinant IL-1α104-271 or Annexin V as a control protein. Culture supernatants were
collected at the indicated time-points, with IL-6, IL-8 and GM-CSF concentrations then
determined by ELISA.
(B) HeLa or HUVEC cells were incubated with the indicated concentrations of full-length or
granzyme B-cleaved IL-1α for 8h and concentrations of IL-6, IL-8 and GM-CSF in the
supernatants were determined by ELISA.
(C) HeLa cells were left untreated or incubated with 2 nM of full-length or granzyme B-
cleaved IL-1α. Culture supernatants were collected at the indicated time-points, with IL-6
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and IL-8 concentrations subsequently determined by ELISA. All results are representative of
at least three independent experiments. Error bars represent the mean ± the SEM of triplicate
experiments.
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Figure 3. Granzyme B activity does not directly promote inflammatory cytokine production
(A) Recombinant IL-1α was incubated with granzyme B (200 nM) for 3 h at 37°C. Residual
granzyme B activity was then measured after further incubation for 30 min either alone, or
in the presence of the granzyme B inhibitor PI-9 (1 mM). Granzyme B activity was
measured by monitoring hydrolysis of the synthetic granzyme B substrate IETD-AFC by
fluorimetry.
(B) 35S-labeled Bid was incubated, either alone, or with the indicated concentrations of
active or PI-9-treated granzyme B for 2 h at 37°C. Reactions were analysed by SDS-PAGE
followed by fluorography.
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(C) HeLa cells were incubated for 8 h with the indicated concentrations of full-length or
granzyme B-cleaved IL-1α, where residual granzyme B activity after proteolysis of IL-1α
was inhibited by addition of saturating amounts of PI-9. IL-6 and IL-8 levels in culture
supernatants were determined by ELISA.
(D) HeLa cells were incubated for 8 h with the indicated concentrations of IL-1αFL or
IL-1α104-271. IL-6 and IL-8 levels were determined by ELISA.
(E) HeLa cells were incubated for 8 h with the indicated concentrations of IL-1αFL,
granzyme B-treated IL-1αFL, IL-1α104-271, or granzyme B-treated IL-1α104-271, as
indicated. IL-6 and IL-8 levels were determined by ELISA.
Results are representative of at least three independent experiments. Error bars represent the
mean ±SEM of determinations from three independent experiments.
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Figure 4. Proteolysis of IL-1α by calpain and other proteases also enhances cytokine bioactivity
(A) 35S-labeled IL-1αWT and IL-1αD103A were incubated for 2 h at 37°C with the indicated
concentrations of granzyme B or calpain-1. Reactions were analysed by SDS-PAGE/
fluorography.
(B) HeLa or HUVEC cells were incubated with the indicated concentrations of full-length
IL-1α, or granzyme B- or calpain-1-cleaved IL-1α for 8 h. IL-6 and IL-8 levels were
determined by ELISA.
(C) 35S-labeled in vitro transcribed/translated IL-1α and IL-1β were incubated for 2 h at
37°C with the indicated concentrations of elastase, or with granzyme B or calpain -1 (both at
200 nM) as controls. Reactions were then analysed as in (A).
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(D) HeLa cells were incubated for 8 h with the indicated concentrations of full-length IL-1α,
or IL-1α cleaved with either granzyme B, or elastase, as indicated. IL-6 and IL-8 levels
were then determined by ELISA.
(E) 35S-labeled in vitro transcribed/translated IL-1α and IL-1β were incubated for 2 h at
37°C with the indicated concentrations of mast cell chymase, or with granzyme B or
calpain-1 (both at 200 nM) as controls. Reactions were then analysed as in (A).
(F) HeLa cells were incubated for 8 h with the indicated concentrations of full-length
IL-1α, or IL-1α cleaved with either granzyme B, or chymase, as indicated. IL-6 and IL-8
levels were then determined by ELISA.
All results are representative of at least three independent experiments. Error bars represent
the mean ±SEM of determinations from three experiments.
(G) Schematic of IL-1α indicating sites of granzyme B- and calpain-mediated proteolysis
and predicted sites of chymase- and elastase-mediated proteolysis.
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Figure 5. IL-1α is cleaved, either extracellularly or intracellularly, by endogenous granzyme B
(A) YT cells were either left untreated or were permeabilized via 2 cycles of freeze-thaw
(Fr-Th), or addition of 10 μg/ml of streptolysin O (SLO) for 90 min. Recombinant IL-1α
was added to the supernatants which were further incubated for 2 h at 37°C and analysed for
IL-1α processing by immunoblotting.
(B) YT cells were incubated for 18 h with HeLa target cells at the indicated effector:target
ratios in the presence of recombinant IL-1α. Culture supernatants were analysed by
immunoblot for IL-1α processing. Serum-derived transferrin served as a loading control.
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(C) HeLa cells were incubated with recombinant extracellular IL-1α for the indicated times,
in the presence or absence of YT cells, as indicated. Supernatants were then analysed for
IL-1α processing by immunoblot.
(D) YT cells were incubated for 6 h with HeLa target cells at an E:T ratio of 10:1 in the
presence of recombinant IL-1α and PI-9, as indicated. Supernatants were then analysed for
IL-1α processing by immunoblot. Serum-derived transferrin served as a loading control.
(E) YT cells were incubated for 6 h with HeLa target cells at an E:T ratio of 10:1 in the
presence of either recombinant IL-1αWT or IL-1αD103A mutant, as indicated. Supernatants
were then analysed for IL-1α processing by immunoblot. Serum-derived transferrin served
as a loading control.
(F, G) HeLa cells were transfected with IL-1α expression plasmid. 24h later cells were
exposed to YT cells (F) or NK-92 cells (G) cells at an E:T ratio of 20:1 or 5:1, respectively.
NK cells were removed 3-5 h later and HeLa cells were further incubated for the total of 24
h, after which cell lysates were generated and immunoblotted for the indicated proteins. Cell
death was assessed by annexin V/propidium iodide binding, measured by flow cytometry.
All data shown are representative of at least three independent experiments.
(H) Recombinant purified full length IL-1α was incubated at 37°C for 20 min with 10 μl of
BALF samples from control patients or patients with cystic fibrosis, bronchiectasis or
chronic obstructive pulmonary disease (COPD). IL-1α processing was analysed by
immunoblot. As controls, full-length IL-1α and IL-1α104-271 were expressed in HEK293T
cells and were included to facilitate size comparison of cleavage products.
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Figure 6. Granzyme B-cleaved IL-1α exhibits enhanced activity in vivo
Balb/c mice (5 mice per group) were immunized either with ovalbumin (OVA) alone (200
μg), OVA in combination with full-length IL-1α (5 μg per mouse), or OVA in combination
with granzyme B-cleaved IL-1α (5 μg per mouse). All mice were boosted with the same
combinations on day 14. Peripheral blood, spleens and peritoneal lavages were collected on
day 21.
(A) OVA-specific total IgG, IgG1, IgG2a and IgG2b in plasma samples were determined by
ELISA. (B-D) Cells from peritoneal lavages (B, C) and spleens (D) were re-stimulated for 3
days with indicated concentrations of OVA, anti-CD3, or anti-CD3/PMA, as indicated. IL-4,
IL-5, IL-10 and IFN-γ production was determined by ELISA.
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All measurements were taken in triplicate. Error bars represent the mean ± SEM from each
group of five mice. Significance levels, ***= p<.001, **= p<.05, *= p<.01, by students t-
test.
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Figure 7. Granzyme B contributes to IL-1α processing in vivo
(A and B) Balb/c mice (5 animals per group) were immunized either with ovalbumin (OVA)
alone (200 μg), or OVA in combination with the full-length IL-1α, Gzm BWT-treated
IL-1α, Gzm BSA-treated IL-1α, or non-cleavable mutant IL-1αD103A (5 μg per mouse). On
day 21, peripheral bloods were collected and OVA-specific total IgG, IgG1, IgG2a and
IgG2b antibodies in plasma samples were determined by ELISA.
(C) WT or Granzyme B-/- C57BL/6 mice (5 per group) were immunized either with OVA
alone (200 μg), or with OVA in combination with full-length IL-1α (5 μg per mouse). On
day 21, peripheral bloods were collected and OVA-specific total IgG, IgG1, IgG2a and
IgG2b in plasma samples were determined by ELISA.
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(D) Fold increase in antibody production in WT versus Granzyme B-/- mice treated with
OVA plus IL-1α, compared with OVA alone. The analysis shown is based on the data
presented in (C). Error bars represent the mean ± SEM from each group of five mice.
Significance levels, ***= p<.001, **= p<.05, *= p<.01, by students t-test.
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