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Caspase-4 Is Required for Activation of Inflammasomes

Gabriel Sollberger,*" Gerhard E. Strittmatter,” Magdalena Kistowska,' Lars E. French,’
and Hans-Dietmar Beer® "

IL-1P and IL-18 are crucial regulators of inflammation and immunity. Both cytokines are initially expressed as inactive pre-
cursors, which require processing by the protease caspase-1 for biological activity. Caspase-1 itself is activated in different innate
immune complexes called inflammasomes. In addition, caspase-1 activity regulates unconventional protein secretion of many other
proteins involved in inflammation and repair. Human caspase-4 is a poorly characterized member of the caspase family, which is
supposed to be involved in endoplasmic reticulum stress-induced apoptosis. However, its gene is located on the same locus as the
caspase-1 gene, which raises the possibility that caspase-4 plays a role in inflammation. In this study, we show that caspase-4
expression is required for UVB-induced activation of prolL-1f3 and for unconventional protein secretion by skin-derived kera-
tinocytes. These processes require expression of the nucleotide-binding domain leucine-rich repeat containing, Pyrin domain
containing-3 inflammasome, and caspase-4 physically interacts with its central molecule caspase-1. As the active site of
caspase-4 is required for activation of caspase-1, the latter most likely represents a substrate of caspase-4. Caspase-4 expression
is also essential for efficient nucleotide-binding domain leucine-rich repeat containing, Pyrin domain containing-3 and for absent
in melanoma 2 inflammasome-dependent prolL-13 activation in macrophages. These results demonstrate an important role of
caspase-4 in inflammation and innate immunity through activation of caspase-1. Therefore, caspase-4 represents a novel target for

the treatment of (auto)inflammatory diseases. The Journal of Immunology, 2012, 188: 1992-2000.

aspases are evolutionary conserved aspartate-specific
cysteine proteases involved in signaling events (1).

They are mainly known for their essential functions in

the initiation and execution of programmed cell death during
development and in the adult organism (2, 3). These apoptotic
caspases are classified into upstream initiators (caspase-2, -8, -9,
and -10), which sense death signals, and downstream executioners
(caspase-3, -6, and -7), which mediate cell death. All caspases are
initially expressed as inactive precursors containing a prodomain,
which is short for executioners and longer for initiators. Initiator
caspases assemble in large signaling complexes, which leads to
their activation, but not necessarily to processing (4, 5). Only ex-
ecutioners seem to get activated exclusively in an irreversible
manner upon processing by initiator caspases (5). Especially for
caspase-8, additional, nonapoptotic functions have been identified,
for example, in the proliferation and activation of T cells (6, 7).
Some members of a third class of caspases, whose genes are
localized on a single locus (in humans: caspase-1, -4, -5, -12), are

*Department of Biology, Institute of Cell Biology, ETH Zurich, CH-8093 Zurich,
Switzerland; and "Department of Dermatology, University Hospital, CH-8006 Zur-
ich, Switzerland

Received for publication June 2, 2011. Accepted for publication December 12, 2011.

This work was supported by Swiss National Science Foundation Grant 3100A0-
104170 (to H.-D.B.) and European Science Foundation Grant 31EM30-126141 (to
H.-D.B.). G.S. and G.E.S. are members of the Zurich graduate program in Molecular
Life Sciences.

Address correspondence and reprint requests to Dr. Hans-Dietmar Beer, University
Hospital Zurich, Department of Dermatology, Gloriastrasse 30, GLM J10, CH-8006
Zurich, Switzerland. E-mail address: Hans-Dietmar.Beer @usz.ch

The online version of this article contains supplemental material.

Abbreviations used in this article: Aim2, absent in melanoma 2; Asc, apoptosis-
associated speck-like protein containing a CARD; CARD, caspase recruitment
domain; ColP, coimmunoprecipitation; ER, endoplasmic reticulum; HA, hemagglu-
tinin; LDH, lactate dehydrogenase; MSU, monosodium urate; NLRP, nucleotide-
binding domain leucine-rich repeat containing, Pyrin domain containing; shRNA,
short hairpin RNA; siRNA, small interfering RNA; wt, wild-type.

Copyright © 2012 by The American Association of Immunologists, Inc. 0022-1767/12/$16.00

www.jimmunol.org/cgi/doi/10.4049/jimmunol.1101620

supposed to be involved in inflammation (8). These inflammatory
caspases contain a long prodomain with a caspase recruitment
domain (CARD). Caspase-1, which is the best characterized
member of the inflammatory group, is activated similar to ini-
tiators in large oligomeric complexes called inflammasomes (9).
These complexes assemble upon sensing of certain highly con-
served microbial or viral signatures, termed pathogen-associated
molecular patterns (10). In addition, danger or stress signals, for
example, UV irradiation (11), or molecules released from injured
cells, for example, uric acid crystals (12), which are collectively
called danger-associated molecular patterns, induce an inflam-
matory response mediated by inflammasomes (9). Backbone pro-
tein of these complexes is either a nucleotide-binding domain
leucine-rich repeat-containing protein such as nucleotide-binding
domain leucine-rich repeat containing, Pyrin domain-containing
(NLRP)-1 (also known as NALP-1), NLRP-3 (Cryopyrin, NALP-
3), and NLRC-4 (IPAF), or absent in melanoma (Aim)2, which are
supposed to be responsible for the sensing of pathogen-associated
molecular patterns and danger-associated molecular patterns (13—
17). Upon inflammasome assembly, caspase-1 is activated and pro-
cesses prolL-1(3 and prolL-18. Mature IL-1$3 lacks a signal pep-
tide, and its secretion occurs independently of the classical
endoplasmic reticulum (ER)/Golgi pathway (18). This uncon-
ventional secretion of IL-18, of caspase-1, and of many other
proteins is also regulated by caspase-1 activity (19, 20). In addi-
tion, rather than in apoptosis active caspase-1 is involved in a
caspase-3—independent cell death pathway called pyroptosis, which
is induced by certain microbial pathogens (21).

Murine caspase-12 acts as a negative regulator of caspase-1 (22,
23); however, caspase-12 might also be involved in ER stress-in-
duced apoptosis (24, 25).

Human caspase-4 and -5 are only poorly characterized (8, 22).
This is partly due to the fact that humans express four inflam-
matory caspases (caspase-1, -4, -5, and -12) and mice only three
(caspase-1, -11, and -12), and it is not clear whether human
caspase-4 and -5 represent functional orthologs of murine caspase-
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11 (26, 22). Mice deficient in caspase-11 seem to resemble the
phenotype of those lacking caspase-1 (27).

However, very recently it has been shown that caspase-11 ex-
pression is only required for secretion of IL-13 induced by certain
stimuli, called noncanonical inflammasome activation (28). Some
data suggest that human caspase-4 is the functional ortholog of
murine caspase-11 (expression of both is induced by IFN-vy) (22,
27, 29) or of caspase-12 (both are involved in ER stress-induced
apoptosis) (30, 31). However, expression of caspase-5 and -11 is
induced by LPS (32). In addition, caspase-5 is processed in the
NLRP-1 inflammasome, which also suggests that the latter might
play a similar role in humans as caspase-11 in mice (33). Because
a requirement of caspase-4 during inflammation has never been
studied, we addressed this question in this study (22).

In this study, we demonstrate that caspase-4 is secreted from
UVB-irradiated keratinocytes. Caspase-4 expression is required
for maturation of prolL-1f and prolL-18 and for unconventional
protein secretion mediated by the NLRP-3 inflammasome in ker-
atinocytes, but also by the NLRP-3 and Aim2 inflammasomes in
activated macrophages. Our results demonstrate an essential role
of caspase-4 in activation of caspase-1 in inflammasome com-
plexes and therefore in inflammation.

Materials and Methods
Material and Abs

The following reagents were used: small interfering RNA (siRNA) from
Sigma-Aldrich (11, 19); caspase-4 S1, 5'-GUGUAGAUGUAGAAGA-
GAATT-3" and caspase-4 S2, 5'-CCUAGAGGAAGAUGCUGUUTT-3";
primers from Microsynth (Balgach, Switzerland); caspase-1 inhibitor Ac-
YVAD-CMK and caspase-4 inhibitor Z-LEVD-FMK from Axxora (Lau-
sen, Switzerland); lactate dehydrogenase (LDH) assay from Promega
(Madison, WI); and IL-13 DuoSet ELISA from R&D Systems (Minne-
apolis, MN). For Western blotting, the following Abs were used: anti—
caspase-4 (goat, sc-1229) (Figs. 1B, 2A, 4, Supplemental Fig. 1); anti—
caspase-1 (rabbit, sc-622); anti-Bid (rabbit, sc-11423); anti-HA (rabbit,
sc-805) (Santa Cruz Biotechnology, Santa Cruz, CA); anti—thioredoxin-1
(rabbit, ab16835) (Abcam, Cambridge, U.K.); anti—p-actin (mouse,
A5441); anti-Flag (mouse, F3165) and anti-gelsolin (mouse, G4896)
(Sigma-Aldrich); anti—apoptosis-associated speck-like protein containing
a CARD (Asc; rabbit, ALX-210-905-R100) and anti—peroxiredoxin-1
(rabbit, ALX-210-524) (Axxora, Lausen, Switzerland); anti-IL-1p
(mouse, MAB201; R&D Systems); anti—fibroblast growth factor-binding
protein (19); anti—caspase-4 (MBL, Nagoya, Japan); anti—-Aip-1 (rat),
provided by J. Yuan (Harvard Medical School, Boston, MA); and anti-
annexin A2, a gift of V. Gerke (University of Miinster). Secondary Abs
were alkaline phosphatase or HRP conjugated and were from Promega
(Madison, WI). For immunofluorescence, an anti-goat CY3 (Jackson Immuno-
Research) secondary Ab was used.

Cell culture and induction of unconventional secretion

Cultivation of human primary keratinocytes has been described (34). Cells
were irradiated with UVB (Medisun HF-54, Schulze & Béhm or UV802L,
Waldmann; 0.26 mW/cm? for 6 min) in keratinocyte—serum-free medium
(Invitrogen). THP-1 cells were grown in RPMI 1640 (Sigma-Aldrich) with
10% FBS (Invitrogen) and 1% penicillin/streptomycin. A total of 1 X 10°
cells/ml in a 12-well or 6-well was differentiated with 25 ng/ml 12-O-
tetradecanoylphorbol-13-acetate for 3 d. Differentiated cells were primed
with LPS (Sigma-Aldrich; 1 wg/ml) overnight, if indicated. Then they
were either activated with ATP (Axxora, Lausen, Switzerland; 5 mM, 30
min) and monosodium urate (MSU; 300 wg/ml), which was prepared from
uric acid (Sigma-Aldrich), or transfected with poly(dA:dT) (Sigma-
Aldrich; 1 pg/ml) after the medium was replaced by OptiMEM (Invi-
trogen). COS-1 cells were cultivated in DMEM (Sigma-Aldrich) with 10%
FBS and 1% penicillin/streptomycin and transfected in OptiMEM (Invi-
trogen). The measurement of protein release from activated cells has been
described recently (34).

Coimmunoprecipitation

Coimmunoprecipitation (ColP) of transfected COS-1 cells has been de-
scribed recently (35). Immunoprecipitation of endogenous caspase-1 and
prolL-13 was performed with lysate of UVB-irradiated keratinocytes.

1993

Briefly, keratinocytes were grown on 14-cm dishes to 70-90% confluency
and harvested in 400 wl ColP buffer per dish containing Complete pro-
teinase inhibitor (Roche, Rotkreuz, Switzerland) 3 h after irradiation with
UVB, as described above. Cells were lysed with a douncer, treated with
a single-pulse ultrasound, and centrifugated for 20 min at 17,000 X g. The
supernatant was diluted with the same volume of CoIP buffer containing
aprotinin (1:100) and 0.5 mM 4-(2-aminoethyl)benzenesulfonylfluoride
(both from Sigma-Aldrich) and incubated with 20 g Ab for 3 h at 4°C on
a rocker. Abs used were directed against caspase-1 (Santa Cruz Biotech-
nology; rabbit), hemagglutinin (HA; Santa Cruz Biotechnology; rabbit),
IL-18 (R&D Systems; mouse), or Flag (Sigma-Aldrich; mouse). After
centrifugation, 150 pl (50 mg/ml) protein A-Sepharose (GE Healthcare)
was added. After 1.5 h, the beads were washed four times with ColP buffer
and suspended in 70 wl 2X SDS buffer.

Analysis of caspase-4 expression in human skin

Psoriatic biopsies, human skin wounds, and human belly skin were a gift of
S. Werner (ETH Zurich). Freshly isolated belly skin was cut into little pieces
and irradiated with UVB (as described above) in DMEM or mock treated.
The skin was embedded 24 h after irradiation and cut into 7-pwm cry-
osections. Sections were fixed in —20°C methanol for 10 min and washed
three times in PBS-T for 10 min, respectively. After washing with PBS and
blocking in 3% BSA and 0.1% Nonidet P-40 in PBS for 1 h at room
temperature, the first Ab (1:250 diluted) was added in the same buffer, and
the sections were incubated overnight in a humid chamber at 4°C. After
washing three times with PBS-T, secondary Abs (1:250) were added for
1 h at room temperature in the same buffer with Hoechst (1:1000). Slides
were washed three times with PBS and embedded in Mowiol.

Statistical analysis and repetition of experiments

For statistical analysis, one-way ANOVA with a Dunnett post-test of the
Prism Software (GraphPad Software) was used. All experiments were
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FIGURE 1. Keratinocytes express caspase-4 in vitro and in vivo. A,
Human primary keratinocytes were irradiated with UVB (0.26 mW/cm?, 6
min) or mock treated and harvested after 1.5, 3, and 4.5 h. Western blots of
lysates and of supernatants; the latter were concentrated by acetone pre-
cipitation. Unspecific bands are marked by an asterisk. B, Representative
pictures of indirect immunofluorescence with an Ab against caspase-4 of
ex vivo UV-irradiated (24 h after irradiation) and control human skin or
with the secondary Ab only (lower panel). The line represents the border
between dermis and epidermis. Scale bars, 200 wm.
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repeated at least one time. The result of a representative experiment is
shown.

Results

Caspase-4 is secreted by keratinocytes upon UVB irradiation

Human caspase-4 and -5 represent potential functional orthologs
of murine caspase-11, and the latter is required for activation of
caspase-1 in macrophages upon certain stimuli (8, 27, 28). We have
recently demonstrated that human primary keratinocytes express
several inflammasome proteins (11). Using a siRNA approach, we
identified the NLRP-3 inflammasome to be required for UVB-
induced secretion of IL-1f (11, 36). Interestingly, a siRNA-
mediated knockdown of caspase-5 expression did not influence
UVB-induced secretion of IL-1p3, although this experiment does
not exclude the possibility that small amounts of the protease are
sufficient for activation of caspase-1 (11, 19). In contrast to cas-
pase-5, mRNA expression of caspase-4 is high in human epider-
mis (37). Thus, we wondered whether caspase-4 might be re-
quired for maturation of prolL-1f in keratinocytes. At first, we
performed Western blot analysis of lysates and supernatants of
UVB-irradiated human primary keratinocytes (Fig. 14). We de-
tected a band with the expected size of caspase-4. Upon trans-
fection of keratinocytes with two different siRNAs specific for
caspase-4 mRNA, the intensity of this band decreased, demon-
strating that it most likely indeed represents caspase-4 (Fig. 2B).

A B

Mg O LoH
caspase-1
(45 kDa)
@ caspase-4
@ (42 kDa)
O
e
= prolL-1p
IL-1B p17
i = w w - - o
sRNA 5 0 @ @ 9 O prolL-18
w @0 0 <t <t
> 3 8 & 9
@ & @ a IL-18
R e R
Lysate 8 8 Asc
caspase-1 = — — )
(45kDa)| — — — . a— Bid
caspase-4 _ —
(42 kDa) peroxiredoxin-1
Bractin | e annexin A2

CASPASE-4 AND INFLAMMASOMES

Most importantly, we also detected large amounts of caspase-4
protein in the supernatant of UVB-irradiated keratinocytes in
contrast to the supernatant of mock-treated cells (Fig. 1A). As
caspase-4 lacks a signal peptide, this result suggests that the
protease is secreted independently of the classical ER/Golgi-
dependent pathway together with caspase-1 and IL-1[3.

Expression of caspase-4 is not restricted to keratinocytes in vitro.
Using indirect immunofluorescence, we detected the protease in
keratinocytes in vivo in human epidermis throughout all cell layers
(Fig. 1B). It has recently been reported that caspase-4 protein
expression is strongly induced in the lesional stratum corneum of
patients suffering from psoriasis, a common chronic inflammatory
disease (37). However, we were not able to detect significantly
higher amounts of caspase-4 or of caspase-1 under inflammatory
conditions in keratinocytes in vivo, neither in lesional psoriasis
nor during wound healing, nor in ex vivo UVB-irradiated human
skin (results not shown, Fig. 1B).

Keratinocytes require caspase-4 for UVB-induced
unconventional protein secretion

We have recently shown that human keratinocytes secrete not only
IL-1B, but also inflammasome proteins upon UVB irradiation
(11). The secretion of caspase-4 by keratinocytes upon UVB ir-
radiation raises the possibility that the protease may be involved in
activation of caspase-1 and in turn in maturation of prolL-1f.
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FIGURE 2. Keratinocytes require expression of caspase-4 for unconventional protein secretion. A and B, Human primary keratinocytes were transfected
with scrambled siRNA (ctr.) or with siRNA against vascular endothelial growth factor, caspase-5, caspase-1, and caspase-4. Forty-eight hours after
transfection, keratinocytes were harvested and analyzed for the expression of caspase-1, caspase-4, and (-actin (A, lower panel) or irradiated with UVB
(0.26 mW/cm?, 6 min) (A, [upper panel], B). A, Four hours after UV irradiation, the relative amount of IL-1 was determined by ELISA measurements of
the cytokine concentrations in the supernatant and lysate (IL-1p supernatant/IL-1B [supernatant + cells] X 100). LDH activity served as a control for cell
lysis. Bars represent mean = SD of three experiments. ***p < 0.001. B, Four hours after UV irradiation, lysates and supernatants were harvested, the
supernatants were concentrated by acetone precipitation, and Western blots were performed for the analysis of the expression and secretion of the indicated

proteins. The unspecific bands are marked by an asterisk.
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Therefore, we transfected human keratinocytes with two different
siRNAs that target caspase-4 mRNA. As controls, we knocked
down expression of caspase-1, caspase-5, and the unrelated vas-
cular endothelial growth factor-A, or we used scrambled siRNA.
Western blotting demonstrated that expression of caspase-1 and -4
was efficiently downregulated (Fig. 2A), and we recently dem-
onstrated the functionality of the other siRNAs (11, 19). Then we
irradiated the cells with a physiological dose of UVB. Four hours
later, we measured the secretion of IL-13 by ELISA and the
release of the cytoplasmic enzyme LDH; the latter reflects the
amount of cell lysis. As expected, a knockdown of caspase-1 ex-
pression almost completely abolished secretion of IL-13 as well
as secretion of the CARD of caspase-1, which reflects its pro-
cessing and activation (Fig. 2A). Surprisingly, a knockdown of
caspase-4 expression had a comparable effect on the secretion of
these processed polypeptides. This experiment suggests that
caspase-4 expression is required for activation of caspase-1 by the
NLRP-3 inflammasome and in turn for maturation of prolL-1{.
We have recently demonstrated that caspase-1 is a general reg-
ulator of unconventional protein secretion (19). To examine
whether caspase-4 expression is also required in this context, we
performed Western blots of lysates and supernatants of UVB-
irradiated keratinocytes, which we transfected with siRNAs, as
described above (Fig. 2B). As expected, a knockdown of cas-
pase-1 expression strongly reduced secretion of caspase-4, which
demonstrates that caspase-4 is unconventionally secreted de-
pendent on caspase-1 expression. Interestingly, a reduction of
caspase-4 expression resulted in reduced secretion of several lead-
erless proteins (also described in 19, 34). Most importantly, the
reduction of these proteins in the supernatant correlated with
the knockdown efficiency of the two siRNAs and therefore with
expression of caspase-4. In contrast, the amount of the cytoplas-
mic or conventionally secreted proteins 3-actin, gelsolin, and fi-
broblast growth factor-binding protein in the supernatant did not

A

Lysate

1995

depend on caspase-1 or -4 expression (Fig. 2B). This experiment
demonstrates that caspase-4 expression is required for UVB-in-
duced unconventional protein secretion, most likely through
activation of caspase-1.

Overexpression of active caspase-4 rescues UVB-induced
secretion of IL-1B by caspase-4 knockdown keratinocytes

Then we wondered whether caspase-4 promotes UVB-induced
secretion of IL-1B in keratinocytes through its enzymatic activ-
ity. Although the tetrapeptide Z-LEVD-FMK is supposed to in-
hibit only caspase-4 and -5 (38, 39), it also blocked activity of
overexpressed caspase-1 (results not shown) and, therefore, cannot
be used for the specific inhibition of caspase-4 activity.

Thus, we knocked down expression of caspase-4 with siRNA in
keratinocytes for 4 d and transfected an expression plasmid en-
coding either caspase-4 or enzymatically inactive caspase-4 with
an alanine residue instead of the active site cysteine, both with a HA
tag. After a medium change, the cells were irradiated with UVB,
and lysate and supernatant were analyzed by Western blots (Fig.
3A). Most importantly, UVB-induced IL-1$3 and IL-18 secretion
was rescued much more efficient by overexpression of active
caspase-4 in knockdown cells than by the dead mutant. This effect
is most likely mediated by caspase-1 because more processed
caspase-1 was detected in the supernatant of keratinocytes, which
overexpressed active caspase-4. Interestingly, we detected a higher
expression and secretion of the full-length inactive version of
caspase-4 compared with the active protein. This effect was not
seen in COS-1 cells (Supplemental Fig. 1, Fig. 44, 4C).

Overexpression of active and inactive caspase-4 in mock-treated
keratinocytes without a knockdown also revealed significantly
higher amounts of the full-length form of the dead mutant in cell
lysate and supernatant (Fig. 3B). Interestingly, overexpression of
the active enzyme resulted in activation of caspase-1 and secretion
of mature IL-1p and IL-18. Secretion of IL-13 and of the CARD
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CASPASE-4 AND INFLAMMASOMES
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of caspase-1 was also detected in keratinocytes overexpressing
enzymatically inactive caspase-4 or in cells transfected with an
empty vector, however, at a very low level, suggesting that
transfection of DNA weakly activates caspase-1 in keratinocytes
(Fig. 3B, results not shown).

These experiments demonstrate that, in keratinocytes, enzy-
matically active caspase-4 is required for efficient UVB-induced
activation of caspase-1 and in turn for IL-18 and IL-18 secre-
tion, and that overexpression of active caspase-4 is sufficient for
inflammasome activation.

Caspase-4 processes caspase-1 and enhances secretion of
IL-1B in transfected COS-1 cells

We have recently shown that transfected COS-1 cells are a useful
tool for the examination of inflammasomes (35). Thus, we over-
expressed different combinations of active and inactive caspase-1
and caspase-4 in these cells and analyzed the processing of both
proteases in the lysate and supernatant (Fig. 4A). Overexpression
of active, but not of inactive caspase-4 resulted in processing to
two variants of ~30 kDa in the lysate and in the supernatant,
which was not influenced by coexpression of caspase-1. Over-
expression of active, but not of inactive caspase-1 alone induces
its self-processing, which is known (35). Most importantly, co-
expression of active caspase-4 together with inactive caspase-1
restores processing of caspase-1. In addition, inactive caspase-4
prevented activation of active caspase-1. This experiment dem-

onstrates that caspase-4 directly or indirectly supports activation
of caspase-1, but not vice versa, suggesting that caspase-4 may act
upstream of caspase-1.

Then we coexpressed prolL-13 with caspase-1 and varying
amounts of caspase-4 (Fig. 4B, Supplemental Fig. 2). Expression
of wild-type (wt) caspase-4 increased secretion of the cytokine
(Fig. 4B, data not shown), depending on the amount of the
transfected plasmid. In addition, overexpression of wt caspase-4
resulted in cytotoxicity, reflected by slightly enhanced amounts of
B-actin in the supernatant, and has been demonstrated earlier (40,
41). In contrast, overexpression of an enzymatically inactive ver-
sion of caspase-4 had a dominant-negative effect and inhibited
caspase-1-dependent secretion of IL-13 in a dose-dependent
manner. Surprisingly, overexpression of caspase-4 without cas-
pase-1 resulted also in high amounts of the mature cytokine in the
supernatant (Fig. 4B). However, processing of prolL-13 by
caspase-4 yielded three different bands for IL-13 on Western
blots, and two of them migrated faster than mature IL-13 gener-
ated by caspase-1 overexpression alone. This suggests that pro-
cessing of prolL-1B by caspase-4 is less accurate than by
caspase-1.

For a better comparison, we overexpressed prolL-1(3 and
caspase-1 with low, but similar amounts of caspase-4 versions.
Then we analyzed processing of prolL-1(3 by Western blotting
(Fig. 4C). Cotransfection of plasmids coding for caspase-4
strongly enhanced processing of prolL-13 and secretion of IL-
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1B. In contrast, maturation was inhibited by expression of enzy-
matically inactive caspase-4. Expression of prolL-13 with cas-
pase-4, but without caspase-1, resulted in only slightly reduced
amounts of mature IL-1 compared with coexpression of caspase-
1, confirming that overexpressed caspase-4 can directly or indi-
rectly process prolL-1f. Overexpression of enzymatically active
caspase-4 induced partial cell lysis, which is reflected by enhanced
amounts of -actin in the supernatant (Fig. 4C). Thus, IL-1{ in the
supernatant results not only from secretion, but also from passive
release.

These overexpression experiments in COS-1 cells demonstrate
that caspase-4 supports caspase-1 processing as well as caspase-1—
dependent activation of prolL-1f3. They also suggest that over-
expressed caspase-4 alone may be sufficient for processing and
secretion of the cytokine.

Caspase-4 physically interacts with caspase-1

Then we examined a possible direct physical interaction between
caspase-1 and -4 with ColP experiments using lysates of trans-
fected COS-1 cells. Because overexpression of caspase-4 in COS-1
cells resulted in self-processing of the protease and in lysis (Sup-
plemental Fig. 2, Fig. 4B, 4C), we used an enzymatically in-
active mutant of the protease. Indeed, overexpressed, Myc-
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tagged, and inactive caspase-4 clearly interacted with caspase-1
(Fig. 5A), but neither with caspase-3, -5, and -9 nor with NLRP-1,
-3, or Aim2 (data not shown). Then we wondered which domain of
caspase-1 is bound by caspase-4. As both proteases carry a CARD
at their N termini, binding can be due to homotypic interaction or
caspase-4 might bind to the p10 or p20 subunit of caspase-1. The
latter is the interaction domain for binding of unconventionally
secreted proteins such as prolL-1a, fibroblast growth factor 2, or
Aip-1 (19) (our unpublished results). Caspase-4 clearly bound to
the p20 subunit of caspase-1, but not to its CARD (Fig. 5B, 5C,
data not shown). As an additional control for the functionality of
the CARD construct of caspase-1, we performed a ColP with
Myc- and HA-tagged caspase-1 CARDs, which demonstrated
a strong CARD-CARD interaction (data not shown). The binding
domain of caspase-4 is its p20 subunit and not its CARD (Fig. 5C,
data not shown). However, also the p10 subunits of caspase-1 and
-4 are involved in the interaction of the proteases (Supplemental
Fig. 3).

Overexpression of caspase-4 with prolL-1$ resulted in large
amounts of mature IL-13, which suggests a processing of the cy-
tokine by the protease due to a direct physical interaction (Fig.
4B, 4C). As expected, caspase-4 interacted with HA-tagged prolL-
1B in transfected COS-1 cells (Fig. 5D).

A input IP ColP  ctr. B input P ColP  ctr.
IP:  a-Myc o-casp-1 IP: a-Myc a-HA
caspase-4 Myc |_ L] l é‘_ caspase-4 Myc | e s | %%
< 0 <
) 10x input ow 10x input o
IP: a-casp-1 a-Myc § §_ IP: aHA a-Myc é %
caspase-1 l» _ | § i P20 casp-1 HA | s — E 8o.
Q
20x input 20x input
IP:  a-Myc o-casp-1 1P: a-Myc a-HA
. . caspase-4 Myc | — | !
FIGURE 5. Caspase-4 physically interacts B Y - caspased Myc T
. . @ '
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(or its p20 subunit), prolL-1B, or Asc from o
lysate of transfected COS-1 cells (A-E) or 20 input 20x input
from lysate of UVB-irradiated human primary C input 1P ColP  ctr D input 1P ColP cfr.
keratinocytes (F). Abs used for immunopre- B WA G B ey il
cipitation or CoIP and Western blots are in- -'
~p ¢ . p20 casp-4 HA l — | <8 caspase-4 Myc — e
dicated. When tagged proteins were ex- — I= —_—— £«
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Recently, it has been demonstrated that caspase-1 can bind to
Asc due to a CARD-CARD interaction (33). However, we did not
detect an interaction of caspase-4 with Asc (Fig. 5E), not even
upon coexpression of caspase-1 (data not shown). Caspase-4
bound to itself (data not shown), raising the possibility that acti-
vation of overexpressed caspase-4 is a direct intermolecular pro-
cess (Fig. 4A).

Then we examined a possible interaction of caspase-4 with
caspase-1 and prolL-13 at the endogenous level in keratinocytes.
We immunoprecipitated caspase-1 and prolL-183; HA and Flag
Abs served as a negative (isotype) control. Caspase-4 was detected
in the caspase-1, but not in the prolL-1 precipitate (Fig. 5F). In
contrast, caspase-1 clearly interacted with prolL-1, as expected
(data not shown).

These ColP experiments demonstrate that caspase-4 can directly
interact with caspase-1 when overexpressed and at the endogenous
level. In contrast, detectable amounts of caspase-4 bind to prolL-13
only upon overexpression.

Caspase-4 is required for inflammasome activation in activated
THP-1 cells

Showing that caspase-4 expression is needed for activation of
the NLRP-3 inflammasome in UVB-irradiated keratinocytes, we
wondered whether caspase-4 plays a more general role in in-
flammasome activation. Therefore, we generated stable THP-1
short hairpin RNA (shRNA) cell lines by lentiviral transduction.
We used the siRNA sequences directed against caspase-4 (Fig. 2)
and a sequence against lamin as a control. The knockdown effi-
ciency was determined by quantitative RT-PCR as well as by
Western blot, showing a very efficient downregulation of caspase-
4 mRNA and protein expression by sequence 1 and a less efficient
knockdown by sequence 2 (Fig. 6A, Supplemental Fig. 44, data
not shown). Interestingly, stimulation of the NLRP-3 inflamma-

CASPASE-4 AND INFLAMMASOMES

some with MSU resulted in reduced IL-1f secretion from the
caspase-4 knockdown cells, according to knockdown efficiency
(Supplemental Fig. 4B). We further analyzed the caspase-4
knockdown cells using the more efficient sequence as well as
lamin shRNA as a control and a caspase-1 knockdown cell line
(Fig. 6A, Supplemental Fig. 4C). The protein levels of prolL-1f3,
prolL-18, caspase-1, and Asc in caspase-4 knockdown cells were
comparable to control cells during all differentiation steps (Fig.
6A, Supplemental Fig. 4C). In these differentiated and LPS-
primed shRNA cells, we stimulated the NLRP-3 inflammasome
with MSU or ATP as well as the Aim2 inflammasome with poly
(dA:dT). Interestingly, a knockdown of caspase-4 resulted in a
reduction of the activation of caspase-1 and in less secretion of
IL-1 for all applicated stimuli as well as in reduced secretion of
IL-18 from MSU- or poly(dA:dT)-stimulated cells (Fig. 6B-E,
Supplemental Fig. 4D).

These experiments demonstrate that caspase-4 expression is
required for activation of the NLRP-3 and Aim?2 inflammasomes in
THP-1 cells, pointing to a general role of caspase-4 in inflam-
masome activation.

Discussion

Although the gene coding for caspase-4 is located on the same
locus as the caspase-1 gene, experimental data have suggested to
date that caspase-4 is implicated in ER stress-induced apoptosis
(30). In this study, we describe an essential function of caspase-4
for the activation of the inflammatory caspase-1 in different in-
flammasome complexes and in different cell types.

In mice, caspase-11 is required for activation of caspase-1 (27);
however, humans express caspase-4 and -5 from the caspase-1I
locus, and it is not clear whether they represent functional or-
thologs of murine caspase-11 (8). The hypothesis that caspase-4
is involved in inflammasome activation is supported by the ob-

FIGURE 6. Caspase-4 expression
is required for inflammasome acti-
vation in activated macrophages.
Stably shRNA-transfected THP-1
cells (as indicated) were differenti-
ated with 12-O-tetradecanoylphorbol-
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servation that caspase-4 is highly expressed in the epidermis (37)
(Fig. 1B) and by keratinocytes in vitro (Fig. 1A). UV irradiation of
keratinocytes induced release of caspase-4 (Fig. 1A), which was
dependent on caspase-1 expression (Fig. 2B). Because caspase-4
lacks a signal peptide, this release most likely represents ER/
Golgi-independent unconventional protein secretion (20). As ex-
pected, caspase-4 could also bind to caspase-1 when overex-
pressed as well as at the endogenous level in keratinocytes (Fig.
5A, 5B, 5F), and this interaction is most likely mediated by the
mature part of caspase-1 and -4 (Fig. 5C, Supplemental Fig. 3).
Processing of endogenous caspase-4 could not be detected, most
likely due to the quality of our Abs. However, a band of ~30 kDa
appeared in the supernatant of keratinocytes and in the lysate and
supernatant of COS-1 cells, when the active version of caspase-4
was overexpressed (Figs. 3B, 4A). Interestingly, in contrast to
COS-1 cells, we found significantly lower levels of active caspase-
4 compared with an inactive mutant upon transfection in kerati-
nocytes, suggesting that active caspase-4 undergoes self-pro-
cessing in keratinocytes followed by degradation, which has also
been shown for caspase-1 (42) (Fig. 3, Supplemental Fig. 1).
Overexpressed caspase-4 was able to support processing of
caspase-1 in keratinocytes and COS-1 cells, but not vice versa
(Figs. 3, 4A), suggesting that caspase-4 activates caspase-1 and
acts upstream of the inflammasome. Surprisingly, caspase-4 in-
teracted with prolL-1[3, when both proteins were overexpressed
(Fig. 5D). In line with this finding, prolL-1f3 was processed
directly or indirectly by caspase-4 in overexpression experi-
ments (Fig. 4B, 4C, Supplemental Fig. 2). Caspase-1, -4, and -5
share a very similar substrate specificity in vitro (38, 39), which
represents an explanation for this unexpected finding. The de-
tection of smaller IL-1B3 fragments upon overexpression of
prolL-1B and of caspase-4 may represent inaccurate (42) or in-
direct processing of the cytokine precursor by the protease, and
supports this hypothesis. Most importantly, at the endogenous
level in UV-irradiated keratinocytes, expression of both caspase-1
and -4 was required for efficient IL-1$ secretion and for uncon-
ventional secretion of other proteins (Fig. 2). These experiments
suggest that caspase-1 is the true IL-1B3—converting enzyme in
UV-irradiated keratinocytes, whereas expression of caspase-4 is
required for activation of caspase-1.

To address the question whether caspase-4 expression is also
required in other cell types for NLRP-3 inflammasome activation,
we generated stable caspase-4 shRNA knockdown THP-1 cells
(Fig. 6A, Supplemental Fig. 4). Stimulation of these differentiated
and LPS-primed cells with the NLRP-3 activators ATP and MSU
revealed a strongly reduced IL-1f secretion compared with con-
trol cells, suggesting that caspase-4 expression is also required in
macrophages for activation of caspase-1 in the NLRP-3 inflam-
masome.

Recently, the Aim2 inflammasome was identified, which is ac-
tivated by cytoplasmic dsDNA such as poly(dA:dT) and is sup-
posed to consist of caspase-1, Asc, and Aim2 (14-17). Interest-
ingly, IL-1 secretion from poly(dA:dT)-transfected caspase-4
knockdown THP-1 cells was strongly reduced compared with
control cells (Fig. 6B, 6D).

These data clearly demonstrate that caspase-4 expression and
most likely activity are required for activation of caspase-1 in the
NLRP-3 and Aim2 inflammasome in keratinocytes and in mac-
rophages. Caspase-4 may act upstream of caspase-1 and the in-
flammasome, which has also been suggested for caspase-11 in
mice (27). However, in contrast to caspase-11, whose expression
is only required for noncanonical inflammasome activation (28),
caspase-4 in human cells seems to have a much broader role.
Therefore, caspase-4 plays an important role in innate immunity,
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which is in line with the fact that its gene is located on the cas-
pase-1 locus.
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