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In Vitro and In Vivo Studies of ICE Inhibitors

David J. Livingston*
Vertex Pharmaceuticals Incorporated, Cambridge, Massachusetts 02139

Abstract Interleukin-1B-converting enzyme (ICE) is a cysteine protease responsible for proteolytic activation of
the biologically inactive interleukin-18 precursor to the proinflammatory cytokine. ICE and homologous proteases also
appear to mediate intracellular protein degradation during programmed cell death. Inhibition of ICE is a new
antiinflammatory strategy being explored by the design of both reversible inhibitors and irreversible inactivators of the
enzyme. Such compounds are capable of blocking release of interleukin-18 from human monocytes. ICE inhibitors that
cross react against multiple ICE homologs can also block apoptosis in diverse cell types. ICE inhibitors impart protection
in vivo from endotoxin-induced sepsis and collagen-induced polyarthritis in rodent models. Further optimization of the
current generation of peptidyl ICE inhibitors will be required to produce agents suitable for administration in chronic

inflammatory and neurodegenerative diseases. J. Cell. Biochem. 64:19-26.
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The interleukin-1B-converting enzyme (ICE)
and its homologs are potential therapeutic inter-
vention targets for the treatment of inflamma-
tory and neurodegenerative diseases [Dinarello
and Wolff, 1993]. Interleukin-1p (IL-1p) itself is
a principal mediator of inflammation in human
arthritis [Lebsack et al., 1993], inflammatory
bowel diseases [Ligumsky et al., 1989; Casellas
et al., 1995], sepsis syndrome [Fisher et al.,
1994], diabetes mellitus [Holden and Mooney,
1995], and pancreatitis [Bamba et al., 1994;
Norman et al., 1995]. IL-1p is also the major
osteoclast activating factor in the degenerative
bone diseases osteoarthritis [Goldring, 1992;
van de Loo et al., 1995] and multiple myeloma
[Battaile et al., 1992]. Neurodegenerative disor-
ders such as Alzheimer’s disease, Parkinson'’s
disease, and multiple sclerosis and cerebral
injury due to trauma and ischemia may be
accelerated by release of IL-1B from the microg-
lia [Holden and Mooney, 1995]. These neurode-
generative and ischemic conditions may also be
accelerated by programmed cell death (or apop-
tosis) of affected brain tissue, which requires
intracellular proteolysis of apoptotic substrates
by ICE and ICE homologs [Miura et al., 1993;
Gagliardini et al., 1994]. Programmed cell death
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of affected brain tissue, which requires intracel-
lular proteolysis of apoptotic substrates by ICE
and ICE homologs [Miura et al., 1993; Gagliar-
dini et al., 1994], may also speed these neurode-
generative and ischemic conditions. A broad
range of potential therapies may result, there-
fore, from the design of inhibitors of ICE and its
homologs. This paper presents a brief review
and commentary on peptidyl ICE inhibitors.

STRUCTURE AND MECHANISM OF ICE

The solution of the structure of ICE by X-ray
diffraction methods provided critical informa-
tion for the rational design of ICE inhibitors for
therapeutic use [Walker et al., 1994; Wilson et
al., 1994]. A high-resolution view of the active
site of ICE reveals it to be a cysteine protease
distinct from those of the papain superfamily
cysteine proteases such as Cathepsin B. The
secondary structure (fold) and quaternary struc-
ture (subunit assembly) of ICE do not resemble
those of other classes of cysteine or serine prote-
ases. Molecular interactions, notably hydrogen
bonds, of peptidyl ICE inhibitors in the ICE
enzyme active site residues are similar to the
B-sheet-type recognition patterns observed in
inhibited complexes of serine proteases such as
chymotrypsin [Dolle et al., 1994b; Mullican et
al., 1994; Wilson et al., 1994]. In contrast, the
active site catalytic machinery of ICE consists
of a cysteine-histidine catalytic diad, which is
different than the cysteine-histidine-aspara-
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gine triad of papain and Cathepsin B or the
serine-histidine-aspartate catalytic triad of the
serine proteases. Participation of the obligate
ICE substrate aspartate residue in hydrolysis
may also be critical in the enzyme mechanism
proposed by Wilson et al. [1994], but conclusive
evidence for such substrate assistance is not
yet available. However, peptide substrates with
alternate P, residues such as glutamate or as-
paragine are hydrolyzed very inefficiently by
ICE! [Sleath et al., 1990; Howard et al., 1991].

The structure of ICE also provides a frame-
work for understanding substrate selectivity by
the enzyme deduced from Kinetic studies of
small peptide substrates [Sleath et al., 1990;
Howard et al., 1991]. Two arginine residues are
apposed in the S; pocket. These basic residues
confer the very high selectivity of ICE for bind-
ing peptidyl substrates or inhibitors with aspar-
tate in the P, position. Mutation of either of
these arginine residues or of the cysteine or
histidine catalytic residues in ICE eliminates
enzyme activity [Wilson et al., 1994]. In con-
trast to the S, binding pocket of ICE, the S, and
S; pockets are more solvent exposed and thereby
tolerant of a wide variety of substrate or inhibi-
tor residues [Thornberry et al., 1992; Mullican
et al., 1994; Prasad et al., 1995] or mutations
(D. Livingston, unpublished observation). The
P, pocket includes a number of important sub-
strate or inhibitor contacts, although ICE can
accept both hydrophobic and charged S, sub-
stituents [Ator, 1994].

The discovery of ICE homologs in humans
and rodents [Fernandes-Alnemri et al., 1994,
1995a,b; Wang et al., 1994; Faucheu et al.,
1995] revealed that the active site catalytic
machinery of ICE is completely conserved
throughout the family of ICE homologs [Fer-
nandes-Alnemri et al., 1995a]. Unlike the in-
variant arginine residues of the S, pocket, which
dictate specificity for aspartate at P,, other
residues in the S,, S;, and S, binding pockets
differ between ICE homologs and can account

1The standard terminology for protease substrates and
binding pockets is used in this article. The ICE binding
pocket for the substrate amino acid residue N-terminal to
the scissile peptide bond is referred to as the S; pocket. The
corresponding substrate residue binding within this pocket
is referred to as Py, and the adjoining substrate residues on
the N-terminal side (moving away from the scissile bond)
are denoted P,, P, etc. The substrate residues on the
C-terminal side of the scissile peptide bond are termed P,’,
P,’, etc. For an illustration of these pockets in the ICE
active site, see Wilson et al. [1994].

for differences in their substrate preferences.
In vitro, there is redundancy among ICE ho-
mologs in processing certain apoptotic protein
substrates [Fernandes-Alnemri et al., 1995b].
In similar fashion, small protease inhibitors
may inhibit more than one ICE homolog in
vitro or in vivo. In fact, few of the peptidyl ICE
inhibitors reported to date are very selective for
any particular homolog (see next section).

The conserved catalytic machinery of ICE
and its homologs also suggests that these prote-
ases use a common catalytic mechanism. Ki-
netic, structural, and mutagenesis studies dem-
onstrate that the catalytic cysteine residue
(Cys285 in ICE) thiolate is an activated nucleo-
phile [Thornberry et al., 1992; Wilson et al.,
1994]. Not surprisingly then, all of the ICE
inhibitors reported to date incorporate an elec-
trophilic center that is attacked by the Cys285
thiolate nucleophile. This nucleophilic attack
by Cys285 can be reversible or irreversible.
Reversible inhibition of ICE can be distin-
guished from irreversible inactivation by analy-
sis of reaction progress curves by using fluores-
cent peptide aminomethylcoumarin substrates
[Thornberry et al., 1992; Thornberry, 1994].
Other moieties of ICE inhibitors also affect the
affinity or rate constant for inhibition or inacti-
vation, respectively, for ICE. For example, trun-
cation of the P, or P; residues of peptide sub-
strates for ICE diminishes reactivity
significantly [Sleath et al., 1990; Thornberry et
al., 1992]. Similar effects of truncation have
been reported for ICE inhibitors [Dolle et al.,
1994b, 1995; Graybill et al., 1994; Mullican et
al., 1994].

CLASSES OF ICE PROTEASE INHIBITORS

It is useful to summarize the activities of the
classes reversible inhibitors and irreversible
inactivators that have been designed to block
activity of ICE and its homologs. Among the
irreversible inactivators of other cysteine prote-
ases are halomethyl ketones (compounds 1
and 2; Fig. 1), which alkylate the active site cys-
teine residue by attack of the sulfur atom on the
methylene carbon of the inhibitor and concomi-
tant elimination of the halogen atom. Rate con-
stants (Kihaet) for reaction of such inactivators
with cysteine proteases such as papain can be
fast (5 X 10®° M~ mZ s~1). Halomethyl ketone
inactivators have been studied in pharmacologi-
cal models for inhibition of cysteine proteases
and have been found to be toxic due to their
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Fig. 1. Peptidyl ICE inhibitors.

nonselective reactions with a variety of serine-
and thiol-containing enzymes [Shaw, 1990].
Halomethyl ketone inactivators of ICE, such
as Boc-Asp(benzyl)-chloromethyl ketone (1),
were first reported by Estrov et al. [1995] at
Immunex. More specific halomethyl ketone ICE
inhibitors are commercially available, includ-
ing Ac-Tyr-Val-Ala-Asp-chloromethyl ketone
(YVAD-CMK, 2, Fig. 1) and the P; methyl ester
of Z-Val-Ala-Asp-fluoromethyl ketone (ZVAD-
FMK, 3, Fig. 1). Although these compounds
react with ICE and ICE homologs preferen-
tially to other classes of cysteine or serine prote-
ases, their selectivity among ICE homologs is
only now being determined. We have observed,
for example, that YVAD-CMK inactivates at
least four members of the ICE family (S. Ray-
buck, unpublished data). In addition, these com-

pounds are unstable in the presence of high
concentrations of thiol reagents.

Diazomethyl ketone inactivators of ICE react
in an equivalent manner to the halomethyl
ketones but are somewhat more selective for
cysteine vs. serine proteases [Shaw, 1990]. A
diazomethyl ketone affinity reagent (4) was used
by Thornberry et al. [1992] to identify the ac-
tive site cysteine residue of ICE (Fig. 1), and the
crystal structure of an ICE-adduct of such an
inhibitor has been reported [Walker et al., 1994].
The selectivity for such inhibitors against ICE
homologs vs. other classes of enzymes contain-
ing active site nucleophile residues is higher
than that for the halomethyl ketones, although
diazomethyl ketone peptidyl inhibitors inacti-
vate ICE inefficiently (Kinat = 1.6 X 10* M—t mZ

s~ 1) [Thornberry et al., 1992]. In addition, diazo-
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methyl ketone inhibitors of other cysteine prote-
ases have been found to be embryotoxic [Am-
broso and Harris, 1994].

A more stereochemically hindered and selec-
tive class of cysteine protease inactivator was
first described by Smith et al. [1988] for use as
inhibitors of Cathepsin B. The acyloxymethyl
ketone inactivators provide a leaving group ac-
tivated upon binding to the enzyme in the S;’
binding pocket. Such inactivators have been
modified for use in design of ICE inhibitors
(7, 8, Fig. 1) [Dolle et al., 1994a,b; Revesz et al.,
1994; Thornberry et al., 1994]. The rate con-
stant for ICE inactivation by these compounds
can be as high as 2 X 10 M1 mZ s~%, and such
compounds are quite selective for ICE vs. other
classes of cysteine protease [Dolle et al., 1995].
Abiotinylated form of a tetrapeptide ICE inacti-
vator [Ac-Tyr-Val-Lys(biotin)-Asp-(acyloxy)-
methyl ketone] was used for ultrastructural
localization of active ICE in human monocytes
to the cell membrane [Singer et al., 1995]; how-
ever, the reactivity of this compound with other
ICE homologs may complicate interpretation of
these data. We have observed similar peptidyl
inhibitors to react with ICE homologs at rate
constants of >10° M~! mZ s~! (S. Raybuck,
unpublished data).

A reversible ICE inhibitor, Ac-Tyr-Val-Ala-
Asp-aldehyde (YVAD-H, 5, Fig. 1), was used to
demonstrate that ICE inhibition in human
whole blood can block release of mature IL-1pB
from monocytes [Thornberry et al., 1992]. Pep-
tide aldehydes bind reversibly to ICE, but be-
cause they have affinities for the enzyme ap-
proaching 100 pM, their off rates are slow
[Thornberry et al., 1992]. N-methylation of the
P, or P; amide nitrogens in YVAD-H results in
complete loss of binding to ICE [Mullican et al.,
1994].

YVAD-H is one of the most selective ICE
inhibitors reported to date, with its affinity for
the ICE homolog CPP32 being at least six or-
ders of magnitude lower [Fernandes-Alnemri
et al., 1995b]. A related reversible inhibitor of
the ICE homolog CPP32, Ac-Asp-Glu-Val-Asp-
aldehyde (DEVD-H), has been reported [Nichol-
son et al.,, 1995]. DEVD-H inhibits the ICE
homolog CPP32 with a K; of 0.2 nM; however, it
is not a specific inhibitor of CPP32. Fernandes-
Alnemri et al. [1995b] reported that this com-
pound inhibits the homolog MCH-3 with a K; of
1.8 nM. This compound also inhibits ICE and
other homologs with nanomolar affinity (S. Ray-

buck, unpublished data). A crystal structure of
DEVD-H bound to the ICE active site illus-
trates the capacity of ICE to form favorable
electrostatic interactions with peptidyl sub-
strates having charged acidic residues at P,
and P, (K. Wilson, unpublished observations).

Another interesting class of reversible ICE
inhibitors consists of the phenylalkyl ketones
(6, Fig. 1) reported by Mjalli et al. [1993]. These
inhibitors are capable of binding to the ICE
active site reversibly with low nanomolar affin-
ity, although they are not as potent as the
corresponding aldehyde inhibitors. The high
affinity for the active site of ICE by the phenyl-
alkyl ketones suggests that interactions with
the S’ pockets may be important for the ob-
served inhibition properties. This group later
reported more activated phenylalkyl ketones
with B’-carbon replacements by heteroatoms
and electron-withdrawing groups [Mjalli et al.,
1994], which are capable of covalently inactivat-
ing the enzyme over very slow time scales,
producing a covalent adduct that can be ob-
served by X-ray crystallography (K. Wilson,
unpublished observations).

CELLULAR STUDIES WITH ICE INHIBITORS

YVAD-H (5, Fig. 1) inhibits the release of
mature IL-1B from human whole blood stimu-
lated with heat-killed S. aureus with an 1Cs, of
approximately 4 uM [Thornberry et al., 1992].
This compound also inhibits IL-13 release from
human or mouse whole blood stimulated by
endotoxin with an ICsq0f 0.7 and 2.5 UM, respec-
tively [Fletcher et al., 1995]. However, YVAD-H
is a very poor inhibitor of Fas-induced apopto-
sis in thymocytes or monocytic and osteosar-
coma cell lines [Fearnhead et al., 1995; Nichol-
son et al., 1995; Zhu et al., 1995]. Given the
high relative selectivity of this compound for
ICE vs. other homologs (S. Raybuck, unpub-
lished data), these observations suggest that
ICE alone is not required for the mediation of
apoptosis.

Halomethyl ketone inactivators of ICE in-
hibit release of IL-13 from human peripheral
blood leukocytes with an I1C5y < 2.5 uM [Estrov
et al., 1995]. These compounds are also capable
of inhibiting mature IL-18 release from human
myelogenous leukemia cells [Estrov et al., 1995].
Halomethyl ketone ICE inactivators are being
widely used in cellular experiments that mea-
sure IL-1B8 release or apoptosis. Compounds
such as Z-VAD-FMK (methyl P, aspartyl ester)
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and YVAD-CMK have been shown to inhibit
apoptosis in diverse cell types such thymocytes
and THP.1 monocytic or Jurkat cell lines [Enari
et al., 1995; Fearnhead et al., 1995; Zhu et al.,
1995].

Acyloxymethyl ketone inactivators of ICE are
more potent cellular inhibitors of IL-1B release
than are halomethyl ketones. For example, the
compound [ZVal-Ala-Asp-(dichlorobenzoyloxy)-
methyl ketone] inhibits IL-1B release from
monocytes with an ICsy of 2 uM [Ku et al., in
press]. The P, ethyl aspartyl ester of this com-
pound [Z-Val-Ala-Asp (O-ethyl)-(dichlorobenzoy-
loxy)-methyl ketone, 8, Fig. 1] inhibits IL-1
release with an ICg of 0.5 uM [Ku et al., in
press]. Unlike the aldehyde ICE inhibitors, in-
activators such as [Z-Val-Ala-Asp(O-ethyl)-
(dichlorobenzoyloxy)-methyl ketone] are ca-
pable of inhibiting apoptosis, with an I1Cy, of ca.
1 uM (M. Harding, unpublished data).

The potency of these compounds in apoptosis
inhibition probably arises from their potential
to inactivate multiple ICE homologs. It is un-
likely that any single ICE homolog [Nicholson
et al., 1995] is required for the mediation of
apoptosis in all cell types [Kumar and Harvey,
1995]. Instead, multiple ICE homologs are acti-
vated during apoptosis, possibly different ho-
mologs in different tissues, and their proteo-
lytic functions during apoptosis may be
redundant and/or part of a proteolytic cascade
[Fernandes-Alnemri et al., 1995a,b; Kumar and
Harvey, 1995]. The irreversible inhibitors de-
scribed to date are unlikely to be useful tools for
assigning cellular antiapoptotic effects to any
specific ICE homolog, unless supporting data
can be generated that demonstrate expression
and activation of a restricted subset of ICE
homologs in the cell type under investigation.

An unexpected property of certain ICE inhibi-
tors is their suppression of IL-1a release from
the cell. The compound [Z-Val-Ala-Asp-(dichlo-
robenzoyloxy)-methyl ketone] inhibits IL-1a re-
lease from human adherent monocytes with an
ICg, of 10 uM [Ku et al., in press]. The P, ethyl
aspartyl ester of this compound [Z-Val-Ala-
Asp(O-Ethyl)-(dichlorobenzoyloxy)-methyl ke-
tone] inhibits IL-1a release from these cells
with an ICg, of 0.3 uM [Ku et al., in press]. A
similar suppression of IL-1« release is observed
in splenocytes derived from transgenic mice
with an ICE gene disruption [Kuida et al.,
1995; Li et al., 1995]. The mechanism of this
suppression of IL-1a release is not understood.

The mechanism may be due to a feedback effect
on inhibition of IL-1B3 release. Alternatively,
ICE or associated proteins may constitute part
of the export apparatus for IL-1a. It is notewor-
thy that inhibition of IL-1a release is not a
property of all ICE inhibitors. For example,
YVAD-H (5) does not inhibit release of IL-1a at
concentrations of up to 100 pM, two orders of
magnitude over the 1Cs, for IL-1B release inhi-
bition (M. Harding, unpublished data). The dif-
ferential effects of different ICE inhibitors on
IL-1a release is a subject of current investiga-
tion.

PHARMACOLOGICAL STUDIES WITH ICE
INHIBITORS

Very limited data have been reported on in
vivo studies with ICE inhibitors. We have used
acyloxymethyl ketone inactivators of ICE in
rodent models of sepsis, acute inflammation,
and chronic arthritis to explore therapeutic uses
of ICE inhibitors. When the acyloxymethyl ke-
tone ICE inactivator Z-Val-Ala-Asp(O-ethyl)-
(dichlorobenzoyloxy)-methyl ketone (8) is ad-
ministered intraperitoneally 1 h after mice are
challenged with LPS, a suppression of serum
IL-1B induction is observed at 7 h after LPS
challenge [Ku et al., in press]. Intraperitoneal
injection of Z-Val-Ala-Asp-(dichlorobenzoyloxy)-
methyl ketone in mice can also suppress zymo-
san-induced production of mature IL-1B in a
subcutaneously implanted chamber [Miller et
al., 1995].

Fletcher et al. [1995] reported similar data by
using YVAD-H (5). Mice were presensitized with
an injection of Pseudomonas acnes prior to
stimulation of IL-1p release with LPS. YVAD-H
was injected intraperitoneally 90 min after LPS
challenge, and IL-13 levels were measured 90
min later. The EDs, for YVAD-H was reported
to be 2 mg/kg. ICE-deficient transgenic animals
are also resistant to sepsis induced by high-
dose LPS, due to suppression of secreted IL-1(3
and IL-1«a [Li et al., 1995].

We have administered the ICE inactivator
Z-Val-Ala-Asp(O-ethyl)-(dichlorobenzoyloxy)-
methyl ketone intraperitoneally in a type Il
collagen-induced chronic arthritis murine model
developed by Geiger et al. [1993]. In this model,
anti-1L-1p3 antibodies are capable of inhibiting
the inflammatory swelling of the paws [Geiger
et al., 1993]. We observed similar effects with
the ICE inactivator administered at 50 mg/kg
once per day over a 14—-28-day period [Ku et al.,
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in press]. This compound was capable of allevi-
ating inflammation when administered either
in a prophylactic mode (concomitant with colla-
gen boost) or in a therapeutic mode (10 days
after collagen boost). In addition, the compound
was able to inhibit joint destruction as mea-
sured by protection of proteolglycan degrada-
tion by using histopathological scoring [Ku et
al., in press]. Recent studies with ICE-deficient
transgenic mice are also resistant in the colla-
gen-induced arthritis model (M. Harding, un-
published data).

FUTURE PROSPECTS

The vast literature on the chemistry and
biochemistry of protease inhibitors belies the
fact that very few proteases have been success-
fully targeted for human therapy. The majority
of protease inhibitors reported in the literature
are too unselective or metabolically unstable to
be used effectively for human therapy. Protease
inhibitors are currently in use for clinical treat-
ment of high blood pressure (angiotensin-con-
verting enzyme) and for HIV infection (HIV
aspartyl protease). Other therapeutic protease
targets such as the cysteine proteases calpain
and Cathepsins B, L, and S have been the
subject of intensive medicinal chemistry ef-
forts, but widely used drugs have not emerged
from the clinic.

The medicinal chemistry challenges are par-
ticular demanding for delivery of protease in-
hibitors to intracellular targets, where high
enzyme affinity and selectivity do not guaran-
tee that such compounds will efficiently pen-
etrate the plasma membrane or localize to the
desired subcellular compartment. An example
of such an inhibitor is DEVD-H, which despite
its low nM K; values against multiple ICE ho-
mologs, is inactive in blocking apoptosis at con-
centrations below 100 pM. A safe and effective
therapeutic delivery of a protease inhibitor at
correspondingly high blood concentration is un-
likely. Furthermore, for treatment of neurode-
generative diseases such as Alzheimer’s dis-
ease, blood-brain barrier penetration is
necessary and will impose another significant
hurdle to successful drug design.

The ICE inhibitors reported to date are pepti-
dyl compounds with short circulatory half-lives
and poor selectivity vs. other ICE homologs.
For chronic clinical applications, ICE inhibitors
must be designed with higher selectivity, meta-
bolic stability, and oral biocavailability. Initial

clinical applications may involve diseases where
short courses of drug administration might of-
fer beneficial antiinflammatory effects. If stabil-
ity to oral administration can be combined with
high cellular potency, improved compounds
would be useful in chronic disease settings. In
the interim, we can look forward to reports on
the effects of ICE inhibitors in different animal
models of inflammation and neurodegenerative
disease.
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