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The road to death: Caspases, cleavage, and pores

Vishva M. Dixit

Vishva Dixit recounts his favorite discoveries after 30-plus years studying the proteins that allow infected,

damaged, or obsolete cells to die.

As a child growing up in a village in Kenya
in the 50s and 60s, I had vivid dreams of ex-
ploring and finding new lands. As an adult,
the realm of biomedicine provided the ex-
hilaration, joy, trepidation, and uncertainty
of exploring the unknown. My career had a
meandering start. I completed medical
school in Kenya and then pathology train-
ing and a fellowship in biochemistry at
Washington University in St. Louis, Mis-
souri. Subsequently, I have had two jobs—
the first one in academia at the University of
Michigan, Ann Arbor and the second in in-
dustry, working at Genentech in South
San Francisco. I have been blessed with
many discoveries, but two stand out: Illumi-
nating how death receptors signal and
finding the noncanonical inflammasome
pathway. This article is a personal recollec-
tion of the ups and downs surrounding
these two discoveries.

DEATH RECEPTOR SIGNALING

As a pathologist studying blood coagulation
in the late 1980s, I was ready to shift fields to
something new and exciting. Apoptosis, an
immunologically silent form of cell death,
looked promising. Pathologists Andrew
Wryllie, Alastair Currie, and John Kerr had
recently characterized apoptosis morpho-
logically in mammalian tissues, and evi-
dence for an underlying genetic program
was emerging. I wondered whether I could
tease apart the signaling pathway eliciting
the apoptotic demise.

I had a modicum of biochemistry train-
ing, but I lacked a facile and scalable cell
culture system for triggering apoptosis in a
synchronized manner. For a time, finding
such a system felt like a fool’s errand. Shin

Yonehara and Peter Krammer solved that
problem in 1989 when they described a
monoclonal antibody that induced apopto-
sis in cultured cells. The race was now on to
identify the cell surface receptor that the an-
tibody engaged.

The formidable Shigekazu Nagata
cloned and characterized the receptor in
1991, thereafter named Fas/Apo-1/CD95.
The receptor was highly similar in sequence
to the major receptor for tumor necrosis
factor (TNF), which could also be engaged
in particular cell lines to induce apoptosis.
For simplicity, I will dub these the “death
receptors.”

Intriguingly, the cytosolic portion of the
death receptors did not reveal an obvious
mode for signaling apoptosis. Neither
death receptor had an enzymatic domain,
such as a kinase, nor a binding motif for
posttranslational modifications. Renowned
molecular biologist David Goeddel none-
theless noted that they both contained a
conserved cytosolic segment of approxi-
mately 80 residues. Mutation of these resi-
dues disabled the death receptors and
prevented them from signaling apoptosis,
leading his group to name this segment
the “death domain” (abbreviated DD) in
1993. I now had a system to tackle the
“death pathway” downstream of death
receptors.

I had some major competition in the
form of Nagata, Krammer, and Goeddel,
but I decided to throw caution to the
wind. This was my opportunity to pursue
my childhood dream of finding something
completely new. I had come too far not to
swing for the fences.

I reasoned that the only way to battle the
titans in their arena was to find inhibitors of
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cell death. At the time, I was convinced that
sheer grit and determination would yield
inhibitors from among the thousands of
commercially available chemicals—that is,
the Sigma-Aldrich catalog. These inhibitors
would be the tools that would allow me to
illuminate the mysterious components
downstream from death receptors.

The hard work proved the easy part. A
bright and ambitious MD/PhD student,
Muneesh Tewari, and technician, Karen
O'Rourke, helped establish the system. We
induced apoptosis easily using recombinant
TNF from Genentech or Fas agonist anti-
body from Yonehara. The ensuing
mayhem under the microscope was en-
thralling to watch. The cells underwent an
unforgettable and violent dance of death.
The nucleus condensed, membranes blis-
tered, and then the cell fragmented into
membrane-enclosed sacs, known as apopto-
tic bodies. However, our efforts to identify a
chemical inhibitor of apoptosis floundered.
Whatever we tested either did not work or
had only a marginal effect. We wondered
whether components of the pathway might
have built-in redundancies. If so, the project
was dead.

Meanwhile, seemingly disparate lines of
investigation were providing important
clues to the cell death field. In 1992, Roy
Black and Nancy Thornberry described a
most unusual cysteine protease, which
they called interleukin-1 (IL-1)-converting
enzyme or ICE. Uncommonly specific,
ICE cleaved IL-1 after aspartic acid residues.
It was also remarkably similar in sequence
to the protein encoded by the Caenorhabdi-
tis elegans death gene, ced3, that Robert
Horvitz had identified in 1986. Horvitz's
laboratory showed in 1993 that ced3
encoded a protease with substrate specificity
and properties similar to ICE.
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Did death receptors activate an ICE-like
protease? We realized that we had to test this
notion quickly because the field was ad-
vancing swiftly. We knew that David
Pickup and Guy Salvesen at Duke Universi-
ty had identified a potent ICE inhibitor in
the poxvirus-encoded serpin called CrmA.
Generously, they sent us an expression con-
struct for CrmA.

Late one evening, we struck gold. Peering
into the microscope, like Howard Carter
peering into Tutankhamun's tomb at
immense treasures, we watched CrmA
completely inhibit apoptosis induced by
death receptor agonists (Fig. 1A). The con-
clusion was unequivocal. Death receptors
must be engaging ICE or an ICE-like prote-
ase to initiate apoptosis (1). In follow-up
studies, Muneesh identified the ICE-like ex-
ecutioner protease and called it YAMA for

the Hindu God of death (2). ICE and
YAMA were founding members of a
family of mammalian proteases called cas-
pases and were eventually renamed
caspase-1 and caspase-3, respectively. The
name caspase denotes that they are cysteine
proteases (c) that cleave after aspartic acid
residues (aspase).

Onward to the next mystery: How did
death receptors activate caspases? In the
early 1990s, researchers believed that recep-
tors signaled either by acting as ion chan-
nels or by altering phosphorylation-
dephosphorylation events. Two talented re-
searchers in my laboratory, Arul Chin-
naiyan and Marta Muzio, quickly found
an entirely new mechanism by which recep-
tors can signal. Arul found in 1995 that the
DD, defined earlier by Goeddel, represented
a homotypic protein-protein interaction
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Fig. 1. Death receptor signaling. (A) MCF7 breast cancer cells expressing poxvirus CrmA survive lethal chal-
lenge with TNF or agonist anti-Fas antibody. Reproduced from (7). (B) The DISC assembled by Fas ligand (Fas-L)
is composed of the death receptor Fas, the adaptor molecule FADD, and pro—caspase-8. The DISC is cemented
by homotypic interactions between DDs and DEDs. Activation of caspase-8 within the DISC elicits the p18 and
p10 catalytic subunits (highlighted in yellow), which transmit the death signal by cleaving and activating down-
stream effector caspases, including YAMA/caspase-3. Cleavage of vital substrates leads to the demise of the cell.
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motif. In other words, a DD in one
protein can bind to the DD in another,
thereby linking the proteins together. Arul
showed that the DD in Fas recruits the
Fas-associated DD (FADD) protein. His
second discovery was that FADD has a
second, related motif, which he called the
death effector domain (DED). Both the
DD and DED motifs in FADD are essential
for transmitting the apoptotic signal that ac-
tivates caspase-3 (3).

Marta's mission was to identify the
protein that interacts with the DED in
FADD. Collaborating with the laboratories
of Matthias Mann and Krammer, Marta
showed in 1996 that the FADD DED binds
to pro—caspase-8, which is the inactive form
of the protease. Pro—caspase-8 has two
DEDs in its pro-domain. The complex is
composed of Fas, FADD, and pro—
caspase-8, which they dubbed the death-in-
ducing signaling complex (DISC) (4). David
Wallach reached similar conclusions (5).

Later, in collaboration with Guy Salve-
sen, we showed that pro—caspase-8 is acti-
vated by induced proximity. Dimerization
and autoprocessing of pro—caspase-8
within the DISC release active caspase-8,
which then cleaves and activates caspase-3
and caspase-7. This caspase cascade un-
leashes precipitous proteolytic activity that
dismantles the cell in an amazingly tidy
and reproducible fashion (Fig. 1B).

I was heartened and invigorated by our
unexpected success. We had identified a
major gap in our understanding of how
death receptors signal, tackled the problem
head on, and used our excitement to allure
other scientists to collaborate. I would rely
on these insights as I made another major
career shift, moving from academia to in-
dustry. In 1997, I took the job of Director
of Molecular Oncology at Genentech,
where my group found that cells could use
another pathway to die that was distinct
from apoptosis.

THE INFLAMMASOME

I have been a part of many exciting findings
over the years, but I consider discovery of
the noncanonical inflammasome with No-
buhiko Kayagaki in 2011 to be my other
major contribution to molecular biology.
In 2002, the late Jurg Tschopp coined the
term inflammasome to describe the intra-
cellular complex that activates caspase-1
when microorganisms or endogenous
insults breach the cytoplasmic
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compartment. This signaling complex is
composed of a sensor and an adaptor,
which together form a platform that acti-
vates pro—caspase-1 (Fig. 2A). Inflamma-
some assembly is triggered by pathogen
associate molecular patterns (PAMPs)

derived from invading microorganisms or
by endogenous insults, such as uric acid
crystals, that act as danger-associated mo-
lecular patterns (DAMPs). Activation of
pro—caspase-1 within the inflammasome,
again through an induced proximity

mechanism, has two consequences of
crucial importance to innate immunity.
Caspase-1 cleaves the immature forms of
IL-1p and IL-18 to generate the active cyto-
kines, and, in parallel, caspase-1 cleaves gas-
dermin D (GSDMD) to release a pore-
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Fig. 2. Canonical inflammasome signaling. (A) The canonical inflammasome is composed of an intracellular sensor, the adaptor ASC, and caspase-1. The prototypical
sensor NLRP3 is activated by agents that disrupt the cytosolic compartment, including adenosine triphosphate, lysosomotropic agents, crystals, and protein aggregates.
NLRP3 binds to ASC, which, in turn, binds to the pro—caspase-1 zymogen (closed scissors). PYRIN and CARD domains are homotypic protein-protein interaction motifs
that hold the complex together. Active caspase-1 (open scissors) cleaves pro—IL-13 and pro-IL-18 into active IL-1B and IL-18, respectively. Proinflammatory DAMPs IL-18,
IL-18, IL-1a, and HMGB1 each lack a signal peptide but are released from the cell by pyroptosis, a lytic form of cell death. (B) The Fas DISC and NLRP3 inflammasome share
a similar architecture; they each use related protein-protein interaction motifs to bring together a sensor, an adaptor, and a caspase.
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forming fragment that kills the cell by per-
forating the membrane. This inflammatory
form of cell death is termed pyroptosis. As a
result, mature IL-1p and IL-18, which lack a
signal sequence for secretion, can exit
through the perforated cell membrane and
thereby sound the inflammatory alarm to
neighboring cells.

The sensors that assemble inflamma-
somes recognize specific insults. The
NLRC4 sensor, for example, detects Gram-
negative intracellular pathogens, such as
Salmonella and Shigella, by sensing associ-
ated PAMPs, including flagellin. A different
sensor, NLPR3, responds to inflammatory
mediators such as uric acid or the iono-
phore nigericin. Each sensor has a protein-
protein interaction motif in the form of a
caspase activation and recruitment domain
(CARD) or a Pyrin domain. Both the CARD
and Pyrin domains are structurally related
to the previously discussed DD and DED.
Pyrin domain sensors such as NLRP3
engage the CARD-containing pro—caspase-
1 through the adaptor, ASC, which has both
a Pyrin domain and a CARD. Thus, the
DISC and the inflammasome share a
common architecture (sensor-adaptor-
caspase) and are cemented by related inter-
action motifs (Fig. 2B).

DISCOVERY OF THE NONCANONICAL
INFLAMMASOME
Discovery of the noncanonical inflamma-
some started with a whimper rather than a
bang. In 2010, we were testing various
PAMPs to determine whether they activated
the inflammasome in mouse bone marrow—
derived macrophages (BMDMs). We
noticed that cholera toxin subunit B (CTB)
activated the inflammasome in cells from
C57BL/6 mice but not from 129/SvEv
mice (6). The finding was odd, but
perhaps 129/SvEv mice lacked a known in-
flammasome  component. Curiously,
however, 129/SvEv BMDMs activated the
inflammasome just fine in response to
other PAMPs or DAMPs. Indeed, 129/
SvEv cells expressed all the known sensors,
the adaptor ASC, and caspase-1. We con-
cluded that 129/SvEv cells must lack the
specific sensor for CTB.

Intrigued, we broadened our search, only
to find that 129/Sv mice lack caspase-11, a
caspase with substantial homology to
caspase-1. A splicing mutation in the 129/
Sv Caspase-11 gene alters the reading
frame, leading to nonsense-mediated
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decay of the corrupted Caspase-11 tran-
script. This finding suggested that the in-
flammasome needed caspase-11 to
respond to CTB. We sought confirmation
of this unexpected dependence using mice
deficient in either caspase-1 or caspase-11.
However, we soon came to the unsettling re-
alization that the original Caspase-1 knock-
out mouse, used in hundreds of
publications, actually lacked both caspase-
1 and caspase-11. Generated in Caspase-
I1—deficient 129/Sv embryonic stem cells,
the Caspase-1 knockout allele was right
next to the mutant Caspase-11, and the
two alleles could not be easily segregated.
Consequently, all conclusions derived
using these mice would need to be reas-
sessed. All of the reported phenotype(s)
could be due to a deficiency in caspase-1,
caspase-11, or both. I described these find-
ings to a shocked audience at the Toll 2011
meeting in Italy. Many wondered just how
far the field had been led astray by this
oversight.

We hurried to generate a Caspase-11
knockout in the C57BL/6 mouse strain
and also reconstituted expression of
caspase-11 in the Caspase-1/—11 double
knockout with a Caspase-11 transgene.
The results using these mice were unequiv-
ocal. Caspase-11 is essential for inflamma-
some engagement by Gram-negative
enteropathogens, including Escherichia coli
and Citrobacter rodentium. We designated
this new caspase-11-dependent signaling
conduit the noncanonical inflammasome
pathway (6).

One question now loomed large: What
component of Gram-negative organisms
triggers the noncanonical pathway? We
were excited to tackle this clinically relevant
question. Runaway systemic inflammation
associated with Gram-negative sepsis is re-
sponsible for millions of deaths every year.
The molecular tool that we had in hand to
engage the noncanonical pathway was CTB.
We hoped to use it to reveal the precise
trigger common to all Gram-negative bacte-
ria, but it turned out to be an arduous, pro-
tracted, and most frustrating undertaking.
The intricacies of the inflammasome assay
foiled us. To obtain robust inflammasome
activation, BMDMs must first be primed
with an inflammatory stimulus that up-reg-
ulates the expression of a number of rele-
vant components, including caspase-11
and IL-1P. Priming is typically accom-
plished with a Toll-like receptor (TLR)
agonist. Perplexingly, we found that CTB

robustly activated the inflammasome when
we primed BMDMs with the TLR4 agonist
lipopolysaccharide (LPS) but not when the
TLR2 agonist Pam3CSK4 was used. By con-
trast, both methods of priming supported
inflammasome activation by other stimuli.
Further complicating matters, only
priming with a specific LPS serotype,
O111:B4, would then allow CTB to activate
caspase-11.

We struggled mightily to make sense of
the data. An important clue was that CTB
binds to the hypervariable O-antigen poly-
saccharide of LPS serotype O111:B4 but
does not bind to LPS serotypes with distinct
O-antigens. We wondered whether CTB,
which normally delivers the CTA subunit
into cells, was merely the courier that deliv-
ered LPS O111:B4, carried over from the
priming step, into the cytoplasm (Fig. 3A).
It dawned on us that LPS, irrespective of se-
rotype, might be able to trigger the nonca-
nonical pathway provided that it could
access the cytoplasm. Indeed, LPS intro-
duced by transfection overcame serotype re-
striction (Fig. 3B). We concluded that LPS, a
common component of Gram-negative or-
ganisms, is a trigger of the noncanonical
pathway. Additional transfection studies re-
vealed that the conserved lipid A portion of
LPS is essential for activating caspase-11,
whereas the hypervariable O-antigen
portion is dispensable (7). Contemporane-
ously, Edward Miao's laboratory also
showed that cytosolic LPS activates
caspase-11 (8).

Gram-negative pathogens contain a
plethora of PAMPs. Therefore, we needed
to be sure that it was only LPS and not ad-
ditional PAMPs that activate caspase-11. To
definitively address this question, we used a
strain of E. coli deficient in the penultimate
step of LPS synthesis. Gratifyingly, this
strain fails to activate caspase-11. We had
proven that the noncanonical pathway was
dedicated to the detection of intracellular
LPS (7). This noncanonical pathway does
not require the known LPS receptor TLR4
because the noncanonical inflammasome
is fully functional in TIr4 knockout mice.
The 2011 Nobel Prize was awarded for the
discovery of TLR4 as the LPS receptor (9),
but our findings with caspase-11 have
shown that there is another LPS sensor
with a distinct function.
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Fig. 3. The non-canonical inflammasome. (A) CTB binds to GM1 plasma membrane gangliosaccharides to
deliver either CTA (left) or LPS serotype O111:B4 (right) into the cytoplasm. CTB binds to the hyperdivergent
O-specific polysaccharide chain of LPS serotype O111:B4. (B) LPS serotype O-A (includes O111:B4) binds to CTB
to access the cytosol. In contrast, LPS serotype O-B does not bind to CTB and therefore cannot gain access. Both
serotypes, however, can be introduced by transfection. (C) Caspase-1 or caspase-11 cleaves GSDMD, releasing
an N-terminal p30 fragment that oligomerizes into an approximately 20-nm pore. GSDMD pores collapse the

electrochemical gradient and release DAMPs, including IL-1B and IL-18, into the extracellular milieu.
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EPILOGUE

Our discovery of the noncanonical pathway
as a cytosolic LPS sensor set off a gold rush
that led to swift progress by our laboratory
and others. Notably, this included the dis-
covery of GSDMD as the downstream sub-
strate for caspase-1 and caspase-11 (10, 11).

The exciting discoveries continue to this
day. In 2021, we found that cell lysis follow-
ing membrane rupture is not a passive event
mediated by osmotic forces, as introductory
textbooks of biology would have one
believe, but rather actively accelerated by a
membrane protein, NINJ1 (12).

What have I learned over my career other
than persistence pays? Choose an important
problem, let the data do the talking, and do
experiments that challenge your precon-
ceived notions.
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