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the joints, characteristic of gouty inflammation (7). Although the results discussed here
are essentially based on a mouse model of
MSU crystal–induced inflammation, they
suggest a general model of the mechanism
of gouty inflammation that raises a host
of new questions. For instance, it is not
clear what cell types respond to IL-1β in the
joints. We might anticipate that synoviocytes or endothelial cells play a central role
in recruiting neutrophils (13, 14), but other
cell types may be affected. For example, IL-1β
may promote osteoclast activation and differentiation and trigger inflammatory pain
hypersensitivity by acting on neurons (15).
Another important issue that remains
open is the mechanism controlling the
resolution phase in gout. MSU crystal–
induced inflammation is generally selflimiting, suggesting that negative feedback loops control the immune response
to MSU crystals. Whether such mechanisms involve an inhibition of the maturation of IL-1β or a desensitization to IL-1β
responses remains to be investigated. Finally, the study of the physiological function
of IL-1β in human gouty inflammation
will undoubtedly provide new therapeutic
tools to better manage the acute inflam-

mation episodes in patients with gout and
provide new insights into the pathology of
other autoinflammatory diseases linked to
deregulated IL-1β production.
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What’s in a name? eNOS and anaphylactic shock
Charles J. Lowenstein1 and Thomas Michel2
1Department

of Medicine, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA. 2Cardiovascular Division, Department of Medicine,
Brigham and Women’s Hospital, Harvard Medical School, Boston, Massachusetts, USA, and Veterans Affairs Boston Healthcare System,
West Roxbury, Massachusetts, USA.

In this issue of the JCI, a study by Cauwels and colleagues suggests a central
role for eNOS, the endothelial isoform of nitric oxide synthase, as a mediator of anaphylaxis (see the related article beginning on page 2244). Why is an
enzyme originally described as a physiological mediator of vascular homeostasis implicated in the spectacular vascular collapse that is characteristic
of anaphylaxis? And is the eNOS involved in anaphylaxis necessarily exerting its effect solely in the vascular endothelium, or might this “endothelial
enzyme” actually be playing a more fundamental role in an entirely different
tissue? After all, what’s in a name?
Mammalian NOS isoforms were originally named after the tissues in which
they were first characterized and cloned.
Neuronal NOS (nNOS) was used to desNonstandard abbreviations used: nNOS, neuronal
NOS; PAF, platelet-activating factor.
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ignate the NOS isoform first purified and
cloned from neurons, and eNOS was first
isolated and characterized in endothelial
cells. The NOS isoform found to be
expressed in a variety of immunomodulatory cells after their stimulation with
inflammatory cytokines was dubbed the
inducible (or inflammation-related) NOS,
or iNOS. The genes that encode nNOS,
iNOS, and eNOS were officially named
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after the order of their discovery and
characterization: NOS1, NOS2, and NOS3,
respectively. However, the appellations
of nNOS, iNOS, and eNOS proteins persist in the literature, perhaps for historical reasons, but these terms belie a much
broader tissue distribution of these key
regulatory proteins (Figure 1). Researchers discovered nNOS in nonneuronal tissues, including skeletal muscle and cardiac muscle (1). The so-called inducible
iNOS now appears to be constitutively
expressed in some epithelial cells in the
lung and in the gastrointestinal tract as
well as in myriad other cell types following their immunoactivation (2). Over the
years since the original identification
of eNOS in endothelial cells (3, 4), this
“endothelial” isoform has been characterized in diverse cell types, including cardiac
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Figure 1
eNOS is expressed not only in the vascular
endothelium, but also in blood platelets, cardiac myocytes, hippocampal neurons, kidney, epithelial cells in lung and gut, and mast
cells. The diversity of cell types that express
eNOS suggests that the eNOS isoform may
play multiple physiological and pathophysiological roles (14), regulating vasoconstriction,
thrombosis, platelet aggregation, myocyte
signaling, and neurotransmission. Recently,
eNOS has also been found in mast cells, and
findings reported by Cauwels et al. (8) in this
issue of the JCI suggest a role for eNOS in
anaphylactic shock.

myocytes, blood platelets, hippocampus
neurons, renal epithelial cells, and — possibly most relevant for the current topic
of anaphylaxis — in mast cells (5).
eNOS has been considered to act as an
archetypal signaling enzyme, responding to physiological signals by transiently
synthesizing small amounts of NO that
reduce blood pressure and inhibit platelet
aggregation in response to local homeostatic stimuli (see reviews in refs. 5, 6). In
contrast, the iNOS isoform, with its much
greater capacity for NO synthesis in immunoactivated cells, has been viewed as the
NOS most likely to respond to pathological
stimulation. Since iNOS produces massive
quantities of NO in order to kill pathogens
— even to the point where iNOS-generated NO could lead to excessive vascular
2076

smooth muscle relaxation — iNOS might
thereby cause hypotension in individuals
with hyperactivated immune responses in
conditions such as sepsis and anaphylaxis
(2, 7). Now, a report in this issue of the JCI
by Cauwels et al. (8) raises questions about
the identity of the NOS isoform that causes
shock in anaphylaxis and suggests that
it is eNOS, not iNOS, that mediates this
extreme response to immunoactivation.
Anaphylaxis and . . . eNOS?
Anaphylaxis is an acute, potentially fatal
syndrome characterized by urticaria,
bronchospasm, and hypotension as well
as other symptoms (9). Approximately
84,000 cases of anaphylaxis occur in the
Untied States each year, with 840 deaths.
Anaphylaxis can be caused by IgE recog-
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nition of an antigen; cross-linked IgE
binds to Fc receptors on basophils and
mast cells, triggering degranulation and
release of histamine, proteases, cytokines,
and arachidonic acid metabolites. Since
cytokines can activate iNOS expression
and iNOS produces large amounts of NO,
which causes shock in other inflammatory diseases, such as septic shock, it was
widely assumed that iNOS mediates anaphylactic shock as well (10, 11).
However, Cauwels and colleagues now
present evidence suggesting that eNOS,
not iNOS, is a critical mediator of anaphylactic shock in mice (8). These investigators studied the pathogenesis of shock
by injecting mice with platelet-activating
factor (PAF), a phospholipid messenger
released by antigen-stimulated mast cells
that triggers vascular leakage, hypotension, and death during septic shock and
anaphylactic shock (12). The nonselective NOS inhibitor l-NAME blocked the
severe hypotension that normally follows
PAF administration, suggesting that one
of the NOS isoforms plays a critical role
in anaphylactic hypotension. NOS-derived
NO activates soluble guanylate cyclase and
increases cyclic GMP levels and thereby
elicits biological responses in many different tissues. However, the authors note that
soluble guanylate cyclase inhibitors do not
seem to prevent anaphylaxis and suggest
that the effects of this NOS-derived NO
are independent of cyclic GMP. To identify
the NOS isoform involved, the researchers
injected PAF into wild-type, iNOS knockout, and eNOS knockout mice. Virtually all
wild-type mice and iNOS knockout mice
died after PAF injection, but most eNOS
knockout mice survived. These surprising
findings suggest that eNOS, not iNOS,
mediates anaphylactic shock. What is the
underlying mechanism?
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Plausible mechanisms
One possibility is that anaphylaxis somehow overstimulates eNOS in the endothelium to generate copious amounts of
NO, thereby excessively relaxing vascular
smooth muscle and leading to hypotension
and death. Under physiological conditions,
eNOS activity in the vascular endothelium is exquisitely modulated by multiple
regulatory pathways that influence the
enzyme’s posttranslational modifications,
subcellular targeting, and protein-protein
interactions (reviewed in ref. 14). In normal vascular endothelial cells, low levels of
NO are transiently synthesized by eNOS
in response to receptor- or flow-mediated
increases in intracellular calcium levels,
which promote calmodulin binding to
eNOS; calmodulin is required for NOS
enzyme activation. The activity of eNOS
is complexly regulated, with changes in
enzyme phosphorylation, S-nitrosylation,
acylation, and protein-protein interactions each importantly influencing eNOS
activity. Of these various posttranslational
modifications, phosphorylation of eNOS
by protein kinase Akt (also known as PKB)
has been particularly well characterized.
Kinase Akt is a downstream mediator of the
PI3K pathway and directly phosphorylates
eNOS at a single residue, leading to significant increases in eNOS enzyme activity (13,
14). In the Cauwels study (8), the authors
show that anaphylaxis can be blocked by
inhibitors of kinase Akt or of PI3K under
conditions in which eNOS phosphorylation is similarly blocked; the authors interpret these data to suggest that kinase Akt
may play an important role in anaphylaxis
by a direct effect on eNOS phosphorylation. However, it must be noted that both
PI3K and kinase Akt have pleiotropic roles
in many tissues and few kinase inhibitors
have absolute specificity for their target
proteins. Moreover, the authors found
that mice with targeted deletion of the
protein kinase Akt1 isoform still succumb
to anaphylaxis, but note that this may be
explained by redundancy with the other
Akt isoforms that are still expressed in the
Akt1–/– mouse. The authors conclude that
kinase Akt is necessary for cardiovascular shock in anaphylaxis and suggest that
Akt-modulated eNOS phosphorylation
in endothelial cells might lead to excessive NO synthesis, leading to vasodilation,
shock, and death. This conclusion seems
quite plausible, yet other interpretations
might still be considered. Indeed, the
kinases Akt and PI3K influence diverse

intracellular pathways, and it’s possible
that an anaphylaxis-associated increase in
PI3K/Akt-dependent eNOS phosphorylation in endothelial cells may be secondary
rather than causal.
We suggest another intriguing possibility, namely that anaphylaxis may involve a
novel role for eNOS in nonendothelial tissues, for example, eNOS expressed in mast
cells (15). Mast cells are proinflammatory effector cells that initiate and regulate
anaphylaxis (16). How might NO derived
from eNOS activate mast cell release of
anaphylactic mediators? Probably not by
controlling vesicle release of histamine:
exogenous NO appears to inhibit histamine release from basophils and mast cells
(17). Moreover, endogenous NO blocks
exocytosis of granules by S-nitrosylating
key components of the exocytic machinery
(18). However, NO can activate the production of inflammatory mediators such as
prostaglandins. For example, NO S-nitrosylates COX-2, enhancing production of
prostaglandin E2 (19). Thus, NO derived
from eNOS might cause hypotension by
triggering production of inflammatory
mediators rather than by directly relaxing
vascular smooth muscle and quite plausibly exerting its manifold downstream
effects independent of changes in cyclic
GMP. Another mechanism may reflect
previously unappreciated roles for eNOS
in blood platelets or in cardiac myocytes
— 2 cell types that express eNOS — that are
somehow unmasked by anaphylaxis. However, these conjectures and speculations
remain largely unexplored: Cauwels’s study
provides no information on the results of
necropsy following death from anaphylaxis, and many of the experiments look solely
at changes in animal survival or blood pressure following anaphylaxis (8). It should be
self-evident that death is often a complexly
determined outcome.
Implications for anaphylaxis
in humans
What does this study of anaphylaxis in mice
tell us about human anaphylaxis? Anaphylaxis in humans and mice share many similarities: both species synthesize IgE, express
the FcεR1 receptor for IgE on mast cells,
and release PAF and other mediators from
mast cells. Minor differences in anaphylaxis
pathways between the 2 species are unlikely
to weaken the significance of the current
study (for example, human but not mouse
macrophages can express the IgE receptor;
ref. 20). The authors employed 2 mod-
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els of anaphylaxis. The first model relied
upon infusion of a single mediator, PAF,
a situation unlikely to occur in humans.
However, the second model more closely
mimics human IgE–mediated anaphylaxis:
mice were first sensitized to ovalbumin and
then challenged with ovalbumin to induce
systemic anaphylaxis. Perhaps NO mediates hypotension following anaphylaxis
in humans as well. If so, then agents that
inhibit NOS or that scavenge NO might
prove useful in treating life-threatening
anaphylactic shock. While we must remain
mindful of the caveats discussed above,
these findings also suggest that inhibitors of PI3K or kinase Akt might plausibly
be targets for treatment of anaphylaxis.
Finally, this surprising observation that
the endothelial isoform of NOS plays an
important role in an acute, severe inflammatory disorder should rejuvenate the further study of the roles of eNOS in tissues
outside of the vascular endothelium.
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HIV and CXCR4 in a kiss of autophagic death
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AIDS is characterized by CD4+ T lymphocyte depletion, yet the mechanisms
underlying this central aspect of HIV pathogenesis are still poorly understood. In this issue of the JCI, Espert et al. identify a mechanism by which the
HIV envelope glycoprotein can induce death in uninfected CD4+ T cells (see
the related article beginning on page 2161). The HIV envelope glycoprotein
interacts with CXC chemokine receptor 4 to activate the lysosomal degradation pathway of autophagy, which is necessary for both apoptotic and nonapoptotic cell death.
Since the beginning of the AIDS epidemic
in the 1980s, even before the HIV virus
was identified, physicians and scientists
recognized that a cardinal feature of AIDS
was the depletion of CD4+ T lymphocytes.
Yet nearly a quarter of a century later, our
understanding of how CD4+ T cells are
depleted in HIV-infected patients remains
incomplete. CD4 + T cells are killed by
direct HIV infection, but substantial numbers of uninfected CD4+ T cells also die in
HIV-infected patients. The death of these
cells is postulated to result from Fasmediated activation–induced cell death
and/or the stimulation of apoptosis in
uninfected bystander cells by released or
cell surface–expressed HIV gene products
including accessory proteins (e.g., Tat,
Vpr, Vpu, and Nef) and envelope proteins
(reviewed in refs. 1–3).
In this issue of the JCI, Espert et al.
describe an advance in understanding
how the HIV envelope glycoprotein can
Nonstandard abbreviations used: CCR5, CC chemokine receptor 5; CXCR4, CXC chemokine receptor 4;
3-MA, 3-methyladenine; SDF-1, stromal cell–derived
factor 1.
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kill uninfected CD4+ T lymphocytes (4).
By coculturing effector cells that express
the HIV envelope glycoprotein with target cells that express CD4 and CXC chemokine receptor 4 (CXCR4), they demonstrate that CXCR4 engagement by the
HIV envelope glycoprotein activates a
lysosomal degradation pathway known
as autophagy. Based on studies with
pharmacological and genetic autophagy
inhibitors, this activation of autophagy
appears necessary both for caspase-dependent, apoptotic death of bystander cells
and for caspase-independent, nonapoptotic death, which is presumably directly
due to autophagy (Figure 1).
The word autophagy is derived from Greek
and means to eat (phagy) oneself (auto).
It is an evolutionarily conserved process
involving the dynamic rearrangement of
subcellular membranes to sequester cytoplasm and organelles for delivery to the
lysosome, where the sequestered cargo is
degraded and recycled. Autophagy occurs
at basal levels in most tissues and contributes to the routine turnover of cytoplasmic components, playing a housekeeping
function that is believed to delay aging,
protect against neurodegeneration, and
potentially function in tumor suppression
(5–7). Autophagy is rapidly upregulated
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in response to different forms of cellular
stress. This induction of autophagy may
help promote cell survival, either by purging the cell of damaged organelles, toxic
metabolites, and intracellular pathogens
or by generating the intracellular building blocks required to maintain vital
functions during nutrient-limiting conditions (reviewed in ref. 8). However, when
very high levels of autophagy are induced,
autophagy may also promote cell death
through excessive self-digestion and degradation of essential cellular constituents.
There is increasing evidence that complex
interrelationships exist between autophagy and the apoptotic cell death pathway
(reviewed in ref. 8). Several regulators of
apoptosis activation also function as regulators of autophagy activation (e.g., TRAIL,
FADD, DAPk, ceramide, class I PI3K/Akt
signaling, and Bcl-2 family members). Previously, it has been shown that genetic inhibition of autophagy can activate apoptotic
death in nutrient-starved mammalian cells
(9), suggesting that autophagy activation
can function to prevent apoptosis. Conversely, it has also been suggested that autophagy
activation may lead to apoptosis (reviewed
in ref. 8); this conclusion was supported
by data using a pharmacological inhibitor
of autophagy, 3-methyladenine (3-MA), a
nucleotide derivative that blocks class III
PI3K activity. However, 3-MA can inhibit
kinases other than class III PI3K (10), some
of which may independently affect death signaling as well as inhibit the mitochondrial
permeability transition (11). Now Espert et
al. demonstrate that short interfering RNAs
specific for 2 different autophagy execution genes (beclin 1 and atg7) can completely
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