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noted, however, that the effect of FAAH
inhibitors may not be entirely due to elevated
levels of anandamide, as they also elevate the
level of noncannabinoid substrates such as
oleoylethanolamide6 or prostamides generated
via COX-2 (ref. 7).

Historically, marijuana has been used to
treat diarrhea and has been advocated for the
treatment of a variety of other gastrointesti-
nal problems, including Crohn’s disease3.
More recent pharmacological studies have
clearly established that cannabinoids inhibit
gastrointestinal motility and secretion by act-
ing on CB1 receptors located on the termi-
nals of both intrinsic and extrinsic
submucosal neurons8. When administered to
mice with chemically induced enteritis,
cannabinoids also reduce inflammation9 and
fluid accumulation10 in the gut. In these lat-
ter studies, high levels of anandamide and 
2-arachidonoylglycerol as well as increased
expression of CB1 receptors have been
detected in the inflamed intestines.

The novelty in the findings of Massa et al.3 is
the active protective role of the endocannabi-
noid system, as indicated by the altered inflam-
matory response of mice lacking CB1 receptors
or FAAH. Furthermore, CB1 activation
reversed the electrophysiological signs of
smooth muscle irritability and, at the same
time, blunted the increase in tissue myeloper-
oxidase activity, a measure of leukocyte infil-
tration. These observations suggest that
endocannabinoids protect the gut not only by
decreasing bowel motility but also by inhibit-
ing the inflammatory process itself.

The nature of the anti-inflammatory effect of
endocannabinoids, however, remains to be elu-
cidated. The exaggerated increase in myeloper-
oxidase activity in the inflamed bowel of CB1
knockout mice3 indicates that in wild-type
mice endocannabinoids actively inhibit leuko-
cyte infiltration caused by the chemical treat-
ment. This may be due to inhibition of the
release of chemokines and proinflammatory
cytokines, such as TNFα. TNFα has been
implicated in the pathogenesis of IBD11

, its
likely source being activated macrophages and
mast cells12. Cannabinoids suppress TNFα
release from both cell types13,14 (although the
CB1 antagonist SR141716 was also reported to
suppress TNFα release in a different model of
bowel injury15). In a mouse model of myocar-
dial ischemia-reperfusion injury, cannabinoids
attenuated the increase in myeloperoxidase
activity via CB2 receptors16. The anti-inflam-
matory potential of CB2 receptors in the gut
should therefore be explored.

Infiltrating macrophages in the inflamed
bowel may be not only the target but also
the source of endocannabinoids. Bacterial

components, such as lipopolysaccharide
(LPS), are known to powerfully induce
anandamide synthesis in macrophages
through a pathway dependent on CD14 and
NF-κB5. Anandamide may thus act as an
autocrine-paracrine mediator to limit the
release of cytokines by macrophages and
mast cells and the neuronal release of the
tachykinins and acetylcholine that control
bowel motility (Fig. 1).

An important feature of IBD is the altered
tissue response to enteric bacteria. Mutations
in the gene CARD15 (also called NOD2),
which result in deficient activation of NF-κB
in response to LPS, are associated with sus-
ceptibility to Crohn’s disease17. A defect in
NF-κB signaling is also expected to result in
deficient activation of anandamide produc-
tion given that NF-κB is required for LPS-
induced anandamide synthesis 5. Bowel
inflammation can also increase FAAH activ-
ity8, resulting in further reductions in anan-
damide levels.

It is not known whether anandamide levels
are reduced and the activity of FAAH
increased in the intestines of patients with
IBD, but this could be verified using biopsy
specimens. If confirmed, such changes may
be interpreted as the weakening of an
endogenous protective mechanism, which

could be restored by preventing the break-
down of anandamide with a FAAH inhibitor.
Biopsy results from humans could further
support the case made by Massa et al. for tar-
geting the endocannabinoid system to treat
IBD, offering renewed hope to a much-suf-
fering patient population.
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APCs size up antigens
Keith S Bahjat & Stephen P Schoenberger

Intracellular antigens—from viruses, tumors, bacteria and other
sources––pose a challenge to the immune response and to vaccine
development. How do such antigens enter antigen-presenting cells? Three
new studies examine this process, implicating whole proteins instead of
small peptides as key intermediaries.
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Many of the pathogens that threaten
human health do so from within the pro-
tected environment of our own cells and
tissues. An effective immune response
against such invaders often necessitates the
drastic step of killing the host cells that
harbor them. Cytotoxic CD8+ T lympho-
cytes (CTLs) are especially suited to this
task, with an impressive range of methods

for inducing the death of target cells. CTLs
recognize target cells through major histo-
compatibility (MHC) class I molecules
occupied with 8–10-amino-acid peptides
derived from endogenous proteins.
Initiation of CTL responses against
infected target cells generally requires that
the antigens presented at their surface must
first be acquired and presented to CTLs by
host antigen-presenting cells (APCs), such
as dendritic cells. This poorly understood
pathway of antigen trafficking and presen-
tation is called ‘cross-priming’ and is essen-
tial for the generation of CD8+ T-cell
responses against viruses, intracellular bac-
teria, tumors and tissue antigens1,2.
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A central question in the immunobiol-
ogy of cross-priming concerns the nature
of the antigenic material transferred from
donor cells to APCs; information about
this would significantly influence vaccine
design, immunotherapy and transplanta-
tion. Three recent papers reveal that cellu-
lar proteins, as opposed to the smaller
peptides they contain, constitute the
‘molecular currency’ of cross-priming and
have begun to shed light on the rules that
govern this process3–5.

APCs acquire foreign antigens by
migrating to sites of inflammation; there
they sample their microenvironment
before moving on to lymphoid organs
where their cargo of acquired antigens is
displayed to responding T cells as smaller
peptides bound to surface class I MHC
molecules. One attractive theory holds that
peptides are transferred to APCs as extra-
cellular complexes bound to cellular heat
shock proteins (HSPs)6. In support of this
idea, HSP complexes containing specific
antigenic peptides can be isolated from
variety of cell types and taken up by spe-
cific receptors into APCs in vitro; on in
vivo administration, these APCs can cross-
prime CD8+ T cells 7.

Another hypothesis states that cellular
antigens are transferred to APCs as intact
proteins or large fragments taken up
through phagocytosis8. Understanding the
relative contribution of these pathways to
cross-priming is more than an academic
matter; cell-associated antigen activates
CD8+ T cells in vivo much more efficiently
than does soluble antigen, raising the pos-
sibility that vaccination strategies based on
exploiting the cross-priming pathway
could promote superior T-cell responses9.

The new studies, by Norbury et al.4, Shen
et al.5 and Wolkers et al.3, take a common
approach to this question, examining the
ability of donor cells expressing different
forms of a precursor antigen to generate
CD8+ T-cell responses through cross-
priming. Norbury et al. used recombinant
vaccinia virus to transduce MHC-mis-
matched tumor cells with various forms of
ovalbumin. These forms included a mini-
mal OVA257–264 epitope targeted to either
the cytoplasm or the endoplasmic reticu-
lum and expressed within either a larger
chimeric fusion protein or the full-length
OVA protein itself. Each construct could
prime OVA257–264-specific CD8+ T cells
after direct infection of mice. When the
cells expressing the various constructs were
used for immunization, however, only the
larger forms of the source antigen (intact

OVA and the OVA257–26e-containing fusion
protein) could cross-prime transgenic
OVA257–264-specific CD8+ T cells.

Norbury et al. then examined cross-
priming of T cells by a rapidly degradable
form of the epitope-containing fusion pro-
tein. The fusion protein could cross-prime
T cells only if donor cells were first treated
with a proteasome inhibitor, although the
same treatment did not boost the ability of
cells expressing stable OVA257–264-contain-
ing proteins to cross-prime OVA-specific
CTLs.

The results of Norbury et al. indicate
that cross-priming is not mediated by
exogenous or endogenous peptides but
rather through the transfer of intact pro-
teins (possibly through phagocytosis) or
protein fragments from donor cells to
APCs. These findings dovetail with those of
Shen et al., who found that the ability of an
antigen to cross-prime CD8+ T cells did
not depend on colocalization with heat
shock proteins but rather on the amount of
intact source protein and its subcellular
location (cytoplasm, endoplasmic reticu-
lum or plasma membrane).

Wolkers et al. asked whether the location
of an antigenic peptide within its source
protein could influence cross-priming of
CD8+ T cells. Using green fluorescent pro-
tein (GFP) as a model antigen, the authors
engineered several chimeric proteins. They

placed one of two distinct CD8+ T-cell epi-
topes either near the N-terminus, within a
signal sequence, or near the C-terminus of
GFP. Using both T-cell recognition and
biochemical assays, the authors showed
that when these constructs were expressed
in wild-type tumor cells, both epitopes
were presented with comparable efficiency
irrespective of their position within the
chimeric GFP molecules.

The authors then expressed these con-
structs in tumor cells lacking the trans-
porter associated with antigen processing
(TAP), a heterodimeric complex that
translocates cytosolic peptides into the
endoplasmic reticulum. Immunization of
mice with these TAP-deficient cells, a set-
ting that depends on cross-priming, could
elicit antigen-specific CD8+ T cells only
when the relevant epitope was located in
the C-terminal position of the chimeric
protein. These data support the idea that
cross-priming favors antigenic peptides
located within mature proteins and reveal
an unexpected bias against epitopes located
within functional signal peptides.

Each of these studies square nicely with
two recent reports describing a pathway in
antigen-presenting dendritic cells for
endocytosed material (presumably includ-
ing intact proteins); this pathway leads
from the phagosome to the cytosol and
results in protein degradation and presen-
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Figure 1 The long and short of cross-priming. Parenchymal cells (left) can generate surface
complexes of class I MHC molecules occupied with virtually any cellular peptide of the 
correct length and sequence, including those found within a mature protein (red fragment) or
derived from a signal sequence (green fragment). Cross-priming involves the uptake of cellular
antigens by bone marrow–derived APCs (right), which are then directed to an endogenous 
class I MHC presentation pathway. The three new studies indicate that it is mature proteins,
instead of smaller peptides, that are transferred from donor cell to APCs during cross-priming
and suggest a bias against epitopes contained within signal sequences in this process. 
ER, endoplasmic reticulum. 
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tation via the endogenous class I MHC
machinery (Fig. 1)10,11. The finding that
the location of an epitope within a larger
protein can profoundly influence cross-
priming of CD8+ T cells may help to clarify
some of the controversy surrounding the
ability of different antigens to participate
in this process12.

Taken together, these three new studies
provide a useful theoretical foundation for
understanding the cross-priming pathway,
and offer a practical framework for its
exploitation. If cellular proteins and not

peptides are the source material for cross-
priming of CD8+ T cells, vaccination
strategies based on maximizing steady-
state expression levels and stability in
donor cells would be predicted to generate
superior CD8+ T cell responses. Further
studies will certainly shed light on this and
perhaps allow the meaningful translation
of this new understanding from bench to
bedside.
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Cellular energy sensor balances the scales
Caroline J Small, David Carling & Stephen R Bloom

Treatment with α-lipoic acid, found naturally in our diets, decreases food intake in rats and keeps them slim
by inhibiting AMP activated protein kinase (AMPK) in the hypothalamus. The findings reinforce the emerging
status of AMPK as a cellular integrator that senses signals for food intake and whole body energy status
(pages 727–733).

Those of us who must regularly delete
‘spam’ from their e-mail systems may be
familiar with α-lipoic acid. Its use as a
dietary supplement is touted on the
Internet as a cure for ailments ranging
from cataracts to chronic fatigue syndrome
and Alzheimer disease (and all for the bar-
gain price of $29.70 for 120 tablets; Fig. 1).
Although these claims are dubious, α-
lipoic acid is known to have antioxidant
properties and acts as a cofactor for mito-
chondrial dehydrogenases.

In this issue, Kim et al.1 give the makers
of supplements something else to chew on:
they show that α-lipoic acid, given either as
part of the diet or by intraperitoneal or
intracerebroventricular (i.c.v.) injection,
leads to decreased food intake and body
weight in rats.

The hypothalamus coordinates signals
from peripheral tissues, such as the gut and
fat, to control appetite. The adipose-
derived hormone leptin, as well as gut hor-

mones including peptide YY (PYY),
glucagon-like peptide-1 and oxyntomod-
ulin, signal to the hypothalamus to
decrease feeding. In contrast, Ghrelin,
which is produced in the stomach, signals
to the hypothalamus to increase feeding.
The identification of common pathways
for these regulators in the hypothalamus is
crucial for understanding potential thera-
peutic interventions to treat obesity, a dire
health problem in many countries. The
World Health Organization has recently
predicted that diabetes, atherosclerosis 
and malignancy will double over the next
20 years as a consequence of increasing 
obesity.

Kim et al. examined the effect of α-lipoic
acid on whole-body energy metabolism and
found that it alters the activity of a molecule
that is emerging as a central regulator of
energy balance, AMPK. In addition to
decreased food intake, the authors show that
rats treated with α-lipoic acid lost more
body weight than pair-fed untreated  con-
trols, suggesting an increase in energy
expenditure. They go onto show that α-
lipoic acid caused an increase in the expres-
sion of uncoupling protein-1 (Ucp1) mRNA
in brown adipose tissue. Ucp1 is a member
of a family of mitochondrial membrane
proteins that are thought to allow protons to
leak into the mitochondrial matrix, dissi-
pating the proton-motive force as heat.

An obvious interpretation of the data is
that the increased level of Ucp1 in response
to α-lipoic acid increases overall energy
expenditure by oxidizing fat stores. Kim et
al. also report that pharmacological activa-
tion of AMPK in the hypothalamus by i.c.v.
injection of 5-aminoimidazole-4-carbox-
amide ribose (AICAR) abolished the
increase in energy expenditure in response
to α-lipoic acid as well as the increase in
Ucp1 expression in brown adipose tissue.
However, without knowing the effect of
AICAR administration alone on energy
expenditure, it is difficult to fully interpret
these results.
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