© 2000 Nature America Inc. • http://immunol.nature.com

© 2000 Nature America Inc. • http://immunol.nature.com

N EWS

AND

V IEWS

intestinal crypts to release antimicrobial substances. The crypt sensors are selective, as
fungi and protozoa did not elicit secretion. In
agreement with the proposed role of defensins
as the predominant local antimicrobials, antibody to mouse Paneth cell defensins neutralized most of the secreted antimicrobial activity.
Measurements of the amount of secreted
defensins per crypt allowed the authors to estimate the defensin concentration reached within the crypt lumen. The estimated concentration, >10 mg/ml, was comfortably above the
range required for an antimicrobial effect. The
situation is reminiscent of the phagocytic vacuoles of some leukocytes where the high abundance of defensins12 and the tight space around
engulfed bacteria combine to generate surprisingly high local defensin concentrations.
The findings raise several questions. What
receptors and mechanisms allow the crypts to
sense bacteria? In Drosophila, Toll and related
receptors are essential for the insect’s response
to microbes including the induction and release
of antimicrobial peptides into the insect’s
blood13. However, it now appears unlikely that
these receptors are the primary sensors of bacteria. The mammalian Toll-like receptors work
similarly to their insect counterparts and

require coreceptors such as the lipopolysaccharide-sensing CD14 molecule and the
lipopolysaccharide-binding protein of plasma.
It is not yet known whether these or related
molecules trigger the secretory response of
Paneth cells. The most parsimonious scenario
would place the receptors directly on the
Paneth cells but it is also possible that other
crypt cells could sense bacteria and relay the
signal to the bottom of the crypt by cell-to-cell
communication or via soluble mediators.
How far from the crypt does the antimicrobial shield of Paneth cell secretions extend?
Ayabe et al. demonstrate that substantial in
vitro antimicrobial activity remains even when
the secretions are diluted a million-fold relative
to the estimated concentration in the crypt.
Even allowing for some interference with
antimicrobial activity due to the presence of
food and digestive juices, the Paneth cells may
have enough punch left to protect not only the
cell hatchery in the crypt but also the more
mature cells that have migrated onto the villi.
Suddenly, the function of Paneth cells is not so
cryptic anymore.
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gp96—The immune
system’s Swiss army knife
HANSJÖRG SCHILD AND HANS-GEORG RAMMENSEE

The cellular heat shock protein gp96 is turning out to be a rather versatile molecule. It has
long been known for its ability to induce
immunity against antigens from the cell from
which it came. For example, gp96 isolated
from tumor cells induces tumor-specific
immunity in animals that are intraperitoneally
injected with it. Also, gp96 from the cells of
BALB/c mice primes an anti–minor H cytotoxic T lymphocyte (CTL) response from
C57BL/6 mice. One reason for this is the
association of gp96 with peptides derived
from cellular proteins. This is a strikingly specific reaction: despite the fact that other peptide-binding proteins (for example, protein
disulfide isomerase) reside in the endoplasmic
reticulum—the same cellular compartment
that contains gp96—and that they are loaded
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Tumor vaccines comprised of the chaperone
gp96 can instigate specific immunity to
tumor peptides. A receptor on macrophages
for the uptake of peptide-loaded gp96 has
been identified as CD91, the
α2-macroglobulin receptor.

with much larger amounts of peptides, they do
not induce immunity. Thus, gp96 must possess additional features that account for its
immunogenicity.
One of these features, which prods the
immune system to wake up and take notice, is
the recently demonstrated receptor-mediated
uptake of gp96 by dendritic cells (DCs); the
identity of the gp96 receptor(s), however,
remained elusive. Now, in this issue of Nature
Immunology, Srivastava’s group—who discovered the immunogenicity of gp96 many
years ago1—report the identification of CD91
as such a receptor. In this paper, Binder et al.
tagged radiolabeled gp96 with a cross-linker
capable of photoactivation and used this to
extract an 80-kD molecule from the membrane
of macrophages. Protein sequencing identified
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the molecule as CD91, which is known as the
α2-macroglobulin (α2M) receptor and is
expressed on phagocytes. The presentation of
a gp96-associated peptide by antigen presenting cells (APCs) is indeed blocked by
α2-macroglobulin.
In addition to the identification of a receptor
for gp96, Binder et al. incorporated this observation into an intriguing model for the general
role of HSPs in the regulation of APC function.
The finding that the gp96-mediated re-presentation of associated peptides can be inhibited
by α2M offers a mechanism for regulating antigen uptake by macrophages. In the blood,
uptake of gp96-associated antigens by phagocytes is inhibited by the α2M present in the
serum. In tissues, however, CD91 becomes
accessible to gp96 molecules, possibly
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Figure 1. Necrotic cells and apoptotic cells exert
Apoptotic
Necrotic
opposite effects upon antigen presenting cells.
cells
cells
(a) Necrotic cells release gp96 (and possibly other
PS
stress proteins) that carry peptides derived from the
PSR
cells’ proteins. gp96 is bound by CD91 on DCs and
PS
internalized. Peptides associated with gp96 are transApoptotic
CD91
gp96
Other
ferred to MHC class I molecules (by a so far unknown
APC
bodies
ACAMPs
APC
pathway) and, at the same time, gp96 induces the
expression of costimulatory molecules and the release
of interleukin 12 (IL-12) and tumor necrosis factor α
(TNF-α) by the APC. Thus, the T cell receives both signals 1 and 2 and is thereby activated. Because cell necrosis only takes place as a result of nonphysiological
Other
ACAMPs
assault such as injury, infection, or neoplasia,T cells speRec
cific for foreign or altered antigens are likely to be actiMHC class I
MHC class I
vated. (b) Apoptotic cells and the derived apoptotic
bodies expose apoptotic cell–associated ligands
No costimulation
TCR
TCR
Costimulation
(ACAMPS)8 at the surface, one of which is phosphatidylserine (PS), which, as part of the inner memInflammatory
cytokines
brane leaflet, faces towards the cytosol in intact cells
CD8+
CD8+
Anti-inflammatory
(IL-12, TNF-α)
T cell
and is flipped to the outside during apoptosis. PS is recT cell
cytokines
(IL-10, TGF-β)
ognized by the 80-kD phosphatidylserine receptor
(PSR) expressed on macrophages4. This leads to internalization of the apoptotic material, the re-presentation
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cytokines. Costimulatory molecules (such as B7) are not
induced. Thus, the T cell recognizing the APC only
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released from necrotic cells (during a viral
infection, for example), and the associated peptides can then be presented in an immunogenic
context to the adaptive immune system by
macrophages and DCs.
Thus, the gp96-CD91 interactions may act
as a sensor for tissue damage. Furthermore,
the identification of CD91 as a gp96 receptor
sheds new light on the dichotomy of the APC
reaction to apoptotic versus necrotic cell
death3–7 (Fig. 1). ‘Silent’ cell death by apoptosis provides a tolerogenic cytokine milieu and
induces APCs that lack costimulatory molecules, whereas necrotic cell death induces
inflammatory cytokines and the expression of
costimulatory molecules on APCs. Apoptotic
cells do not release their contents as soluble
molecules into the extracellular space;
instead, the cells are fragmented into apoptotic bodies. These bodies as well as the apoptotic cells themselves expose phosphatidylserine on the outer leaflets of their membranes;
this is sensed by APCs via their phosphatidylserine receptor and leads to the production of anti-inflammatory cytokines4.
Other receptors, such as CD14 and CD36, recognize other apoptotic cell-associated ligands
(ACAMPS)8 and transmit similar tolerogenic
signals to the APC8,9.
In contrast, the contents of necrotic cells are
released into the surrounding fluid and some-

how trigger APCs to release pro-inflammatory
cytokines and to express costimulatory molecules5. Recently, gp96 and HSP70 were was
identified to be the first heat shock proteins to
activate DCs10. It is likely, therefore, that both
gp96 and HSP70 serve as messengers for
necrotic cell death, and CD91 and other HSPreceptors on DCs as sensors for necrosis,
which is equivalent to danger.
Thus, multifunctional gp96 can be viewed
as combining a number of features. It carries
peptides that represent cellular proteins, it
transfers these peptides to the MHC class I
molecules of DCs and other APCs via binding
to CD91 and receptor-mediated endocytosis2,12, it behaves like a cytokine in that it
induces DCs to express costimulatory molecules such as B710 and to produce IL-12 and
TNF-α10, and, finally, it turns down the expression of its receptor on DCs10. Thus, gp96 molecules combine nonspecific signals for the
innate immune system and specific signals for
the adaptive immune system–they not only
report the murder, they also provide a description of the suspect, thereby helping the
immune system to discriminate between self
and nonself, or between self and altered-self,
respectively. On top of this, by binding to
platelets as well (N. Hilf et al., unpublished
data), gp96 might also be a messenger for the
initiation of wound healing. Taken together,
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gp96 has at least as many functions as a midsize pocket knife.
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