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organism and considerably less numerous
than those in B. fragilis. This enhanced
potential for variation and other genomic
differences (SOM Text) may explain in part
why B. fragilis is isolated more frequently
from infection than B. thetaiotaomicron.

Surface polysaccharides are involved in
establishing abscess formation (/0). Ten
separate gene clusters potentially involved in
polysaccharide synthesis are evident in the
genome sequence (table S3). The poly-
saccharide gene clusters A to H have genes
similar to wzx and wzy that are involved in
transfer of linked sugar repeats across the
cytoplasmic membrane and repeat unit po-
lymerization, respectively, but are lacking in
genes associated with the export of polymer
across the outer membrane. This suggests that
these gene clusters are similar to the Esche-
richia coli group 4 O-antigen capsules (/1)
and is in keeping with the characteristic
heterogeneity of the polysaccharide chain
length after SDS—polyacrylamide gel electro-
phoresis (PAGE) and the EDL phenotype
(12). A gene with some similarity to E. coli
wzz (BF1708) that determines chain length is
located within polysaccharide gene cluster J.
Variation in the expression of BF1708 may
explain the varying reports of presence (13)
or absence (/4) of repeating O-antigen units
after PAGE.

Phase variation controlled by DNA in-
version events has been reported in several
other bacteria. For example, Salmonella
typhimurium regulates the expression of a
flagellar protein by using a single invertible
promoter (/5), and E. coli plasmids use
shufflons to express one of several variant
pilus proteins (/6). Different species of
Mycoplasma have been shown to regulate
the expression of a number of surface proteins
by using invertible promoters (/7) or to use a
shufflon system to express variable surface
proteins (8). However, in each of these cases,
the use of these mechanisms is restricted to a
single system or class of surface molecules.
As described here, B. fragilis uses DNA
inversion to control a larger number or greater
breadth of systems than in any other organism
described to date, including surface proteins,
polysaccharides, and regulatory systems. This
may be related to its niche as a commensal
and opportunistic pathogen, because the
resulting diversity in surface structures could
increase both immune invasion and the ability
to colonize novel sites.

Note added in proof: The genome se-
quence of another strain of B. fragilis has
recently been published (/9), and the analy-
sis is in general agreement with that present-
ed here.
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NF-xB Activation by
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Caspase-8, a proapoptotic protease, has an essential role in lymphocyte
activation and protective immunity. We show that caspase-8 deficiency (CED)
in humans and mice specifically abolishes activation of the transcription factor
nuclear factor kB (NF-xB) after stimulation through antigen receptors, Fc
receptors, or Toll-like receptor 4 in T, B, and natural killer cells. Caspase-8 also
causes the o8 complex of the inhibitor of NF-kB kinase (IKK) to associate with
the upstream Bcl10-MALT1 (mucosa-associated lymphatic tissue) adapter
complex. Recruitment of the IKKa,p complex, its activation, and the nuclear
translocation of NF-kxB require enzyme activity of full-length caspase-8. These
findings thus explain the paradoxical association of defective apoptosis and
combined immunodeficiency in human CED.

The intracellular aspartate-specific cysteine pro-
tease caspase-8 initiates death receptor signaling
for apoptosis (/). Recruitment into the death-
signaling complex induces procaspase-8 oligo-
merization, followed by full processing into a
highly active soluble tetramer (2, 3). However,
caspase-8 is also essential for lymphocyte
activation and protective immunity in mice
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and humans (4, 5). Patients with caspase-8
deficiency (CED) have defective apoptosis and
immunodeficiency due to impaired activation of
T, B, and natural killer (NK) lymphocytes (4).

Human peripheral blood leukocytes (PBLs)
or mouse T cells treated with the pan-caspase
inhibitor benzyloxycarbonylvalyl-alanyl—-
aspartic acid (O-methyl)—fluoro-methylketone
(zVAD) have reduced antigen receptor—
induced expression of interleukin-2 (IL-2)
and its receptor subunit CD25 (4, 6, 7). Be-
cause nuclear factor kB (NF-xB) is re-
quired for IL-2 and CD25 gene transcription
as well as lymphocyte activation (8, 9), we
examined this transcription factor in cells
exposed to caspase inhibitor. NF-xB family
members—Rel (c-rel), RelA (p65), RelB,
NF-kB1 (p105/50), and NF-kB2 (p100/52)—
regulate gene transcription as dimers (8, 9).
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Lymphocyte stimulation causes phosphoryl-
ation and degradation of inhibitor of kB
(IkB) proteins, leading to NF-xB nuclear
translocation and transcriptional activation.
Nuclear translocation of p65 or p50, which
constitute the NF-xB heterodimer, was

detected 5 min after T cell receptor (TCR)
stimulation in control PBLs but not in cells
treated with zZVAD (Fig. 1A and fig. S1, A to
C) (10). The difference occurred despite
CD28 costimulation, indicating a defect in
TCR signaling (Fig. 1A). Consistent with the
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anti-CD3e, anti-CD28 (2 ug/ml each), and goat antibody to mouse immunoglobulin G (1gG) (5 ug per
ml) or TNF-a (30 ng per ml) one day after transfection. Asterisk indicates P < 0.05 by the unpaired
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Fig. 2. Impaired NF-xB in lymphocytes from caspase-8-deficient humans. N, normal donor; M,
healthy mother (+/m); P1, proband (m/m); P2, affected sibling (m/m). Genotype: -+, normal; m,
mutant. (A) Quantitation of the fraction of cells by immunofluorescence confocal microscopy
showing NF-xB p65 nuclear translocation. T lymphocytes were stimulated with anti-CD3e and
anti-CD28 (1 ug/ml each) or anti-CD3e (1 ug/ml) alone. (B) Lysates from stimulated T cells,
immunoblotted for phosphorylated-IkBa (P-1xBo) and IkBo. (C) NF-kB p65 nuclear translocation
in B cells stimulated with biotinylated anti-IgG (20 pg/ml) and streptavidin (20 pg/ml),
lipopolysaccharide (LPS, 50 ug/ml), or CD40 ligand (CD40L, 2.5 pg/ml). (D) NF-kB p65 nuclear
translocation in NK cells stimulated with anti-CD16 (20 ug/ml) or 2B4 (10 pg/ml) and goat
antibody to mouse 1gG (20 pg/ml).

zVAD effect, the caspase-8-deficient Jurkat T
cell line 19.2 exhibited almost no NF-xB
nuclear translocation after TCR stimulation
compared to that in parental A3 cells (fig. S1,
D to G, and fig. S2A), with a corresponding
decrease in NF-kB nuclear binding activity
but no effect on the binding activity of the
transcription factors OCT1 or TFIID (Fig.
1B). TCR stimulation of 19.2 cells failed to in-
duce transcription from an NF-kB promoter—
driven luciferase reporter construct (Fig. 1C).
NF-xB was also defective in A3 or primary
human CD4" cells in which caspase-8 was
specifically knocked down using short hairpin
RNAs (shRNAs) (fig. S3, A to C), A3 or
mouse EL-4 T cells pretreated with zVAD
(fig. S3, D to F, and fig. S4, A to D), and in
caspase-8-deficient T cells from conditional
knockout mice (fig. S4, E and F). These
effects appeared to be selective for the TCR
signaling pathway, because tumor necrosis
factor—a (TNF-0)—induced NF-kB activation
was not affected by zVAD or caspase-8
deficiency (Fig. 1 and figs. S1 to S4).
Moreover, all other early activation events
examined were essentially unaffected (fig. S5)
(10). Together, these results suggest a selec-
tive role for caspase-8 in NF-xB activation.

We next examined NF-kB activation in
PBLs from NIH CED family 66 (4). Early
activation events in T cells were essentially
normal, but NF-xB did not translocate to the
nucleus after TCR stimulation in PBLs that
were homozygous for CED (fig. S6, Fig. 2A,
and fig. S7A). Notably, the heterozygous
mother showed no such impairment, indicat-
ing that a single functional copy of the gene
sufficed for NF-xB signaling.

Phosphorylation activates the IkB kinase
(IKK) complex, composed of the two catalytic
subunits IKKo and IKKB and a regulatory
subunit IKKy (NEMO) (8, 9). Active IKK
phosphorylates IkBo, which marks IkBa for
degradation, thereby liberating NF-xB for
nuclear translocation and transcriptional activ-
ity. However, we saw no IxBa phosphoryl-
ation or degradation in TCR-stimulated PBLs
from a CED patient (Fig. 2B and fig. S7I).
Hence, caspase-8 was necessary for NF-kB
activation after TCR stimulation.

We next evaluated NF-xB activation in B
cells and NK cells. B cells from a CED
patient failed to translocate NF-xB into the
nucleus after B cell receptor (BCR) stimula-
tion (Fig. 2C and fig. S7C). Ramos B cells,
in which caspase-8 was knocked down using
specific shRNAs, displayed a similar defect
(fig. S7, F and G). NF-kB activation induced
by lipopolysaccharide (LPS) requires signal-
ing through Toll-like receptor 4 (TLR4). In B
cells from a CED patient, but not an auto-
immune lymphoproliferative syndrome patient
bearing a Fas mutation (ALPS, Type Ia), NF-
kB nuclear translocation was abrogated after
LPS stimulation (Fig. 2C and fig. S7, C to E).
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By contrast, NF-xB could be normally
activated in CED B cells through CD40 (Fig.
2C and fig. S7C) (11). NK cells from CED
patients failed to translocate NF-xB into the
nucleus after FcyRIII or 2B4 (NK cell-
activating receptor) stimulation (Fig. 2D and
fig. S7TH). NF-kB activation proceeds normal-
ly in caspase-8-deficient mouse embryo fibro-
blasts after TNF-o or Fas stimulation (/2).
Thus, CED impairs both adaptive immuno-
receptor signaling and certain pathways of
innate immunity that activate NF-«xB.

Early TCR activation events link to NF-xB
activation through protein kinase C6 (PKCO)
activation (/3, 14). PKCO phosphorylation
recruits the CARMA1-Bcl10-MALT1 (CBM)
complex to the immunological synapse
(15, 16). This complex of adapter molecules
causes activation of the IKK complex. How-
ever, the CBM and IKK complexes do not ap-
pear to interact directly (/7), and how the signal
for NF-xB activation is conveyed between
the two is not well understood (735, 16, 18).
The amounts of active phosphorylated PKC6
were not altered by caspase-8 deficiency (fig.
S5C). In normal Jurkat cells, IKKo phospho-
rylation occurred at 5 min after TCR stimula-
tion, and IKKoa,B and IxBa phosphorylation
occurred maximally after 10 min, followed by
IxBo degradation (Fig. 3A and fig. S8A). IKK
phosphorylation coincided with the appear-
ance of in vitro kinase activity using glutathi-
one S-transferase (GST)-IkBa as a substrate
(Fig. 3B). IKK phosphorylation, IkBo, phospho-
rylation and degradation, and in vitro kinase
activity were reduced in 19.2 cells (Fig. 3, A
and B). Thus, caspase-8 acts between PKCO
and IKK in the NF-xB pathway.

We used coimmunoprecipitation and im-
munoblotting to show that TCR stimulation
induced caspase-8 to associate with the
Bcl10-MALTI1 complex followed by recruit-
ment of IKK (Fig. 3C). Formation of this
complex coincided with IKK phosphorylation
and activation at 10 min after stimulation.
Absence of caspase-8 abrogated IKKoa,p
recruitment and activation by the CBM com-
plex (Fig. 3, A and D). The adapter protein
FADD associated with caspase-8 and Bcll10-
MALTI at an earlier time (5 min) but dis-
appeared before the recruitment of IKK to
form the holocomplex (Fig. 3E). Caspase-8
appears to act before IKK, because reconsti-
tuting 19.2 cells with constitutively active IKK
restored NF-kB activation (fig. S8, B and C).
Thus, caspase-8 is integral to the assembly
and activation of the CBM-IKK complex in
response to antigen receptors.

Our observation that zVAD blocks NF-xB
activation after TCR stimulation suggests that
caspase-8 enzymatic activity may be essential.
Indeed, we found that wild-type caspase-8, but
not the catalytically inactive C360S mutant
(where Cys*® is replaced by Ser), enhanced
NF-xB responses to TCR stimulation in

www.sciencemag.org SCIENCE VOL 307 4 MARCH 2005

transfected 19.2 cells (Fig. 3F). We next tested
caspase-8 autoprocessing mutants (D210A,
D374A, and D384A) by substituting alanines
for aspartic acid residues (/0). These mutants
increased NF-xB activity in 19.2 cells after
TCR stimulation, indicating that enzymatic
activity, but not autoprocessing, was required
(Fig. 3F and fig. S8F). Consistent with this con-
clusion, only full-length forms of caspase-8,
which are known to be enzymatically active
(2, 3), were detected in the CBM complex
(Fig. 3E). We therefore used a more sensitive

REPORTS

probe, biotinylated-VAD (b-VAD), which
bonds covalently to the catalytic cysteine of
active caspases. Precipitation of b-VAD
detected a small amount of enzymatically
active full-length caspase-8 in lysates from
unstimulated T cells (Fig. 3G). TCR stimula-
tion caused activation of full-length caspase-8
and induced physical interaction with Bcl10
at times when IKK was recruited, phos-
phorylated, and active (Fig. 3G). Depletion
of the b-VAD-bound species revealed that
only a minor fraction (10 to 15%) of the total
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caspase-8 became enzymatically active after
TCR stimulation (Fig. 3H and fig. S8G).
Hence, NF-xB activation by antigen receptors
requires enzyme activity of full-length caspase-
8. In the NF-kB-activating holocomplex,
caspase-8 appears to be bound, unprocessed,
and only weakly activated, by contrast to
caspase-8 in a death-inducing complex (2, 3).
Caspase-8 now emerges both as a pivotal
molecule for death-receptor signaling and as
a selective signal transducer for NF-xB
during the early genetic response to an
antigen. This explains the requirement for
caspase activity and caspase-8 for lympho-
cyte activation and c-rel responses after an-
tigen receptor stimuli (47, 19). Full-length,
unprocessed, but active caspase-8 serves
as a crucial link for the CBM and IKK
complexes leading to NF-kB activation not
only in lymphoid cell lines, but also in
freshly isolated human lymphocytes (Fig. 3,
I and J). After antigen receptor stimulation,
MALTI1-dependent recruitment of the ubiq-
uitin ligase TRAF6 to the CBM complex
may enhance regulatory polyubiquitination
of IKKy (20, 21). IKKy ubiquitination, but
not phosphorylation of IKKo,B, occurred in
the absence of caspase-8, indicating that
ubiquitination may be necessary but not
sufficient for IKK activation (fig. S8H).

CED patients manifest certain diagnostic
criteria for ALPS, most notably impaired
lymphocyte apoptosis (22). However, the com-
bined T, B, and NK cell immunodeficiency is
not seen in ALPS patients with Fas, Fas ligand,
or caspase-10 mutations. Our findings reveal
how a single protease regulates both lympho-
cyte proliferation and programmed death
through different molecular forms. The molec-
ular mechanism we have unveiled may be
useful in understanding and treating other
varieties of immunodeficiency and disordered
lymphocyte homeostasis.
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Impaired Thermosensation in Mice
Lacking TRPV3, a Heat and

Camphor Sensor in the Skin
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Environmental temperature is thought to be directly sensed by neurons through
their projections in the skin. A subset of the mammalian transient receptor
potential (TRP) family of ion channels has been implicated in this process. These
“thermoTRPs” are activated at distinct temperature thresholds and are typically
expressed in sensory neurons. TRPV3 is activated by heat (>33°C) and, unlike
most thermoTRPs, is expressed in mouse keratinocytes. We found that TRPV3
null mice have strong deficits in responses to innocuous and noxious heat but
not in other sensory modalities; hence, TRPV3 has a specific role in
thermosensation. The natural compound camphor, which modulates sensations
of warmth in humans, proved to be a specific activator of TRPV3. Camphor
activated cultured primary keratinocytes but not sensory neurons, and this
activity was abolished in TRPV3 null mice. Therefore, heat-activated receptors
in keratinocytes are important for mammalian thermosensation.

Thermosensation is thought to be directly
mediated by sensory neurons of the dorsal
root ganglia (DRGs) that terminate as free
nerve endings within the dermal and epider-
mal layers of the skin (/). Six members of the
TRP family of ion channels are activated by
distinct thresholds of temperature (2). The
expression of most of these thermoTRPs in

DRG neurons is consistent with a role in
thermosensation. TRPV3 is activated by
warm temperatures above 33°C and exhibits
increased response at noxious higher temper-
atures (3—5). Mouse TRPV3 is distinct among
thermoTRPs because it is expressed in
keratinocytes but not in DRGs (3). TRPV4, a
related innocuous heat-activated ion channel,
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is expressed in both DRGs and skin (6-8).
The prevailing model that temperature is sensed
directly by DRG neurons calls into question
whether keratinocyte-derived TRPV3 is in-
volved in thermosensation.

To specifically determine the in vivo
function of TRPV3, we used a knockout
construct to target the mouse gene encoding
TRPV3 by deleting exons encoding the pu-
tative pore region and adjacent transmem-
brane segments five and six, essential domains
of the ion channel (fig. S1A). Mice carrying
two alleles of the TRPV3 mutation survived
through adulthood at the expected Mendelian
ratio (fig. S1B). The reverse transcription
polymerase chain reaction (RT-PCR) was
used to evaluate the expression of TRPV3 in
the mutant mice. We used two sets of primers
to evaluate TRPV3 transcripts, one pair
spanning the deleted region and another
preceding it (fig. S1, A and C) (9). TRPV3
transcript from the skin of homozygous
knockout mice was not detected with the first
pair of primers and was detected at low levels
with the second pair (fig. SIC). In contrast,
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