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The study by MacBeth et al. also rep-
resents the first structural characteriza-
tion of a monomeric metal-oxo complex
of iron. The complex that is isolated is
not the initially formed Fe(IV) species,
which results directly from splitting O,.
Rather, it is an Fe(III)-O complex that
forms after transfer of a hydrogen atom to
the intermediate complex (see the figure).
The long Fe—O bond (1.8 A) is consistent
with an Fe(III) ion and an oxide ligand,
formally O% (10). The ligand provides a
proton acceptor in the outer sphere of the
complex that participates in the net hy-
drogen atom transfer process and stabi-
lizes the oxide ligand by formation of hy-
drogen bonds.

PERSPECTIVES: IMMUNOLOGY
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The question of whether hydrogen
atoms are transferred intact or with con-
comitant partitioning into an electron and
a proton has important kinetic implica-
tions (/). The new iron compounds of
MacBeth et al. are particularly well suited
for probing these pathways because proton
acceptors are intimately involved in the
outer-sphere chemistry of their reactive
metal ion centers. The complexes thus ele-
gantly mimic the ability of some enzymes
to influence both inner and outer coordina-
tion spheres of a metal ion.

References and Notes

1. S.). Lippard and ). M. Berg, Principles of Bioinorganic
Chemistry (University Science Books, Sausalito, CA,
1994).

2. C.E.MacBeth et al,, Science 289, 938 (2000).

3. D. W. Christianson and C. A. Fierke, Acc. Chem. Res.
29,331 (1996).

4. M. W. W. Adams and E. |. Stiefel, Curr. Opin. Struct.
Biol. 4,214 (2000).

5. C. E. Laplaza and C. C. Cummins, Science 268, 861
(1995).

6. A.L.Balch et al, J. Am. Chem. Soc. 107, 3003 (1985);
). E. Penner-Hahn et al., J. Am. Chem. Soc. 108, 7819
(1986).

7. A. L. Feig and S. J. Lippard, Chem. Rev. 94, 759
(1994).

8. K. Chen and L. Que Jr., Chem. Commun., 1999, 1375
(1999); H. Zheng, S. J. Yoo, E. Munck, L. Que Jr., J. Am.
Chem. Soc. 122, 3789 (2000).

9. M. Mukai et al., J. Am. Chem. Soc. 119, 1758 (1997).

10. H.H.Thorp, Inorg. Chem. 31, 1585 (1992).

11. T. ). Meyer, J. Electrochem. Soc. 131, 221C (1984); ).
M. Mayer, Acc. Chem. Res. 31,441 (1998).

12. 1 thank T. N. Sorrell, J. L. Templeton, M. R. Gagne, and
V.A. Szalai for comments on this manuscript.

Lymphocyte Survival—
Ignorance Is BLys

Yacine Laabi and Andreas Strasser

embers of the tumor necrosis fac-
IVI tor receptor (TNFR) superfamily

and their ligands are critical regu-
lators of immune responses (/). They can
be divided into two groups according to
their intracellular structure and the types of
signaling proteins that they activate. Death
receptors (Fas, TNFR1, DR3, DR4, DRS,
and DR6) contain a death domain through
which they bind to adapter proteins such as
TRADD (TNFR-associated death domain)
or FADD (Fas-associated death domain)/
MORT1, triggering apoptosis through re-
cruitment and activation of caspase-8.
Members of the other group (TNFR2,
CD30, and CD40) lack a death domain.
They bind TRAF (TNFR-associated factor)
and activate c-Jun NH,-terminal kinase
(JNK) and the transcription factor Rel/
NF-kB, thereby promoting cell survival,
proliferation, and differentiation (7).

The functional distinction between these
two groups is not absolute. Some receptors
lacking death domains can trigger apoptosis
by inducing the expression of membrane-
anchored TNF ligand and by signaling
through TNFR1 (2). Paradoxically, death re-
ceptors can also promote proliferation un-
der certain circumstances. For example,
TNFRI1 is essential for liver regeneration af-
ter partial hepatectomy (3), and signaling
through FADD is required for mitogen-in-
duced T lymphocyte proliferation (4—6).
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A flurry of recent papers now report
that two newly identified receptors, TACI
and BCMA, and their ligands BAFF/BLys
(THANK/TALL-1) and APRIL (7-11),
have joined the TNFR superfamily. These
receptors and their ligands specifically
regulate the survival, proliferation, and

Scanning electron micrograph of a B cell.

differentiation of B lymphocytes (12-16).
Like CD40 ligand (CD40L), BAFF and
APRIL promote survival of B cells, and,
in collaboration with signals from the B
cell antigen receptor (BCR), they also reg-
ulate their proliferation and differentia-
tion. Both ligands are produced by mono-
cytes, dendritic cells, and activated T
cells. BAFF and APRIL are more closely

related to each other than to any member
of the TNF family, and each binds with
high affinity to both BCMA and TACI
(12-16). These two receptors are ex-
pressed on resting and activated B cells
(12-17). In addition, TACI has been found
on activated T cells (8), indicating that
BAFF and APRIL may regulate T cell ac-
tivity. Overexpression of BCMA activates
the transcription factors Rel/NF-xB, JNK,
Elk-1, and p38 kinase (/9). When bound
to its ligand, TACI activates Rel/NF-xB
and NF-AT (13-16, 18, 19).

Distinct pathways leading to pro-
grammed cell death are activated through
ligation of death receptors by lig-
and or through antigen receptor
cross-linking in the absence of
costimulatory signals. Fas-induced
apoptosis requires FADD and
caspase-8 and is not regulated by
the Bcl-2 protein family (see the
figure) (4, 20, 21). In contrast,
apoptosis induced by ligation of
BCR is mediated by different cas-
pases and is controlled by Bcl-2
family members (22). Signals
from antigen receptors and TNFR
superfamily members synergize
to promote lymphocyte prolifera-
tion and differentiation (22). In B
cells, this is achieved (at least in
part) by each signaling pathway
inhibiting the proapoptotic activi-
ty of the other pathway. BCR lig-
ation activates expression of FLIP
(23), a competitive inhibitor of
caspase-8 that blocks death receptor—in-
duced apoptosis (24). Conversely, ligation
of CD40, TACI, or BCMA triggers ex-
pression of Bcl-2—related proteins that in-
hibit apoptosis induced by BCR ligation
(7-9, 22).

The transcription factor Rel/NF-xB is
essential for survival and proliferation of B
cells (25). It is likely that Rel/NF-kB—me-
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diated activation of antiapoptotic members
of the Bcl-2 family accounts for the ability
of BAFF, APRIL, and CD40L to promote B
cell survival. Expression of a bcl-2 trans-
gene inhibits apoptosis induced by’ BCR
ligation in normal and Rel/NF-kB-defi-
cient B cells (22, 25). Unlike the effects of
BAFF, APRIL, or CD40L, Bcl-2 does not

SCIENCE'S COMPASS

tion (20). In contrast, neutralization of
BAFF and APRIL by soluble TACI not on-

1y abolishes germinal center formation and

high-affinity IgG production but also di-
minishes formation of mature B cells se-
creting low-affinity IgM (12-14). This sug-
gests that CD40L may be critical for T
cell-mediated B cell activation, whereas
BAFF and APRIL are

s o iy &) _| required to sustain
F ANNION o == BABE/ARRIL = e CDAOL = ssFaskussd™  1roliferation of gormi-
s BCR  ==BCMA/TACI &= CD40 == Fas (= nal center B cells and
~ AR NG for survival of mature
tif s B cells secreting IgM
A ' as well as IgG.

BH3only - in The two distinct
Bim g FADD apoptotic pathways in-
) duced by BCR or Fas
R T : = are both responsible
etz Tl 17._ R ELIP e for killing useless and
potentially dangerous
| | B cells. Upon ligation

Adapt 1
i of BCR, autoreactive
i B cells that receive no
Initiator Survival and c 3 T ce}l help (because of
caspase ; : aspase-8 the induction of T cell

P proliferation

tolerance) probably
l die because they are
Effector Effector deprived of CD40L,
caspase caspase BAFF, or APRIL. In
contrast, when activat-
ed B cells no longer
Spontaneous and FasL- and Fas-induced rec;elvc?tﬁ B(b:R S18-
BCR-induced apoptosis apoptosis nal—~cither because
the pathogen has been

A baffling view of a B cell’s life. Multiple signaling pathways regulate B
cell survival, proliferation, and differentiation. Fas-dependent apoptosis
of B cells is triggered by signaling through the B cell antigen receptor
(BCR) in the absence of costimulatory signals. Fas-independent apopto-
sis of B cells is triggered by cross-linking of BCR by antigen. BCMA and
TACI receptors and their ligands, BAFF and APRIL, provide survival signals
to activated B cells by inducing up-regulation of antiapoptotic proteins
such as Bcl-2, down-regulation of proapoptotic proteins such as Bim,
and possibly through blockade of the Fas-dependent apoptosis pathway.

promote cell division or differentiation. The
target genes of Rel/NF-kxB that mediate the
proliferative effects of TNFR superfamily
members have not yet been identified.
During the antibody (humoral) immune
response, some activated B cells develop
into foci of primary (low affinity) anti-
body-secreting cells, whereas others enter
the germinal centers of lymph nodes and
spleen. In the germinal centers, activated B
cells proliferate, their immunoglobulin (Ig)
variable region genes undergo hypermuta-
tion, they undergo selection for high-affini-
ty antigen binding sites, and they differen-
tiate into memory cells and secondary
(high affinity) IgG-secreting plasma cells
(26). Mice or humans deficient in CD40 or
CDA40L lack germinal centers and 'high-
affinity IgG antibodies to T cell-dependent
antigens but have augmented IgM produc-

eradicated or because
hypermutation has
lowered the affinity of
their BCR for the im-
munogen—they ap-
pear to be killed by
Fas ligand (FasL) ex-
pressed on activated T
cells (27). Elevated
BAFF—whether due
to injection, transgene expression, or genet-
ic predisposition—causes B cell lym-
phadenopathy, plasmacytosis, or systemic
lupus erythematosus—like autoimmune dis-
ease (9, 12, 28, 29). These diseases are
probably caused by inhibition of BCR-in-
duced apoptosis, similar to that seen in
mice expressing a bcl-2 transgene (30) or
lacking the proapoptotic Bcl-2 family mem-
ber Bim (31).

Abnormalities in cell death control pre-
dispose not only to autoimmunity but also
to cancer. Deregulated Bcl-2 expression
(whether due to chromosomal transloca-
tion or overexpression of a transgene) pro-
motes the growth of lymphomas, particu-
larly in combination with mutations that
perturb cell cycle control (32, 33). It is
possible that abnormal regulation of TACI
or BCMA signaling may also contribute to

the development of tumors. BCMA was
originally identified in a human T cell
lymphoma in which the BCMA gene was
fused (through chromosomal transloca-
tion) to the interleukin-2 gene (34).
Growth of this tumor may have been pro-
moted by BAFF or APRIL through either
autocrine or paracrine stimulation. Many
MALT (mucosa-associated lymphatic tis-
sue) B lymphomas are eliminated by eradi-
cation of Helicobacter pylori through an-
tibiotic treatment. This indicates that tu-
mor growth requires stimulation by in-
flammatory cells (35). The development of
tumors from mature B cells (induced by
injection of mineral oil into BALB/c mice)
is thought to be due to production of a
growth factor by the chronically inflamed
tissue (36). Human Burkitt lymphoma
cells require signals from monocytes to
survive and proliferate in vivo and in vitro
(37). It is possible that either BAFF or
APRIL is the growth stimulus in these
pathological conditions. This suggests that
drugs that inhibit the action of BAFF and
APRIL may be useful for the treatment not
only of autoimmune diseases (12) but also
of B lymphoid malignancies.
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