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A Lym photoxin- p-Specific Receptor 
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Carl F. Ware,* Catherine Hession, Barbara Ehrenfels, 
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Craig A. Smith 

Tumor necrosisfactor (TNF) and lymphotoxin-a (LT-a) are members of afamily of secreted 
and cell surface cytokines that participate in the regulation of immune and inflammatory 
responses. The cell surface form of LT-a is assembled during biosynthesis as a hetero- 
meric complex with lymphotoxin-p (LT-p), a type II transmembrane protein that is another 
member of the TNF ligand family. Secreted LT-a is a homotrimer that binds to distinct TNF 
receptors of 60 and 80 kilodaltons; however, these receptors do not recognize the major 
cell surface LT-a-LT-p complex. A receptor specific for human LT-p was identified, which 
suggests that cell surface LT may have functions that are distinct from those of secreted 
LT-a. 

T h e  TNF ligand family encompasses a 
large group of secreted and cell surface 
proteins that may affect the regulation of 
inflammatory and immune responses (1 ) . 
Secreted forms of TNF and lymphotoxin-a 
(LT-a, previously referred to as TNF-P) are 
homotrimers (2) that initiate similar spec- 
tra of cellular responses by binding to two 
specific cell surface receptors of 60 and 80 
kD (TNF&, and TNFR,,) (3). Membrane 
TNF, a type I1 transmembrane protein, is 
the precursor of secreted TNF (4); in con- 
trast, cell surface LT is structurally different 
from secreted LT-a and TNF, which sug- 
gests that it may not bind to TNFR6, or 
TNFR,,. Cell surface LT is a heteromeric 
complex composed of LT-a and LT-P sub- 
units (5). Lymphotoxin-P is a type I1 trans- 
membrane member of the TNF ligand family 
that provides the membrane anchor for the 
attachment of the heteromeric complex to 
the cell surface (6). To test if LT-P confers 
distinct receptor binding properties to the 
cell surface LT-a-LT-P complex, we used 
soluble versions of the TNFRs [engineered as 
fusion proteins between the ligand binding 
domain of TNFR and the Fc region of 
immunoglobulin G1 (IgG1) (TNFR:Fc) ] as 
probes for membrane-bound cytokines (7). 

Cell surface LT and TNF were rapidly 
induced on the human CD4+ T cell hybrid- 
oma 11-23 by phorbol myristate acetate 
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(PMA), as detected by fluorescence stain- 
ing with specific monoclonal antibodies 
(mAbs) (Fig. 1A) (8). Membrane TNF 
expression peaked 3 to 4 hours after stimu- 
lation with PMA and declined rapidly. In 
contrast, cell surface LT expression was 
maximal 6 to 8 hours after stimulation and 
remained detectable for more than 24 hours 
(Fig. 1B). The TNFR6,:Fc and TNFR,,:Fc 
chimeric proteins had similar staining pat- 
terns on 11-23 cells activated for 6 hours 
with PMA (Fig. 1C). To determine which 
cell surface ligands bind TNF&,:Fc, we 
used LT-a mAb (9B9) or TNF mAb 
(104C) competitively for staining of PMA- 
activated 11-23 cells. Both of these mAbs 
block binding of the soluble ligands to 
TNFRs and directly neutralize cytotoxic 
function (9). In the presence of saturating 
concentrations of competitor mAb, specific 
staining for TNF&,:Fc was partially 
blocked with an LT-a mAb (Fig. ID) and 
more efficiently with a TNF mAb (Fig. lE), 
which indicates that membrane TNF binds 
to TNF&,. The latter finding is consistent 
with reports that membrane TNF is cyto- 
toxic (4); however, these results also sug- 
gest that a less abundant form of the cell 
surface LT-a-LT-P complex may also be a 
ligand for TNF&, (Fig. ID). In contrast, 
TNF&,:Fc (or TNFR,,:Fc) did not bind to 
11-23 cells 24 hours after activation (Fig. 
IF), despite the presence of substantial 
antigen detectable with LT-a mAb (com- 
pare to Fig. 1B). 

These findings raised the possibility that 
a receptor other than TNFR,, and TNF&, 
may recognize the major form of cell surface 
LT and prompted us to test other members 
of the TNFR family (3) for binding to cell 
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surface LT. We found that an Fc fusion 
construct of the TNF receptor-related pro- 
tein (TNFRrp), a complementary DNA 
(cDNA) with sequence similarity to TNFR 
(lo), bound 11-23 cells when TNFR6,:Fc 
binding was low (Fig. IF). Antibodies to 
TNF or LT-a did not block binding of 
TNFRrp:Fc to 11-23 cells activated for 4 
hours with PMA, and TNFRrp:Fc did not 
bind or neutralize cytotoxicity mediated by 
secreted LT-a or TNF (1 I ) ,  which provides 
additional evidence that TNF and LT-a are 
not ligands for TNFRrp. 

The ligands recognized by TNFR:Fc and 
TNFRrp:Fc in biosynthetically labeled 11-23 
extracts were identified by receptor-mediat- 
ed ligand precipitation (RMLP) with the use 
of the Fc fusion proteins in a manner anal- 
ogous to that of antibodies in imrnunopre- 
cipitation (8, 12). Both TNF&,:Fc and 
LT-a mAb, but not TNFRrp:Fc, efficiently 
precipitated the LT-a (25 kD) that was 
secreted by 11-23 cells (Fig. 2A). In the 
cell-associated fraction, which contains both 
LT-a homotrimers and LT-a-LT-P hetero- 
meric complexes, TNF&,:Fc coprecipitated 
LT-a (21 to 25 kD) and a small amount of 
LT-P (33 kD) (Fig. 2B). The band at 2 1 kD 
has previously been shown to be a precursor 
of mature LT-a (5). A second round of 
RMLP with TNF&,:Fc failed to bind any 
additional ligand from this extract (Fig. 2B). 
In contrast, a third round of RMLP with 
TNFRrp:Fc bound an abundant amount of 
LT-a-LT-P complexes. In the reciprocal 
RMLP experiment, TNFRrp:Fc precleared a 
major fraction of the LT-a-LT-P complexes 
(Fig. 2B) but did not bind the complexes 
recognized by TNF&,:Fc. 

To unambiguously determine the speci- 
ficity of TNFR:Fc and TNFRrp:Fc, we used 
recombinant baculovirus encoding either 
LT-a or a soluble form of LT-P to produce 
secreted LT-a-LT-P complexes by co-in- 
fection of BTI-TN-5B1-4 insect cells (12, 
13). Soluble LT-P was created by deletion 
of the cytoplasmic and transmembrane re- 
gions and replacement with a type I leader 
sequence and a c-Myc decapeptide epitope 
(sLTPmyc) for detection with a mAb to 
Myc (14). RMLP analysis with either 
TNF&,:Fc or TNFRrp:Fc of the ligands 
secreted by co-infected insect cells showed 
coprecipitation of LT-a and sLTPmyc pro- 
teins (Fig. 2C). In contrast, TNFRrp:Fc, 
but not TNF&,:Fc, precipitated sLTPmyc 
from supernatants of cells infected with 
sLTPmyc virus alone (Fig. ZD), which in- 
dicates that TNFRrp:Fc is specific for LT-P. 
In light of the inability of TNFRrp to bind 
TNF or LT-a, we propose the more descrip- 
tive term LT-PR to denote this receptor. 

LT-PR contains a cysteine-rich motif 
characteristic of the TNF-nerve growth 
factor family of transmembrane receptors 
homologous to TNFR,, and TNFR,,. The 
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Fig. 1. Detection of TNF, LT-a, 
and LT-P on the surface of 11-23 T 
cells by flow cytometry (22). Cells 
activated with PMA (25 nglml) for 
4 hours (A) or 24 hours (B) were 
stained with mAbs to LT-a or TNF 
and PE-labeled goat antibody to 
mouse IgG (mlgG). (C) Cells ac- 
tivated with PMA for 6 hours were 

hulgG h u l g ~  stained with TNFR,,:Fc (p6O:Fc) 
p60:~c + anti-LT-a Or TNFRso:Fc (p80:Fc) and goat ' 5 [A :$::; I,,',, p60:Fc antibody to human IgG-PE 

(hulgG). Cells treated with PMA - - for 6 hours were first incubated 
with mAbs to LT-(Y. (D) or TNF (E) 
(25 pglml) as competitors, then 
stained with p6O:Fc (2 pglml) and 
goat antibody to human IgG-PE. 
(F) 11-23 cells activated with PMA 

hulgG hulgG for 24 hours were stained with 
p6O:Fc + anti-TNF 

up6O:Fc 1 TNFRrp:Fc 
q p6O:Fc 

p6O:Fc or TNFRrp:Fc and goat 
antibody to human IgG-PE. 

Fluorescence intensity 

ligand binding domain of LT-PR is similar 
to that of TNFR,, in the positional arrange- 
ment of cysteine residues in a CXXCXXC 
motif (where X is any amino acid) and the 
predicted size of the loops created by the 
disulfide bonds in domains 1 and 2; the 
latter is the major contact domain for LT-a 
(15). In contrast, domains 3 and 4 of 
LT-PR resemble those of TNFR,, in the 
positioning of the cysteine residues and by 
the presence of a dramatically shortened 
loop 1 (5 versus 15 residues). An additional 
similarity between LT-PR and TNFR,, is 
the membrane-proximal proline-rich region 
in the extracellular domain, which is 
thought to form a stalk extending the re- 
ceptor from the cell surface. The cytoplas- 
mic region of LT-PR has little sequence 
similarity with other members of the recep- 
tor family, which suggests that the mecha- 
nisms used to signal cellular responses may 
diverge from TNFR. The LT-PR has some 
similarity (over a short span) to the "death 
domain," which is present in Fas (16) and 
TNF&, (17); it is not yet known whether 
LT-P ligands mediate apoptosis or cytotox- 
icity. The gene that encodes LT-PR spans 
-9 kb with an exon organization similar to 
that of TNFR,, and is located on 12p13 as 
a cluster with CD27 and TNFR,, (1 8). 

Our data indicate that LT-a and LT-P 
combine to form soluble or membrane-an- 
chored ligands that differ in receptor speci- 
ficity. Secreted LT-a is a compact trimer 
with three identical receptor binding sites 
located in the surface cleft between neigh- 
boring subunits primarily in the a-arr and d-e 
loops found on opposite sides of each subunit 
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(1 5, 19). Structural similarity and molecular 
modeling indicate that LT-P may have a 
molecular architecture similar to that of 
LT-a, which suggests that a model for the 
surface LT complex should be a trimer in 
which subunits can assemble to form two 
complexes, LTalP2 and LTa2P1. Cross- 
linking studies provided evidence for a stoi- 
chiometry of LTa1P2 for the major cell 
surface LT complex (5). However, amino 
acids in LT-P corresponding to TNF&, 
contact residues of LT-a are not highly 
conserved, which predicts that a cleft 
formed between the LT-P and LT-a sub- 
units in LTa1P2 may not preserve the 
TNF&, binding site. The data presented 
here indicate that TNF&,:Fc does not bind 
the major cell surface LT complex but rather 
binds a distinct complex with a predicted 
subunit ratio of LTa2P1. In contrast, LT- 
PR:Fc binds to the major cell surface LT 
complex and to sLTPmyc but not to the 
ligands recognized by TNF&,:Fc. The li- 
gands that bind to LT-PR:Fc, LTalP2, and 
sLTPmyc are predicted to have a common 
cleft formed by neighboring LT-P subunits, 
analogous to the TNF&, binding site 
formed by adjacent LT-a subunits. 

The multivalent ligands TNF and LT-a 
probably initiate cellular responses by in- 
ducing aggregation (clustering) of TNFR,, 
or TNFR,, (20). The model predicts that 
each LT-a-LT-P heterotrimer has a single 
receptor binding site composed of either an 
aa or pp cleft and two distinct,aP clefts. 
Theoretically, these heteromeric ligands 
would be unable to induce clustering of either 
TNF&, or LT-PR and thus may function as 



Fig. 2. Receptor-mediat- 
ed ligand precipitation 
(RMLP) of LTu4T-fi 
complexes. (A) Ligands 
secreted by 11-23 cells. 
Culture supernatants from 
11-23 T cells were treated 
with PMA (25 nglml) for 4 
hours and labeled with a 
mixture of PSImethion- 
ine and [35S]cysteine for 
15 min and subjected 
to immunoprecipitation 
with antibodies to either 
LT-a (lane 2) or TNF 
(lane 3) or RMLP with 
TNF&:Fc (p6O:Fc) (lane 
5) or TNFRrp:Fc (lane 6). 
Also shown are nonspe- 
cific precipitations with 
norrnal rabbit serum 
(NRS) (lane 1) or normal 
human IgG (hulgG) (lane 
4). Precipitated proteins 
were resolved by reduc- e -STpmyc 
ing SDS-polyactylamide 21 
gel electrophoresis (SDS- . . O "L ' LT-a 

PAGE) (12% gel) and vi- l4 

sualized by autoradiira- 14 
phy. Molecular size stan- 1 2  1 2 3 4 5 6  
dards (in kilodaltons) are 
shcm at left. TNF was not visualized here because of its small amount. (B) Two populations of cell 
surface L T d T - p  complexes revealed by RMLP. 11-23 cells activated and labeled as described above 
were extracted with detergent and subjected to RMLP by first predearing hnrice with p6O:Fc (lanes 2 and 
3) and then precipitation with TNFRrp:Fc (lane 4); alternatively, the samples were reciprocally predeared 
with TNFRrp:Fc (lanes 5 and 6) and then by p6O:Fc (lane 7). Nonspecific precipitation with norrnal human 
IgG is shawn in lane 1. TNF was not visualized here because detergent dissociates the subunits (30), 
preventing binding to TNF&:Fc. (C) RMLP of soluble LTu-sLTpmyc complexes. Culture supernatants 
(1 ml) from BTI-TN-561-4 cells co-infected with LTu and sLTfimyc baculoviruses for 4 days (12) were 
subwed to RMLP with 5 pg of either @:Fc (lane 1) or TNFRrp:Fc (lane 2). Proteins were analyzed by 
nonreducing SDS-PAGE (15% gel) and visualized by staining with Coornassie brilliant blue dye. (D) 
TNFRrp:Fc spec i f i i  for LT-p. Culture supematants from BTI-TN-5B14 cells infected with sLTpmyc 
baculovirus and biisynthetiically labeled with a mixture of PSImethionine and PS]cysteine (12) were 
subjected to irnmunoprecipitation with mAb to either LTu (lane 2) or Myc (9E10) (lane 3) or to RMLP with 
either @:Fc (lane 4) or TNFRrp:Fc (lane 6). Nonspecific precipitations with control murine IgG (lane 1) 
or normal human IgG (lane 5) are sham. 

membrane-anchored antagonists of TNF or 
LT-a homotrimers or of a vutative LT-B 
homotrimer. Alternatively, l&-&ty bini- 
ing to the a$ clefts by either TNFR or LT-$R 
may be suthcient to induce receptor aggrega- 
tion. Another possibility that cannot be ex- 
cluded is the existence of a receptor specific 
for the a$ clefts of LTqPl or LTa,$,, 
enabling these llgands to induce coclustering 
of distinct receptors including TNFR+,,,, m, or LT-$R. The expression of cell 
surface LTu-LT-8 complexes by activated 
lymphocytes, such as cytotoxic T cells and 
interleukin-2 (IL-2)-stimulated natural killer 
cells (21), suggests the potential for these 
ligands to function as positive or negative 
regulators in inflammatory and immune re- 
smnses. In this reeard. members of the TNF 
ligand and receptor families appear to have 
important but divergent roles in immune 
regulation (22, 23). Targeted knockout of 
the murine LT-a gene disrupts peripheral 

lymphoid organ development (24). In con- 
trast, genetic knockout of either TNF%, 
(23) or TNF$, (25) does not result in a 
similar phenotype, which suggests a role for 
the surface LT-a-LT-$ complex and the 
LT-$R in immune development. 
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body to human IgG, goat antibody to mouse 31. Supported in part by grants (to C.F.W.) from the Before the first niolt in captivity, all crabs had 
IgG, or goat antibody to rabbit IgG (Calbiochem, American Cancer Society (lM663) and the Tobac- full use of both claws and were fed an excess of 
San Diego, CA) for 30 min. Similar concentra- co Surtax Fund of the State of California through small, intact mussels ( ~ ~ ~ 1 ~ )  well below the tions of isotype-matched control antibodies or the Tobacco-Related Diseases Research Pro- 
normal rabbit serum were used to determine gram (RT0261). maximum size they could crush. After the first 
nonspecific staining. Analyses were done with a molt, by which time crabs were nearing ma- 
FACScan instrument and LYSlS l l  software (Bec- 11 January 1994; accepted 14 March 1994 turity, all crabs were placed on their respec- 

tive ex~erimental diets. Crabs on a hard diet 
(H) received intact, closed mussels within 

Effects of Manipulated Diet on Size and 20% of the maximum size they could crush 

Performance of Brachyuran Crab Claws (22). Those on a soft diet (S) received simi- 
larly sized, opened mussels, where the flesh 
was' easilv accessible. For half of the individ- 

L. David Smith*"fnd A. Richard Palmer 
Crabs grown experimentally on fully shelled prey developed larger and stronger claws than 
those raised on nutritionally equivalent unshelled prey. When one claw was immobilized, claws 
also became asymmetrical. These use-induced changes differ from skeletal remodelling in 
vertebrates and many invertebrates because changes in the rigid exoskeleton can occur only 
after molting, and claw muscle mass must be reduced substantially before the molt. Such 
short-term adaptive responses to environmental stimuli, if heritable, could yield long-term 
evolutionary changes in claw size and, if combined with behavioral biases toward one side 
(handedness), could also promote the evolution of claw dimorphism. 

T h e  form of biological structures can be 
developmentally sensitive or insensitive to 
environmental conditions. Plasticity, howev- 
er, may be either adaptive or nonadaptive 
depending on whether fitness is altered in 
individuals whose form has changed (1,2). In 
addition, plasticity may either accelerate the 
rate of evolution by generating phenotypic 
variation or retard it by reducing the concor- 
dance between genotypes and phenotypes (3- 
5). Phenotypic plasticity can thus be signifi- 
cant on both ecological and evolutionary time 
scales. Although numerous predators induce 
changes that make prey more resistant (6-8), 
relatively little is known about how sensitive 
 reda at or form is to differences in Drev toueh- - ,  - 
ness, because previous studies have had diffi- 
culty separating nutritional effects from use- 
il'lduced effects in fishes (9-1 1) and insects 
(1 2). Adaptive plasticity in predator feeding 
structures may have contributed to the co- 
evolutionary arms race between durophagous 
predators and shelled prey (1 3). 

We tested the effect of diet toughness 
on both claw form and performance of 
the brachyuran crab, Cancer productus. 
Brachyuran crabs include many ecologically 
important predators that use their claws to 
subjugate shelled prey (14). Claw size and 
leverage properties determine crushing 
force (1 5, 16), and induction or reversal of 
claw asymmetry after autotomy in certain 

Department of Zoology, University of Alberta, Edmon- 
ton, Alberta, T6G 2E9, and Bamfield Marine Station, 
Bamfield, British Columbia VOR 1 BO, Canada. 

*Present address: Smithsonian Environmental Re- 
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heterochelous species suggests substantial 
developmental lability (1 7-1 9). But be- 
cause of constraints imposed on muscle 
volume by a rigid exoskeleton and because 
of extensive muscle atrophy before molting, 
we don't know whether differential use can 
affect subsequent form in crustaceans. 

Cancer productw is a common molluscivo- 
rous crab in estuaries and bays of the north- 
eastern Pacific Ocean (20). Field-collected 
juveniles were held in running-seawater 
aquaria at the Bamfield Marine Station, Barn- 
field, British Columbia (2 1). Roughly equal 
numbers of male and female crabs were as- 

uals on each diet type, either a right or left 
claw was elued closed at random with cv- 
anoacr-ylat; glue within 48 hours after the firit 
and all subsequent molts in captivity. By using 
only Mya'lw as food, we avoided potentially 
confounding nutritional differences among 
treatments that have complicated interpreta- 
tion of diet-induced effects elsewhere (9, 11, 
12). Crabs were reared through one or two - 
entire intermolt cycles on the experimental 
diets, and crushing forces were measured after 
the second molt (23). Claw measurements 
were obtained from preserved exoskeletons 
(24). , . >  

We examined the effects of diet toughness 
on relative claw size by computing the approx- 
imate volume of the manus (the portion of 
the claw excluding the fingers) (24) for each 
molt of each crab and adjusting for differences 
in overall crab size (25). For one analysis, we 
also computed a standardized claw size by 
adjusting for differences in relative claw size 
among individuals in the pretreatment molt. 
Differences in relative claw size among the 
six treatments (note that elued and free u 

claws in the one-claw glued treatments 
were analyzed separately) were tested with 

Table 1. Sample sizes, carapace widths, and intermolt durations of C. productus used in the 
experiments. (See legend to Fig. 1 for a description of "Origin of molt" categories and experimental 
group labels.) nr,  not relevant. 

Origin of molt 

Field Pre-treat- 
ment Expt. 1 Expt. 2 

Number of crabs in each treatment* 
Hard diet, both claws free (H2) 12 12 8 8 
Soft diet, both claws free (S2) 13 13 11 5 
Hard diet, one claw glued ( H I )  13 13 10 8 
Soft diet, one claw glued (Sl) 13 13 12 7 

Total 

Mean 
Carapace width (mm)? 

32.8 44.0 57.3 68.6 
Standard error 0.80 1.10 1.65 2.18 

Mean 
Standard error 

Intermolt duration (days) 
nr  31.7 52.0 75.9 

1.91 2.12 5.97 

*For treatments H I  and S1, the number of claws per analysis was equal to the number of crabs, but for H2 and 
S2, it was twice the number of crabs. ?Carapace widths did not differ between sexes nor among treatments 
at any of the four molts (P > 0.2, two-way ANOVA, Sex X Treatment for each molt). 
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