immunodominant region of the autoantigen
MBP. This may provide insight into the
molecular mechanisms of MS and help in
the design of new specific therapeutic ap-
proaches.
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A Receptor for Tumor Necrosis Factor Defines an
Unusual Family of Cellular and Viral Proteins

CraiG A. SMITH,* TERRI DAvis, DIRK ANDERSON, LISABETH SOLAM,
M. PaTtriciA BECKMANN, RitA JERZY, STEVEN K. DOWER,
Davib CosMAN; RAYMOND G. GOODWIN

Tumor necrosis factor a and B (TNF-a and TNF-8) bind surface receptors on a variety
of cell types to mediate a wide range of immunological responses, inflammatory
reactions, and anti-tumor effects. A cDNA clone encoding an integral membrane
protein of 461 amino acids was isolated from a human lung fibroblast library by direct
expression screening with radiolabeled TNF-a. The encoded receptor was also able to
bind TNF-B. The predicted cysteine-rich extracellular domain has extensive sequence
similarity with five proteins, including nerve growth factor receptor and a transcrip-
tionally active open reading frame from Shope fibroma virus, and thus defines a family

of receptors.

UMOR NECROSIS FACTOR o (TNF-a,

cachectin) and B (TNF-B, lympho-

toxin) are structurally and function-
ally homologous proteins secreted by acti-
vated macrophages and lymphocytes, re-
spectively (1). These cytokines have pleio-
tropic activities in vitro and in vivo,
including cytotoxic effects against tumors
and virus-infected cells, stimulation of inter-
leukin-1 secretion, stimulation of prostagla-
din E2 and collagen production, inhibition
of lipogenic gene expression in adipocytes,
and stimulation of various immune effector
cells (2). Clinical interest has focused on
TNF because it appears to be a common
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mediator of inflammation, -endotoxin-in-
duced shock (1), and the wasting syndrome
commonly observed in chronic infections
and neoplastic disease (3). TNF receptors
appear on virtually all somatic cells (1), and
generally the ligands cross-compete for
binding (4), suggesting they share a com-
mon receptor. As an aid to studying the
TNF system in molecular detail, we isolated
a ¢cDNA clone of the receptor.

The SV40-transformed human lung fi-
broblast cell line WI26-VA4 was used as a
source of mRNA for construction of a
cDNA library. This cell line binds both
TNF-a and -B and displays multiple affinity
classes; approximately 23,000 binding sites
per cell (N) were detected with 151 TNF-a
that could be fit to two. affinity classes, low
(Ka; = 0.16 = 0.10 nM ™!, Ny = 19,700 =
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4,800) and high (K, = 6.2 = 3.9 nM™},
N, = 3,000 = 1,400) (Fig. 1A). TNF-B
binds with lower affinity than TNF-a and
the ligands cross-compete for binding (Fig.
1B). Double-stranded cDNA was synthe-
sized by standard procedures, inserted into
the mammalian expression vector pDC302
(5) and a TNF receptor clone isolated by a
direct expression approach. Plasmid DNA
from about 1000 Escherichia coli (DH5a)
transformants were pooled, transfected into
COS cells, and screened by contact autoradi-
ography (6), which detects positive pools by
the ability of those COS cells expressing
TNF receptor inserts to bind '’I-labeled
TNF-a. After screening 175,000 clones, one
positive pool (#737) was obtained, subdi-
vided, and converged to a single clone in
two cycles of this procedure. By autoradio-
graphic plate binding (6), the pure clone
when transfected into COS cells expressed a
receptor that bound both '”I-TNF-a and
-B; binding of either ligand was completely
inhibited by a 200-fold excess of the same or
homologous unlabeled cytokine (7). Quan-
titative in situ binding studies of the COS-
expressed receptor with '“I-TNF-a agreed
with these results and showed the binding to
be complex (Fig. 1C). As with the native

(r/C) x10"

Inhibition (%)

WI126-V A4 receptor, the recombinant COS
receptor  displayed both low (K, =
0.18+0.06 nM™') and high (K =
10.1 = 1.0 nM™") affinity classes for '*I-
TNF-a. TNF-B bound with lower affinity
and competitively inhibited '*I-TNF-a
binding (Fig. 1D). Thus, ligand binding
properties of both the native and recombi-
nant receptor appear similar. The origin of
the multiple affinity classes for TNF-a is
unclear. Indeed, most workers (1, 4, 8, 9),
but not all (10), have reported monophasic
Scatchard plots for TNF-a. However, TNF-
a is predominantly a homotrimer (11) and
therefore intrinsically capable of multivalent
binding. In one report (12), differential bio-
logical effects could be related to biphasic
binding of TNF-o. While not necessarily
sharing a common origin, multiple affinity
classes are a common feature of many recep-
tor systems (13).

The isolated TNF receptor cDNA was
used as a probe to analyze the mRNA
expressed in a variety of cell lines and tissues
(Fig. 2). A single size class of transcripts of
~4.5 kb was detected in WI26-VA4, Raji
cells (a B lymphoblastoid line), LPS-stimu-
lated peripheral blood monocytes (PBM),
induced peripheral blood T cells (PBL), and
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Fig. 1. TNF binding characteristics of native and recombinant TNF receptors (31). (A) Direct binding
of "I-TNF-a to WI26-VA4 cells (Scatchard coordinate system). (B) Inhibition of '**I-TNF-a
binding to WI26-VA4 cells by unlabeled TNF-a (®) and TNF-B (O). TNF-a inhibition: Ky ; (low
affinity) = 1.6 * 0.2 nM; K  (high affinity) = 0.8 = 0.1 pM. TNF-B inhibition: K; ; (low affinity) =
0.29 + 0.06 nM; K, (high affinity) = 1.3 + 0.6 pM. (C) Direct binding of '*I-TNF-a to
recombinant (COS) TNF receptor. (D) High affinity site inhibition of '>IF-TNF-a binding to
recombinant (COS) TNF receptor by unlabeled TNF-a (®) or -8 (O). K; (o) = 6.7 = 2.9 nM; K; (B)

= 3.3 0.8 nM. C, free concentration of TNF (molar); r, molecules of TNF bound

per cell. All

parameter values are * standard error. Data fit to one or two site models as described (32).
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Fig. 2. RNA blot analy- b

sis of TNF receptor § £ 2

mRNA. Polyadenylated b ES = =28
e

RNA (3.5 pg) was used
from each source, except
placental tissue (5 pg to-
tal RNA). PBL were cul-
tured for 6 days in IL-2
and OKT3 monoclonal
antibody, then restimu-
lated for 8 hours with
conconavalin A (Con A)
and PMA (6). RNA was
fractionated on a 1.1%
agarose-formaldehyde gel, blotted onto Hybond-
N (Amersham), and hybridized with a labeled
antisense RNA probe prepared from the 630-bp
Not I-Bgl II fragment of the TNF receptor
cDNA that had been subcloned into a Bluescript
plasmid (Stratagene). Filter hybridization and
washing conditions were as described (5). Vari-
able exposure times were used in preparing the

figure.
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placental tissue. A transcript of slightly larg-
er size (~5.0 kb) was detected in thymic
tissue, and splenic tissue contained tran-
scripts of both size classes. The origin of
these differences is not clear, but the pres-
ence of TNF receptor transcripts in these
different cells is consistent with the near
ubiquitous distribution of the receptor.
The 3.7-kb insert of clone 737 was sub-
cloned and sequenced (5) (Fig. 3). The
cDNA contains a string of adenines at the 3’
end and an upstream consensus polyadenyl-
ation signal. The discrepancy between the
size of the isolated cDNA and that of the
transcripts estimated from Northern analysis
may be due to a deficiency of 5’ sequences in
this clone. It is also possible that alternative
polyadenylation signals are utilized. Up-
stream of the polyadenylation site is a 299-
bp segment that has homology to the Alu
family of repetitive sequences (14). The se-
quence contains a single large open reading
frame encoding 461 amino acids with fea-
tures typical of an integral membrane pro-
tein (15). The initiating methionine pre-
cedes 22 hydrophobic residues characteristic
of a leader sequence; the most probable
cleavage site (16) predicts Leu® as the
mature NH,-terminus. Another hydropho-
bic region of 30 amino acids is located
between residues 258 and 287, bordered by
charged residues at either end (Asp?’ and
Lys?82%)_ consistent with a transmembrane
segment that makes a single helical span.
Immediately upstream of this element is a
region of 57 amino acids rich in threonine,
serine, and proline residues. Such a compo-
sition is indicative of O-linked glycosylation
sites containing sialic acid and is found in
similar extracellular regions of several recep-
tors, including those for nerve growth factor
(NGF) (17) and low density lipoprotein
(LDL) (18). The NH,-terminal 162 amino
acids (positions 39 to 200) are rich in
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cysteines (22 residues) and also contain two
potential N-linked glycosylation sites. The
receptor terminates in a cytoplasmic domain
of 174 amino acids, rich in serines (18%),
six of which are contiguous. Five cysteines
and one potential N-linked glycosylation
site are also present in this domain.

A computer search of several sequence
databases (19) queried with the entire 439-
residue sequence of the mature TNF recep-
tor revealed five proteins with striking simi-
larity: human and rat NGF receptor, CD40,

cDNA clone 4-1BB, and T2 (Fig. 4). Four
of these are transmembrane proteins, two of
which are known receptors (for human and
rat NGF). CD40 is a B cell-localized surface
antigen, found also on neoplastic cells of
epithelial origin, that becomes phosphoryl-
ated in the cytoplasmic domain after bind-
ing the CD40-specific monoclonal antibody
G28-5 (20). Clone 4-1BB was identified as a
murine cDNA from induced helper and
cytolytic T cell clones (21). Both molecules
have been suggested to be cytokine recep-

200bp
Yo e T
|

B

1 MAPVAVWAAL AVGLELWAAA HALPAQVAFT PYAPEPGSTg RLREYYDQTA

51 QMS&SKCSPG QHAKVFSTKT SDTngSgED STYTQLWNWV PEELSgGSRg
101 SSDQVETQAg TREQNRIng RPGWYgALSK QEGgRLgAPL RKgRPGFGVA
151 RPGTETSDVV gKPgAPGTFS gggSSTDIgR PHQISNVVAI PGEQgMDAVg
201 TSTSPTRSMA PGAVHLPQPV STRSQHTQPT PEPSTAPSTS FLLPMGPSPP
251 AEGSTGﬂFAL PVGLIVGVTA LGLLIIGVVN SVIMTQVKKK PLELQREAKV
301 PHLPADKARG TQGPEQQHLL ITAPSSSSSS LESSASALDR RAPTRNQPQA
351 PGVEASGAGE ARASTGSSDS SPGGHGTQngggSIVNvgss SDHSSQgSSQ
401 ASSTMGDTDS SPSESPKDEQ VPFSKEEgAF RSQLETPETL LGSTEEKPLP
451 LGVPDAGMKP S

Fig. 3. Sequence of the human TNF receptor cDNA clone. (A) Schematic representation and
restriction map of the cDNA. The entire coding region is boxed. The leader is hatched, the cysteine-rich
region is shown stippled, and the transmembrane segment is solid. B = Bgl II; P = Pvu IL. (B) The
deduced amino acid sequence of cDNA coding region. The leader region is singly underlined, the
transmembrane domain is shown boxed, potential N-linked glycosylation sites are doubly underlined,
and cysteines are identified by an asterisk. The entire nucleotide sequence is available upon request and
has been deposited at GenBank, accession number M32315.

Fig. 4. Sequence similarities

among the TNF receptor 'smum 07 L
superfamily. Consensus huCD40 (25) A E
alignment of residues from huNGFR  (3) T
the cysteine-rich regions of mﬂ?g: (1(3; g
human TNF  receptor
(huTNFR), T2 open read-
ing frame of Shope fibroma ~ "un}
virus  (SFV-T2), human huCD40
CD40 (huCD40), human huNGFR
and rat nerve growth factor m::_ ?:g
receptor (huNGFR  and
tNGFR), and murine
cDNA clone 4-1BB (mu4- huTNER
1BB). Numbers at NH,- SFV-T2
and COOH-termini refer to huCD40
residues as cited in publica- m:]r:gg
tions describing cDNA  muw-1BB
cloning (17, 20, 21, 22),
numbers at top right of each
block mark residues from huTNFR
NH,-terminus at top left. :ngz
Shaded  residues  reflect NGFR
those common to huTNF INGFR
mud-1BB

receptor and at least one
other protein. Cysteines are in bold, and boxe:
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tors for unidentified ligands. All identity
between these four proteins is localized to
the cysteine-rich regions of the extracellular
domains; no homology was detected be-
tween the TNF receptor cytoplasmic do-
main and any proteins in the database. T2 is
a transcriptionally active open reading frame
from the Shope fibroma virus (SFV), a
poxvirus that produces invasive malignan-
cies in newborn rabbits (22). Although
dominated by 22 conserved cysteines, the
alignment is also reinforced by other con-
served amino acids, particularly tyrosine,
glycine, and proline. Thus, the extracellular
domains of these molecules, presumably
heavily disulfide bonded, probably share a
common structural motif. Central to this
motif would appear to be repeating homolo-
gous domains. Several groups have shown
that the cysteine-rich regions of NGF recep-
tor and CD40 can be resolved into either
pseudo twofold repeats of about 80 amino
acids or pseudo fourfold repeats of about 40
residues (17, 20). Similar repeats can be
shown with the TNF receptor and T2,
consistent with all these genes having arisen
by duplication and divergence from a com-
mon gene. Since both NGF and TNF are
oligomeric, repeating substructures in their
receptors may aid in binding and predicts
that the putative ligands for CD40 and 4-
1BB may also be oligomers. The net charge
associated with the cysteine-rich domains of
these family members varies (—19 for NGF
receptor; +1 for TNF receptor), which may
be related to ligand specificity. Presumably,
it is this NH,-terminal region that contains
the TNF binding site. Multiple lines of
evidence have localized the (apoprotein B)
ligand binding site of the LDL receptor to
the NH,-terminal (60-kD), cysteine-rich
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" domain (18).
.. Sequences containing cysteine-rich re-
peats are present in a number of proteins,
including the CD18 adhesion molecules
(23), epidermal growth factor (EGF) pre-
cursor; Drosophila notch protein, the neu on-
cogene, and the external domains of recep-
tors for LDL, EGF, and insulin (18, 24).
Although many of these proteins show ho-
mology to each other, we detect little simi-
larity to the TNF receptor. Optimal align-
ments of family members using the National
Biomedical Research Foundation (NBRF)
ALIGN program (19) show the strongest
similarity is between the TNF receptor and
T2, with a score of 19 standard deviations
. (SD).above the mean score for an ensemble
of randomly permuted molecules of the
same lengths and amino acid composition.
ALIGN scores greater than 3.0 are consid-
ered significant and indicate common ances-
try. Almost 40% of the residues are identi-
cal, approaching the conservation level be-
tween many murine and human cytokines
and their receptors (25). Slight variants of
T2 may also exist in other poxvirus family
members, and some of these viruses are
strongly immunosuppressive (22). Although
T2 possesses- a signal peptide sequence, the
molecule appears to lack a hydrophobic
segment typical of transmembrane regions,
suggesting that T2 may be a soluble entity
secreted from virally infected cells. Thus,
perhaps- T2 may bind TNF, or another
cytokine, serving to locally dampen the host
immune response. The protective effects of
such a “soluble receptor” would no doubt
confer a selective advantage to the pathogen.
CDA40, however, is also similar to this TNF
receptor (38.5% amino acid identity; 15.2
SD), yet does not bind TNF-a when ex-
pressed in COS cells at high levels in an
immunoreactive form (26). TNF receptor is
more distantly related to 4-1BB and NGF
receptor (9.0 and 12.3 SD, respectively).
The signal transduction mechanism of
TNF is unclear. The receptor cytoplasmic
domain, as with other family members,
shows no similarity with known proteins,
including the cytoplasmic domain of the
human T cell interleukin-1 (IL-1) receptor
(6), despite the fact that TNF and IL-1
mediate many common biological activities
(1). The TNF receptor expressed in COS
cells does not bind radiolabeled human IL-
la or -B, nor does the recombinant human
IL-1 receptor bind TNF (7). No sequences
present are typical of tyrosine kinases, pro-
tein kinase C, or phosphorylation sites cor-
responding to substrates for these kinases
(27). The cytolytic activity of TNF, howev-
er, appears to depend on the presence of a
200-kD protein distinct from the receptor,
and with which it comodulates (28).
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Several groups have characterized TNF
binding proteins from urine. Uromodulin is
a renal glycoprotein that binds IL-1, IL-2,
and TNF-a with high affinity, but does not
inhibit ligand binding to their respective
receptors and shows no sequence similarity
to the TNF receptor reported here (29).
Two groups have recently reported purifica-
tion and sequencing of soluble TNF-a bind-
ing proteins from urine with molecular
weights of 27 to 30 kD (30). However, the
NH,-terminal sequence of these proteins is
not found in the predicted sequence of clone
737. TNF-a receptors on myeloid cells are
probably different from those on cells of
epithelial origin (8). An 80-kD form of the
receptor contains O- and N-linked carbohy-
drate; a 60-kD form lacks O-linked carbohy-
drate, possesses a different form of N-linked
carbohydrate, and displays different tryptic
peptide maps. Monoclonal antibodies to
these two receptors also do not cross-react.
The receptor we have described may corre-
spond to the 80-kD form. Affinity cross-
linking of the recombinant receptor using
either 'I-TNF-a or -B shows a single
species of 80 kD (7). Because the calculated
protein is 46 kD, carbohydrate appears to be
attached, and both O- and N-linked glycosy-
lation sites are present in the sequence.

The availability of a full-length cDNA
clone for a human TNF receptor will now
permit detailed studies into the molecular
mechanisms by which ligand-receptor inter-
actions produce the pleiotropic effects of
this important cytokine. Soluble, recombi-
nant forms of this receptor may also be
produced to explore the clinical value of
TNEF inhibition in pathological settings.
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