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peripheral blood mononuclear cells (PBMC) 
of two systemic lupus erythematosus (SLE), 
two angioimmunoblastic lymphadenopathy 
(AILD) patients, and two normal controls. 
The Fas mRNA transcripts were then ana
lyzed after amplification with the use of 
oligonucleotide primers derived from the 5' 
untranslated region (UTR) starting at nucle
otide (nt) 170 and 3 ' UTR^and ending at nt 
1336 (Fig. 1A). The amplified product was 
expected to be 1167 base pairs (bp) in size 
and to encompass the entire translation 
region, as well as portions of the 5' and 3 ' 
UTRs of the Fas mRNA. However, in addi
tion to the anticipated full-length Fas com
plementary DNA (cDNA) fragment, a dis
tinct smaller 1104-bp DNA fragment was 
also observed in patients with SLE and 
AILD and in normal controls. 

The structure of the smaller polymerase 
chain reaction (PCR) product was deter
mined by cloning (Fig. IB), DNA se-
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Fas is an apoptosis-signaling receptor molecule on the surface of a number of cell types. 
Molecular cloning and nucleotide sequence analysis revealed a human Fas messenger 
RNA variant capable of encoding a soluble Fas molecule lacking the transmembrane 
domain because of the deletion of an exon encoding this region. The expression of soluble 
Fas was confirmed by flow cytometry and immunocytochemical analysis. Supernatants 
from cells transfected with the variant messenger RNA blocked apoptosis induced by the 
antibody to Fas. Levels of soluble Fas were elevated in patients with systemic lupus 
erythematosus, and mice injected with soluble Fas displayed autoimmune features. 



quence analysis, and comparison of the 
deduced amino acid sequence with that of 
the previously reported human Fas mole- 
cule ( 1 ) .  A schematic representation of 
the alternately spliced Fas mRNA is 
shown in Fig. 2. The DNA sequence 
analysis confirmed that the longer insert 
represented the anticipated 1167-bp Fas 
cDNA fragment and contained the intact 
open reading frame. The smaller 1 104-bp 
clone, designated as FasATM, had a 63-bp 
deletion starting at nucleotide sequence 
(700) GA TCC AGA and ending at 
nucleotide sequence GTT TGG G (762) 
(Fig. 2B). This deletion does not affect the 
open reading frame but results in a Fas 
protein product lacking the 21 amino acid 
residues corresponding to the last 5 amino 
acid residues of the Fas extracellular do- 
main and 16 of the 17 amino acid residues 

of the Fas hydrophobic transmembrane 
(TM) domain. Thus, this product is likely 
to be expressed as a soluble, secreted form 
of Fas. 

To determine whether FasATM arose by 
translation of an alternately spliced tran- 
script, genomic DNA surrounding the TM- 
encoding region was amplified by PCR and 
cloned. DNA sequence analysis revealed (i) 
a 152-bp intron and (ii) a 1183-bp intron 
flanking the TM-encoding exon (Fig. 2A). 
Splicing of the intron A donor site to the 
intron B splice acceptor would accurately 
yield the FasATM transcript. The presence 
of FasATM transcript was also c o k e d  by 
RNA protection analysis. 

To confirm the existence of the soluble 
Fas translation product, the Fas cDNA and 
FasATM coding region were inserted into a 
mammalian expression vector (pcDNA-1) 

and transfected into COS cells. Flow cytom- 
etry and immunohistochemical analysis were 
performed by staining of the transfected 
COS cells with antibody to human Fas. 
Reverse transcription PCR analysis indicat- 
ed that the transfected cells emressed the 
corresponding Fas transcript. Immunofluo- 
rescence (Fig. 3A) and flow cytometry anal- 
ysis (Fig, 3B) revealed that the antibody 
stained the surface of cells transfected with 
the full-length Fas cDNA but not the surface 
of cells transfected with the FasATM expres- 
sion ~lasmid. This analvsis also revealed that 
there were no apparent daerences in the 
degree of cytoplasmic staining between cells 
transfected with the full-length Fas cDNA 
and cells transfected with the FasATM vari- 
ant. Taken together, these data confirm that 

Flg. 1. Reverse transcriptase-PCR analysis of the hu- 
man Fas mRNA species. (A) First-strand cDNA pre- 
pared from human PBMC from patients referred to the 
National Institutes of Health as described in (13) and 
meeting the criteria for SLE (14) or AllD (15), from 
normal control subjects and from patients subjected to 
PCR with primers corresponding to sequences in the 5' 
and 3' UTRs of Fas mRNA (1, 16). The PCR products 
were separated in a 1.2% agarose gel. (B) The recom 
binants derived by the cloning of DNA fragments 
amplified from the normal subject 1, shown for compar- 
ison in the first lane of the gel. The two cloned inserts 
and the number of base pairs in each insert are Fas 
cDNA, 1167-bp insert; and FasATM, 1104-bp insert. 
Standard DNA size markers are shown. 

B Sutface staining Cytoplasm staining 
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Flg. 3. Expression analysis of Fas molecule 
encoded by the Fas cDNAs. (A) Indirect immu- 
nofluorescence analysis of expression of Fas 
molecule in the transfected COS cells (18). The 
transfected COS cells were incubated with 
mouse monoclonal antibody to human Fas 
(IgM) and then stained with FITC-conjugated 
goat anti-mouse IgM. The stained cells were 
cytospun onto slides, mounted with mounting 
fluid, and photographed with a Zeiss fluores- 
cence microscope and camera (magnification, 
x 1000). (B) Flow cytometry analysis of expres- 
sion of Fas molecule in the transfected COS 
cells. COS cells were transfected with either the 
Fas cDNA or FasATM and cultured for 72 
hours. Single cell suspensions were stained 
with IgM mouse monoclonal antibody to human 
Fas followed by FITC-conjugated goat anti- 
mouse IgM. Cytoplasmic staining was carried 
out by pretreatment of the cells with 70% ethyl 
alcohol to allow permeabilization and entry of 
the antibody. Purified mouse IgM was used as 
a negative control. The representative histo- 
grams show (solid trace) the specific binding 
and (dotted trace) non-specific binding). 

Fas cDNA [ I I 11 1 111 

FasATM cDNA I I I 11 1 111 1 

Flg. 2. Human FasATM structure. (A) Genomic DNA sequence surrounding the TM-encoding region 
(17). The intron DNA sequence is shown in lowercase letters. Amino acid numbering is according 
to (1). The TM region is overlined. (8) Schematic representation of alternatively spliced Fas mRNA 
variants. The translated and UTR regions are indicated by boxes and thick solid lines, respectively. 
Regions lacking in the FasATM variant are indicated by broken lines and nucleotide positions. 
Abbreviations: SP, signal peptide; CR, cysteine-rich subdomains; TM, transmembrane domain; ST, 
signal transduction domain; and NR, negative regulation domain, respectively (1). Nucleotide 
regions encoding each domain are shown above. 
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the FasATM transcript produced the expect- 
ed Fas protein product, as did the Fas 
cDNA. In addition, they suggest that 
FasATM protein was not retained in the 

% Conditioned medium 

Fig. 4. Inhibition of apoptosis in vitro. (A) Nor- 
mal human PBMC stimulated with PHA-P, then 
incubated in RPMl 1640 with antibody to human 
Fas in the presence of supernatant harvested 
from COS cells transfected with either full- 
length Fas cDNA or FasATM (19). (B) CEM-6 
cells incubated with antibody to human Fas in 
the presence of supernatant as described 
above. The percent (mean ? SEM of three 
independent experiments) of surviving cells not 
undergoing apoptosis is indicated. Fas cDNA, 
open squares; FasATM, filled squares. 

0 1  
Normal RA SLE 

Fig. 5. Increased serum levels of soluble Fas in 
SLE. Sera from 10 normal individuals, 10 RA 
patients, or 10 SLE patients assayed for the 
presence of soluble Fas (sFas) by enzyme- 
linked immunosorbent assay (20). The concen- 
trations were determined by the inclusion of 
dilutions of purified recombinant soluble Fas to 
create a standard curve. 

membrane of the cell but was present in the 
cytoplasm as a soluble form. 

Further confirmation of the presence of a 
secreted FasATM protein was sought by the 
use of an inhibition assay for apoptosis in- 
duced by the antibody to Fas. Phytohemag- 
glutinin (PHA-P)-stimulated PBMC from 
normal subiects and the CEM-6 human T cell 
line were used for this experiment, because it 
has been shown that stimulated cells undergo 
apoptosis after culture with the antibody to 
Fas (4) and that CEM-6 is highly sensitive to 
anti-Fasinduced apoptosis. The PHA-P- 
stimulated PBMC and CEM-6 cells were cul- 
tured with antibody to Fas in the presence of 
supernatant derived from COS cells transient- 
ly expressing the FasATM molecule from the 
FasATM expression recombinant or express- 
ing the Fas molecule from the full-length Fas 
cDNA expression recombinant. There was a 
dose-dependent increase in cell survival rate 
when the former, but not the latter, supema- 
tant was used (Fig. 4) (5) .  This higher 
survival rate observed in cells treated with 
the FasATM supernatant can be explained 
by the secretion of the soluble FasATM 
molecule into the supernatant, resulting 
in neutralization of the antibody to Fas 
and, consequently, in the inhibition of 
the antibody-mediated apoptosis. 

A soluble form of Fas -was present at 
increased concentration in approximately 
60% of patients with SLE (Fig. 5). In normal 
controls and patients with rheumatoid arthri- 
tis, serum levels of soluble Fas were less than 
100 nglml. Although soluble Fas is only in- 
creased approximately twofold in 60% of SLE 
patients, much higher physiological concen- 
trations may be present at limited sites where 
there is high expression of Fas and Fas lig- 

and in certain lymphoid organs (1, 6). 
To demonstrate that soluble Fas is bio- 

logically active, we produced a mouse-solu- 
ble Fas to determine the role of this molecule 
in vivo. The soluble Fas was injected (2.5 pg 
per gram of body weight intraperitoneally) 
every day for 3 days. This treatment gave rise 
to an average serum concentration compa- 
rable to that observed in the SLE patients 
described above. There was an increase in 
CD4-CD8- as well as CD4+ and CD8+ 
(single positive) thymocytes with a decrease 
in CD4+ CD8+ (double positive) thymo- 
cytes (Fig. 6A). There was a threefold in- 
crease in the number of spleen cells, primar- 
ily due to an increase in B cells (Fig. 6B). 
These data demonstrate that levels of soluble 
Fas observed in SLE patients can have a 
dramatic effect on lymphocyte development 
in vivo. These alterations in phenotypic 
development resulted in increased autoreac- 
tivitv. as evidenced. bv a fourfold increase in 

I201 13 Control 3001 T 

, , 
the response of syngenetic, mixed cell cul- 
ture proliferation by thymocytes and spleen 
cells from soluble Fas-treated mice, com- 
pared to those from control-treated mice 
(Fig. 6C). These results demonstrate that 
soluble Fas in vivo can lead to altered lym- 
phocyte development and increased prolifer- 
ation in response to self antigens. 

Soluble forms of receptors are produced 
either through the proteolytic cleavage of 
membrane-bound receptors, as is the case 
for the interleukin-2 (IL-2) receptor (7) 
and the human tumor necrosis factor re- 
ceptor (8), or as translation products of 
alternatively spliced mRNA, as is the case 
for the mouse IL-4 receptor (9) and the 
mouse and human IL-7 receptors (10). 
The secreted receptors represent truncated 

I T s  i sFas 

TM a+ m+ a)4+Et CMB- Total 

Contml 
sFas 

T Cell B Cell 
Thymocytes Spleen cells Day 

Fig. 6. Effect of sFas in vivo. (A) Effect of sFas on thymocyte development. Mice (8-week-old CD1 
females) were treated with either a mouse sFas extracellular-domain human IgG1 fusion protein 
(21) or the control human IgG1 (2.5 pg per gram of body weight intraperitoneally) daily for 3 days. 
Single cell suspensions of thymocytes were counted and stained with FITC-conjugated anti-CD4 
and phycoerythrin-conjugated antiLCD8 and analyzed (1 0,000 events per thymus) by two-color flow 
cytometry analysis. (B) Single cell suspensions of spleen cells counted and stained with FITC- 
conjugated anti-CD3 and phycoerythrin-conjugated anti-B220 and analyzed (10,000 events per 
spleen) by two-color flow cytometry analysis. (C) The syngeneic mixed lymphocyte response of 
thymocyte or spleen cells (5 x lo5) from each mouse, determined in separate cultures and assayed 
for proliferation at the indicated times. The proliferation was measured by MTT colorometric assay 
(22). All data represent the number of cells (mean ? SEM) of three mice per group. 
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forms of the membrane-bound receptors 
that can bind lieand in a wav similar to - 
that of their membrane-bound counter- 
parts. As a result, these receptors play an 
important role in the regulation of normal 
receptor activity and autoimmune disease 
(1 1 ) .  Elevated serum concentrations of a . , 

soluble Fas were found in over one-half of 
~a t i en t s  with SLE. and soluble Fas is 
capable of inhibiting Fas-mediated apop- 
tosis in vitro and altering lymphocyte 
development and proliferation in response 
to self antigen in vivo. These findings 
suggest a critical role for this molecule in 
autoimmune diseases. Therapies such as 
plasmapheresis that may remove soluble 
Fas from sera of SLE patients may restore 
normal apoptosis and reduce autoimmune 
disease (1 2). Also, in light of the fact that 
Fas-mediated apoptosis has been implicat- 
ed in lymphocyte apoptosis in HIV infec- 
tion (3), it is of great importance to 
investigate a role for FasATM in immuno- 
deficiencies and whether blockade of Fas- 
mediated apoptosis in vivo, with the use of 
recombinant FasATM molecules, is of 
clinical use in such disease conditions. 
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21. A 530-bp extracellular Fas sequence (nt 26 to 
556) (1) was PCR-amplified from a mouse fas 
cDNA clone and ligated into a pSP65 vector that 
contained the hinge, CH2 and CH3 sequence of 
human lgGl (hlgG1) [R. G. Goodwin et a/., Cell 
73,447 (1993)]. The fusion gene was sequenced 
to confirm that the fas extracellular domain was in 
frame with the hlgGl fragment. The fas-hlgG1 
fusion gene was transfected into COS cells and 
transiently expressed as a secreted fusion pro- 
tein. This protein was purified with an anti-hlgG1 
agarose affinity column and could bind to the Fas 
ligand (5). 

22. MTT (Sigma) was dissolved in BBS to make a 
solution (5 mgiml). The MTT-BBS solution (10 111) 
was added to each well (containing 100 111 of 
cells) and incubated for 4 hours a f  37°C in a 5% 
CO, humidified incubator. 100 k1 of 0.04 M HCI in 
isopropanol was added to each well and was 
vigorously mixed by pipeting. The plates were 
read in a microtiter plate reader (Emax, Molecular 
Division, Menlo Park, CA), with the use of a 
570-nm filter. Background noise was subtracted 
with a dual-wavelength setting of 650 nm. 
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High-Resolution Solution Structure of the P 
Chemokine hMIP- 1 P by Multidimensional NMR 

Patricia J. Lodi, Daniel S. Garrett, John Kuszewski, 
Monica L.-S. Tsang, James A. Weatherbee, Warren J. Leonard-, 

Angela M. Gronenborn,* G. Marius Clore* 
The three-dimensional structure of a member of the p subfamily of chemokines, human 
macrophage inflammatory protein-1 p (hMIP-1 p), has been determined with the use of 
solution multidimensional heteronuclear magnetic resonance spectroscopy. Human MIP- 
1 p is a symmetric homodimer with a relative molecular mass of -16 kilodaltons. The 
structure of the hMIP-1 p monomer is similar to that of the related a chemokine interleukin-8 
(IL-8). However, the quaternary structures of the two proteins are entirely distinct, and the 
dimer interface is formed by a completely different set of residues. Whereas the IL-8 dimer 
is globular, the hMIP-1p dimer is elongated and cylindrical. This provides a rational 
explanation for the absence of cross-binding and reactivity between the a and p chemokine 
subfamilies. Calculation of the solvation free energies of dimerization sugggsts that the 
formation and stabilization of the two different types of dimers arise from the burial of 
hydrophobic residues. 

Human  macrophage idammatory protein- 
1B. also known as Act-2. is a member of the 
p'chemokine (chemotactic cytokine) subfam- 
ily of proteins (1, 2). These proteins, as well 
as the related a chemokines, comprise a 
polypeptide chain of -8 to 10 kD and contain 
four cysteine residues at near-identical posi- 
tions. The distinctioq between the a and P 

chemokine subfamilies was initially based on 
whether the first two cysteine residues are 
separated by one residue (a) or are adjacent 
(P). This division also extends to chromo- 
somal location (chromosomes 4 and 17 for the 
a and p chemokines, respectively) and func- 
tion. Thus, whereas the a chemokines (for 
example, IL-8) are potent chemoattractants 
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