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Abstract. Interferons (IFNs) act by inducing several intracellular antiviral proteins. We 
report here that IFNs also induce an extracellular soluble protein that inhibits vesic- 
ular stomatitis virus (VSV) infection. This proteln accounts for 25%-50% of the total 
antiviral activity elicited by IFN. The antiviral protein was purified to homogeneity from 
culture supernatants of IFN-treated cells by several chromatographic steps, to give a 
single 28-kDa active polypeptide. Upon sequencing, this novel protein corresponded 
to the N-terminal ligand-binding domain of the human 160-kDa low-density lipoprotein 
receptor (LDLR). In addition, we find that IFN induces the cell surface LDLR and this 
phenomenon may explain previous reports on reduction of serum cholesterol In IFN- 
treated patients. Viruses produce soluble cytokine receptors that inhibit their respec- 
tive cytokines, thereby assisting virus infection. It appears now that host cells employ 
similar molecules for the opposite role of controlling virus infections. 
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nterferons (IFNs) are virus- and mitogen-induced 
cytokines that act on cells and induce resistance I against viral infection (I) .  IFNs inhibit many types 

of viruses by inducing several intracellular antiviral 
proteins (2). Among these are the Mx protein (3), 2',5'- 
oligoadenylate synthetase, and protein kinase (4, 5). 
Recently a new antiviral protein, RNA-binding protein 
9-27 (RBP9-27), was identified (6). Many other IFN- 
induced proteins were detected, but their role in es- 
tablishing the antiviral state in cells is either indirect or 
unknown (7). 

The low-density lipoprotein receptor (LDLR) con- 
sists of 822 amino acid residues and exhibits a molec- 
ular weight of 164,000. It is made of several domains, 
some of which are shared with other proteins. The 
N-terminal ligand-binding domain consists of 292 
amino acid residues, arranged in seven cysteine-rich 
imperfect repeats. This domain is followed by two ad- 
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ditional extracellular domains, a single transmembrane 
domain and a short cytoplasmic domain (8, 9). The 
only known function of this receptor is to internalize 
LDL and VLDL. 

This study describes a new IFN-induced protein 
which is secreted to the culture medium and inhibits 
the cytopathic effect of vesicular stomatitis virus 
(VSV). After purification and sequence analysis, we 
find that this protein corresponds to the cysteine-rich 
ligand-binding domain of LDLR. 

Materials and Methods 
Cells and Reagents. Human WISH amnion cells 

(CCL 25) from the American Type Culture Collection 
(ATCC) (Rockville, MD) were grown at 37°C in 5% 
C 0 2  in humidified air in MEM supplemented with 10% 
fetal bovine serum (FBS). Other cell lines used in this 
study included HeLa (ATCC, CCL 2.1) and SV80 skin 
fibroblasts (10). Vesicular stomatitis virus (VSV, Indi- 
ana strain, ATCC VR-158) was grown and plaque as- 
sayed on mouse L cells. All cells were free of myco- 
plasma. Recombinant human interferons were pro- 
duced and purified to homogeneity as previously 
described (1 1, 12). Interferon titers were calibrated 
against NIH standards. Monoclonal antibodies to 
IFN-a and IFN-y (13,14) and monoclonal antibody C7 
(hybridoma CRL 1691, ATCC) were produced in as- 
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citic fluids and purified by ammonium sulfate fraction- 
ation. Rabbit polyclonal antibody was raised against 
pure IFN-P. ['251]protein A was obtained from Amer- 
sham International (Amersham, UK).  Heat-in- 
activated serum was used throughout this study. 

Production of Crude sLDLR. Human WISH 
cells were grown to confluency on Fibracell discs 
(Sterilin, Aldershot, UK) in MEM supplemented with 
10% fetal bovine serum (FBS) and Hepes (20 mM) in 
5-liter spinner flasks. After an initial growth phase, the 
cells were induced with IFN-y (30 U/ml) at 37°C in 
MEM supplemented with a protein-free serum substi- 
tute (ADC-1, 150;  Biological Industries, Beit Hae- 
mek, Israel), Hepes (20 mM) and insulin (0.2 pg/ml). 
The culture medium was collected after 17-24 hr, clar- 
ified and concentrated by ultrafiltration (mol wt 10,000 
cut off, Minitan; Millipore, Bedford, MA). The cell 
culture was repeatedly induced by IFN-y and har- 
vested at 24-hr intervals. 

Chromatographic Procedures. The concen- 
trated cell culture supernatant was adjusted to sodium 
borate buffer (pH 8, 20 mM, Buffer A) and fraction- 
ated on a TSK-DEAE column (E. Merck, Darmstat, 
Germany) by a stepwise increase of NaCl concentra- 
tion in Buffer A. The protein peak which contained 
antiviral activity was pooled, desalted by ultrafiltra- 
tion (YM-10 membrane, mol wt cut off 10,000; Ami- 
con, Beverly, MA) and loaded on a hydroxyapatite 
Biogel HTP column (Bio-Rad, Richmond, CA). The 
column was washed with water and eluted by a step- 
wise increase of sodium phosphate concentration at 
pH 6.8. The concentrated active peak was fractionated 
by an anion exchange HPLC column (Superformance 
TMAE-650S, E. Merck), in a manner similar to the 
TSK-DEAE step. The active peak was brought to 1.5 
M NaC1, loaded on a phenyl Sepharose column (Phar- 
macia, Uppsala, Sweden), preequilibrated with 1.5 M 
NaCl in Buffer A and the unbound active protein peak 
was collected. The column was then washed with 
Buffer A and finally with 50% acetonitrile in Buffer A. 
The unbound fraction was loaded on an Aquapore RP- 
300 HPLC column (Applied Biosystems, Foster City, 
CA) in Hepes buffer (pH 7.5, 20 mM) and resolved by 
an acetonitrile gradient. Active fractions were pooled, 
diluted and rechromatographed on the Aquapore RP- 
300 column. Antiviral activity was measured in each 
fraction. RP-HPLC columns were monitored by a sys- 
tem based on fluorescamine (15), while other columns 
were monitored at 280 nM. Protein concentration was 
measured with fluorescamine and bovine serum albu- 
min as a standard (16). 

Microsequence Analysis of Proteins. Microse- 
quencing was performed on a pulsed liquid phase sys- 
tem with on-line HPLC and data analysis according to 
the manufacturer's instructions (Model 475 protein se- 
quencer, Applied Biosystems). 

Bioassay of AVH. This assay is similar to the cy- 
topathic effect (CPE) inhibition assay that is used for 
measuring IFN activity (17), except that the virus is 
added immediately after the addition of the AVH 
rather than after preincubation with IFN for 2-18 hr. 
Briefly, serially 2-fold diluted samples of the antiviral 
factor are added to confluent monolayers of WISH 
cells in 96-flat bottom well plates, together with neu- 
tralizing monoclonal anti-IFN-y antibody 166-5 (final 
concentration: 250 neutralizing units/ml; Ref. 14). The 
cells are immediately challenged with VSV (220 PFU/ 
cell). After incubation at 37°C for about 20 hr, the 
cytopathic effect in control wells is observed micro- 
scopically and the cells are then stained with crystal 
violet. The antiviral activity is calibrated against NIH 
reference standard of human IFN-P or IFN-a. 

Results 
Evidence for an IFN-Induced Antiviral Protein 

and its Bioassay. The titration of the antiviral activ- 
ity of IFN is performed by preincubation (2-24 hr) of a 
cell culture (in a 96-well plate) with a series of 2-fold 
diluted IFN, followed by a virus challenge. Our IFN 
assay system is based on human WISH amnion cells 
and VSV. We observed that after 18 hr of incubation, 
removal of the IFN-containing medium prior to chal- 
lenge with virus significantly reduces the antiviral titer. 
Replacement of the culture medium with a fresh, IFN- 

Figure 1. Morphology of protected and VSV-infected WISH 
cells. Monolayers of WISH cells in 96-well plates were treated 
with medium alone (A and B), IFN-P, 12 U/ml (C) or partially 
purified AVH (sLDLR) from the TSK-DEAE step, 10 U/ml, mixed 
with anti-IFN-y monoclonal antibody (D). VSV (220 PFU/cell) was 
added to Well B, C, and D; the wells were incubated for 20 hr and 
stained. The photographs were taken by light microscopy at 
x200 magnification. 
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containing medium did not fully restore the level of 
antiviral protection. This phenomenon appears to be 
general, as it was seen with several other cell types, 
including fibroblasts (SV80) and HeLa cells. On the 
basis of these experiments, we concluded that IFN- 
treated cells produced an extracellular antiviral factor 
distinct from IFN. It was tentatively named Antiviral 
Helper Factor (AVH). Calculation of the observed ti- 
ter after replacement of IFN indicated that in the case 
of IFN-a and IFN-y at least half of the total antiviral 
activity elicited by IFN is mediated by AVH. 

Concentrated, serum-free cell culture supernatant 
of IFN-y-treated WISH cells, mixed with neutralizing 
monoclonal anti-IFN-y antibody was used for initial 
characterization 
AVH-pro tec t ed 

of AVH. Microscopic observation of 
WISH monolayers after VSV chal- 

Figure 2. Isolation 

lenge revealed a morphology identical to that of con- 
trol and IFN-protected cells (Fig. 1) .  Neutralizing 
monoclonal antibodies directed against IFN-a and a 
polyclonal antibody to IFN-P had no effect on the an- 
tiviral activity. No protection from VSV was seen 
when cells were preincubated with AVH for 6-18 hr 
and washed prior to VSV challenge, hence AVH was 
not an interferon. It was therefore concluded that 
AVH was a new IFN-induced antiviral protein. Based 
on the above observations, we devised a procedure for 
its quantitative bioassay, resembling in principle the 
assay of IFN, but performed in the presence of anti- 
IFN antibodies. 

Production and Purification of the Antiviral 
Helper Protein. Conditions for optimal production of 
crude AVH by WISH cells in a serum-free medium 
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of AVH by tandem chromatography. (A) Concentrated (40-fold) culture supernatant of IFN-y-treated WISH cells . - . .  
(560 ml, 2.5 g protein) was applied to a TSK-DEAE column (2.5 x 33 cm). The column was eluted at 8 ml/min and fractions of 12 ml 
were collected. (B) Pooled active fractions (200 mM NaCl peak) of step A were desalted, concentrated and applied to a hydroxyapatite 
(Biogel HTP, 2.5 x 4 cm) column. The column was eluted at 2 ml/min and 2.5 ml fractions were collected. (C) Pooled active fractions 
(15 mM Na phosphate peak) of Step B were loaded on a Superformance TMAE (1 x 15 cm) column. The column was eluted at 1 ml/min 
and fractions of 2.5 ml were collected. (D) Pooled active fractions (200 mM NaCl peak) of Step C, adjusted to 1.5 M NaCl were loaded 
on a Phenyl Sepharose (1.6 x 6.5 cm) column. The column was washed at 1 ml/min with 1.5 M NaCl in Buffer A and the unbound 
material was collected. (E) Pooled unbound fractions from Step D were loaded on a reversed-phase HPLC (Aquapore RP-300, 4.6 x 
30 mm) column at pH 7.5. The column was washed and eluted at 0.5 ml/min and fractions of 1 ml were collected. (F) Pooled active 
fractions from Step E were diluted 2-fold with Hepes buffer and rechromatographed on the Aquapore column. About 2 k g  of pure AVH 
was obtained. 
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were worked out. Maximal induction of AVH was ob- 
tained with 30 U/ml of IFN-y after 13-24 hr, while 
culture media of noninduced WISH cells contained 
low levels of AVH. Several other types of human cells 
(HeLa, foreskin fibroblasts, etc.) were also tested and 
they all gave comparable levels of AVH. It was found 
that the cells could be repeatedly induced by IFN to 
produce AVH and that the levels of AVH were the 
same even after 50 consecutive daily replacements of 
the culture medium. 

Preliminary experiments showed that AVH was 
nondialyzable and sensitive to heat, low pH, and 
trypsin. Size exclusion HPLC gave a single peak of 
activity, with a molecular weight of about 40 kD. It 
was therefore concluded that AVH was an IFN- 
induced extracellular protein. We developed a multi- 
step procedure for the purification of AVH. Crude cul- 
ture supernatant of WISH cells (typically 20 l, 2.5 g 
protein) was clarified and then concentrated by ul- 
trafiltration. It was subsequently fractionated by a se- 
ries of chromatographic steps, including TSK-DEAE, 
hydroxyapatite, superformance TMAE and phenyl 
Sepharose, ending with two steps of RP-HPLC at neu- 
tral pH with an acetonitrile gradient. Each step was 
monitored by the bioassay, which was performed in 
the presence of neutralizing anti-IFN-y monoclonal 
antibody 166-5 (Fig. 2). The analysis of aliquots from 
the final purification step performed by SDS-PAGE 
under reducing conditions and staining with silver 
gave a band of molecular weight 28 kD in biologically 
active fractions (Fig. 3). 

Identification of AVH. Protein microsequence 
analysis of pure 28-kDa AVH (0.6 pg) gave a single 
sequence of 14 amino acid residues at levels of 12 to 2 
pmol (initial yield 51%). Only cycles 3 and 10, which 
were found later to correspond to Cys residues, were 
ambiguous. A comparison of the sequence to the 
NBRF protein data bank gave 100% identity with the 
N-terminal sequence of the human LDL receptor 
(LDLR). However the N-terminal sequence of this 
soluble 28-kDa LDL receptor (sLDLR) was shorter by 
three amino acid residues than was that of the (pre- 
dicted) human LDLR (Fig. 4). 

An independent purification procedure was used 
in order to confirm the relation between the antiviral 
activity and sLDLR. Monoclonal antibody C7 is di- 
rected against an epitope within the cysteine-rich, 
ligand-binding domain of bovine and human LDLR, 
which comprises the N-terminal 292 amino acid resi- 
dues of the receptor (18). Partially purified sLDLR 
from the first step of chromatography (TSK-DEAE) 
was loaded on a C7 monoclonal antibody column; the 
column was washed and eluted at a high pH. The 
eluted fractions were immediately neutralized and 
tested for antiviral activity. It was found that all the 
antiviral activity was bound to the column and then 

Figure 3. Analysis by SDS-PAGE of purified AVH. Aliquots (0.5 
ml, 1 to 8 pg protein) of biologically active fraction of the final 
HPLC step (Fig. 3F) were evaporated and analyzed on a 13% 
polyacrylamide gel under reducing conditions. The gel was 
stained with silver. Lane numbers correspond to the HPLC frac- 
tions of Fig. 3F. Molecular weight markers are indicated on the 
left margin. 

eluted at pH 11, with a recovery of 32% and an 80-fold 
purification. These results, obtained by a second and 
independent purification procedure, confirmed the ex- 
istence of a 28-kDa sLDLR that displays antiviral ac- 
tivity. 

Discussion 
The present study describes a novel interferon- 

induced antiviral protein, sLDLR, that exhibits inde- 
pendent antiviral activity by a novel, as yet unknown 
mechanism. The activity of this agent in vitro is highly 
significant, since its removal reduces the antiviral ti- 
ters of IFN-y and IFN-a against VSV by at least 50%. 
This antiviral protein is different from the previously 
described ones, as it is secreted to the extracellular 
medium. The identity of sLDLR as an IFN-induced 
antiviral protein that is secreted to the culture medium 
was determined by two independent experiments: iso- 
lation by chromatography followed by protein se- 
quencing and immunoaffinity chromatography with a 
specific anti-LDLR monoclonal antibody column. 

The mechanism of action of sLDLR is different 
from that of IFN itself, since unlike IFN, sLDLR must 
be continuously present in the cell culture in order to 
exert its action. Our recent studies indicate that 
sLDLR interferes at later stages of the infectious cycle, 
by inhibiting either assembly or budding of the virions. 

Soluble proteins corresponding to ligand binding 
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1.......10.... 
DRXERNEFQXQDGK . . . . . . . . . . . . . .  ..sLDLR 
I I  I I I I I I  I I I I  

MGPWGWKLRWTVALLLAAAGTAVGDRCERNEFQCQDGKCISYKWVCDGSA . . . .  Pre-LDLR 
1.......10........20........30........40........50 

Figure 4. The amino acid sequence of AVH and its identity with that of human LDLR. Protein microsequencing was performed on a 
pool (0.6 1.9) of aliquots from fractions 10-12 of Fig. 3F. Position 3 and 10 in the resulting sequence (labeled X in the upper row) were 
not identified, as expected for a Cys residue. The proposed signal peptide of human LDLR consists of the first 21 amino acid residues 
of pre-LDLR. The signal peptide based on the sequence of sLDLR is longer by these three residues (underlined). 

domains of many polypeptide hormone receptors and 
cytokine receptors were described previously, includ- 
ing soluble receptors to insulin, EGF, IL-2, growth 
hormone, IFN-y , IL-6 (19-23), and more. It appears 
that the existence of soluble variants of cell surface 
receptors in body fluids is a general phenomenon. Pre- 
vious studies have shown that some viruses produce 
soluble receptor-like molecules that block their re- 
spective cytokines (e.g., IFN-y, IL-1, and TNF), 
thereby assisting virus infection (24). It now appears 
that host organisms employ a similar type of molecule 
for the opposite function of controlling virus infec- 
tions. 
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