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I .  INTRODUCTION: THE INTERFERON SYSTEM 

In 1957, Isaacs and Lindenmann discovered a protein which was produced by virus- 
infected cells and was responsible for the phenomenon of viral interference. \ This substance 
was named interferon and later it was characterized as a group of proteins ranging in molecular 
weight from 15,000 to 50,000. Interferons are produced and excreted by most vertebrate 
cells in response to a variety of viral and nonviral inducers. By and large interferons are 
“species specific” as was already observed in 1959.’ Extensive studies over two decades 
led to a definition of interferons as “proteins which exert virus nonspecific, antiviral activity, 
at least in homologous cell, through cellular metabolic processes involving synthesis of both 
RNA and proteins.”3 

A. The Structure of Interferons 
Three antigenically distinct groups of interferons were characterized in terms of proteins 

and gene structure as well as in terms of biological functions. The antigenic differences 
were used as a basis for the current nomenclature which names the three groups: inter- 
feron-a (IFN-a), IFN-P, and IFN-y.’ A previous nomenclature defining virus-induced in- 
terferons as “Type I ”  (corresponding to -a and -P) and mitogen-induced interferons as 
“Type 11” (IFN-y), seems to be more appropriate in terms of structure and biological 
functions, and as will be demonstrated later, in terms of receptor binding properties. 

Human IFN-OL is by itself a group of structurally related (50% sequence homology in 14 
subtypes) polypeptides of 165 to 166 amino acid residues which are derived from an intronless 
multigene f a m i I ~ . ~ - ~  Most members in this group lack glycosylation signal sequences and 
therefore are not N-glycosylated, however, 0-glycosylation of some subtypes was observed.’ 
All IFN-a subtypes contain two disulfide bonds at positions 1 to 99 and 29 to 139.’ IFN- 
a mixtures are produced and excreted by leukocytes in response to virus challenge. Most 
of these subtypes are completely resistant to acid treatment (pH 2, 4”C, 24 hr)9 and to 
denaturation by Na dodecylsulfate (NaDodSO,). lo  All IFN-a subtypes are antigenically cross 
reactive, but some monoclonal antibodies can distinguish between certain subtypes. I I Re- 
cently, a group of d i k e  (aL)12 or ~Iass - I Ia ’~  genes, of which only one is active and the 
rest are pseudogenes were described. No unique properties or functions were found so far 
for this somewhat longer polypeptide (172 residues). An acid labile form of IFN-a was 
detected in sera of lupus erythematosus patientsI4 and in vitro in uninduced cultures of low 
density peripheral blood lymphocytes.” Nothing is so far known about the structure of this 

Human IFN-P consists of a major subtype (IFN-PI) derived from a single intronless gene 
IFN-a. 
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and having a significant (29%) sequence homology with IFN-a. It is produced and excreted 
by fibroblasts in response to virus (or dsRNA in vitro). IFN-PI is an acid-stable glycoprotein 
having 166 amino acid residues, one disulfide bond at position 32 to 141, and one glyco- 
sylation site at Asn-80. l 6  All IFN-a subtypes, as well as IFN-P,, are hydrophobic proteins 
as was demonstrated, e.g., by their interaction with reversed-phase  silica^.'^.'^ Minor species 
of IFN-P were described.I9.” Of these, IFN-P, was isolated from supernatants of dsRNA- 
induced fibroblast cultures. 

Human IFN-y is a product of a single gene bearing three introns.”.’3 The mature translation 
product has 143 amino acid residues but i t  is partially shortened at the C-terminus.24 I t  lacks 
disulfide bonds but it has two glycosylaiton signal sequences in positions 25 and 97. There 
is a very limited sequence homology between IFN-y and either IFN-a or -p.2s Gel electro- 
phoresis of pure IFN-y in the presence of NaDodSO, reveals several immunologically cross- 
reactive protein bands having apparent molecular weights of 25,000, 21,000, and 17.500. 
This heterogeneity results from variability in the degree of glycosylation and from the C- 
terminal processing. IFN-y is a rather hydrophilic, acid labile, and basic (pl = 8.5)’’ protein 
which appears as a dimer (Mr = 45,000 to 50,000) on gel filtration. 

B. Biological Activities of Interferons and their Mechanisms 
By definition, all interferons exert an antiviral activity at least on some homologous cells. 

However, the various IFN subtypes display many other biological activities which in some 
cases, depend on the type of cell and on the IFN subtype. In most cases the various actvities 
are exerted only by homologous IFNs, namely, species specificity is maintained. The antiviral 
activity of IFN is in itself a whole spectrum of activities since the various IFNs may act on 
one or more of the phases of the virus replication cycle. Thus, IFNs can inhibit the uptake 
and processing of virions, their early transcription, DNA or RNA replication, viral protein 
synthesis, assembly of virions, and finally their release from the cells. 

There are several known mechanisms by which IFNs can exert these effects and both 
rapid biochemical changes as well as slow changes which involve induction of specific genes 
to produce certain proteins were described. Three interferon-induced enzymes were identified 
as mediators of its antiviral activity. The best characterized one is (2‘ - 5 ‘ )  oligo adenylate 
synthetase, a dsRNA-dependent enzyme which polymerizes ATP into ppp(A2‘p)f, ( n  = 2 
to 15).27 These oligomers activate a latent ribonuclease (RNase F) which in turn, degrades 
ribosomal RNA and polysomes, thus inhibiting viral protein synthesis. A second IFN-induced 
enzyme is a dsRNA-dependent protein kinase which phosphorylates the small subunit of 
initiation factor eIF-2. Phosphorylated eIF-r forms a stable complex with GDP, which 
prevents GTP binding, thereby reducing the rate of initiation of protein synthesis.’8. A third 
IFN-induced enzyme is 2’-phosphodiesterase which requires high concentrations of IFN. 
This enzyme degrades the 2‘ - 5‘ adenylate oligomers, thus acting as an inhibitor of antiviral 
response. However, it also cleaves the 3’ terminal trinucleotide CCA of tRNA, a process 
which reduces the amount of tRNA that is available for viral protein synthesis.” 

The antiviral activity of IFN is mediated both via inhibition of viral replication as described 
above and by augmentation of killing of virus-infected cells. IFN, and particularly IFN-y, 
induces Class I MHC and thus increases the lysis of virus-infected cells by cytotoxic T 
lymphocytes. In addition, IFN acts directly on monocytes, cytotoxic T lymphocytes, and 
NK cells and increases their ability to lyse virus-infected cells.”’ IFN causes lymphopenia 
which is due to redistribution of lymphocytes. Mobilized lymphocytes are seen around blood 
vessels and since foci of viral infections are located in tissues, this mobilization could be 
part of the indirect antiviral effects of IFN.31 Pure IFN preparations are pyrogenic and 
therefore it is likely that fever which is associated with many viral diseases is caused by 
IFN. Since high body temperature is inhibitory to virus replication, IFN-induced fever may 
represent another antiviral mechanism which probably involves the induction of prostaglandin 
and/or interleukin 1 .32.33 
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IFNs are inhibitors of cell growth and replication and as such they are considered to be 
negative growth factors. Control of cell proliferation occurs primarily during the GI  phase 
of the cell cycle. A variety of serum-derived (positive) growth factors such as insulin and 
EGF include the expression of several proteins during GI  phase that are necessary for the 
onset of DNA replication. IFN prolongs all phases of the cell cycle but particularly GI  and 
G, and therefore IFN and EGF have antagonistic  effect^.^^.^^ As a negative growth factor 
IFN diminishes the large increase in the rate of protein synthesis which normally occurs 
during the transition from Go/G, to S phase. This effect is probably mediated via the induction 
of (2' to 5 ' )  oligo A ~yn the ta se .~~  IFN can exert its effects both by inducing specific genes 
as that of synthetase and by blocking other genes. Thus, it was recently found that IFN 
inhibits in human Daudi cells the induction of c-myc oncogene in a specific manner and this 
was correlated with the profound growth inhibitory effect of IFN on these cells." Another 
example of this kind is the ability of 1FN to inhibit the increase in ornithine decarboxylase 
activity which normally occurs in late G, .jX This is a rate-limiting enzyme in the biochemical 
pathway of polyamine synthesis which occurs in the S phase and is associated with DNA 
replication. 

Several studies have demonstrated the involvement of 1FN in the process of cell differ- 
entiation. Thus, when erythroleukemic cells are treated with IFN prior to induction of 
differentiation, the extent of differentiation as determined by the number of hemoglobin- 
containing cells, and the amount of hemoglobin produced per cell is increased?' Similar 
effects of IFN are seen in promyelocitic cells4' and myeloid leukemic cells." In several 
cases, a significant increase (up to 30-fold) in the activity of (2' - 5') oligo A synthetase 
was associated with the process of differentiati~n.~' 

Prolonged treatment of transformed cell cultures with IFN progressively changes their 
phenotype into normal morphology. These changes are transient and the transformed phen- 
otypes reappears upon IFN ~ i t h d r a w a l . ~ ~ . ~  Such changes are associated with the inhibitory 
effects on oncogene expression and with the ability of IFN to restore part of the actin 
microfilament structures and the microtubules as present in nontransformed  cell^.^^.^^ 

IFN, and particularly IFN-y, have profound immunoregulatory effects. IFN-y activates 
monocytes towards tumor cell killing. It is in fact identified as a macrophage activating 
factor (MAF),47.48 and the activation is achieved by increasing the release of ~yto toxin .~~"  
IFN activates NK cells,49 probably in a similar manner, however, its overall effect on lysis 
by NK cells is minimal since it protects the target cells from lysis by NK cells.5n The 
increased expression of Class I and IIs1.s2 MHC on the surface of cells treated with IFN 
(particularly IFN-Y)'~ is probably the most impressive immunoregulatory function of IFN. 
Class I MHC which appears on all cell surfaces restricts the activity of cytotoxic T lym- 
phocytes, while Class I1 MHC is normally present only on certain immunocytes and restricts 
the process of antigen presentation to T helper cell. This is a key process in immune response 
and its modulation by IFN-y places this lymphokine at a central point in immune response. 
Over the years many additional immunoregulatory functions of IFN were identified but not 
related to a specific biochemical mechanism. Among these are inhibition of antibody for- 
mation (by IFN-a),s4 inhibition of suppressor T cell modulation of delayed type 
hypersensitivity," increased release of histamine, increased phagocytosis by monocytes," 
induction of B-cell maturation,ss and antibody formation.59 Other studies revealed the in- 
duction of 12 proteins by IFN-a and +; these and 12 additional proteins by IFN-y.@' 
Therefore, one may conclude that only a small fraction of the biochemical pathways related 
to IFN activities have been revealed so far. 

11. BINDING OF INTERFERONS TO THEIR RECEPTORS 

A. Early Evidence for the Existence of Interferon Receptors 
Characterization of binding sites for a given ligand is possible only if a pure preparation 
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of this ligand is available in sufficient quantities. Pure IFN-p was obtained by Knight in 
1976 while pure IFN-a has only been available since 1978,b1.62 nevertheless, indirect evidence 
was used long before that date to suggest the presence of such a receptor. The very fact that 
IFN had a high specific activity (w109 units per milligram were estimated) and was present 
in minute quantities implied that it had a high affinity binding site which is in fact a simplified 
definition for a receptor. Indeed, earlier studies have suggested the presence of such a 
receptor on the cell surface. 

In 1967, Friedman demonstrated that incuation of chick cells for 10 to 20 min at 1°C 
with IFN, followed by washing excess IFN and further incubation at 37°C without IFN, 
were sufficient for eliciting the antiviral Moreover, treatment of cells with trypsin 
after binding of IFN at 0°C prevented the establishment of the antiviral state. Friedman 
concluded from these studies that binding of IFN to a superficial cell site was the first step 
in its action. Stewart et a1.64 discovered that cell-bound IFN activity can be recovered by 
extraction and that this phenomenon of binding is species specific and proportional to the 
extent of cell response to IFN. By this way they have localized the phenomenon of species 
specificity at the level of the binding site. In other words, heterologous IFN was inactive 
because it did not bind to the specific cell surface receptor. By using a similar extraction 
procedure, Berman and Vi1cekb5 could measure some kinetic parameters of the binding. 
Maximal binding was found after 30 min both at 4 and 37°C. Moreover, spontaneous release 
of bound IFN was demonstrated at 37°C with a t’/* of about 30 min. Finally, they could 
show that IFN was bound in a stable manner to the membranal fraction of the cells, however, 
the specificity of this binding was not demonstrated. 

The role of internalization was studied with the aid of immobilized IFN. Sepharose-bound 
IFN was used to demonstrate that external contact with IFN was sufficient for the estab- 
lishment of the antiviral state.” Mechanical obstruction of the agarose bead movement caused 
a restriction in the protected area on the cell monolayer, thus showing that leakage of IFN 
from the agarose beads was not responible for the observed IFN activity. Therefore it was 
concluded that internalization of IFN was not essential for its activity. Another study to 
prove the importance of external interaction with IFN was performed with IFN-producing 
cells. Antibodies to IFN-j3 were found to inhibit the establishment of the antiviral state in 
fibroblasts that were stimulated to produce IFN-p by p~ly(rI):(rC).~’ This observation in- 
dicated that IFN must be excreted before it could act on the cell and an external binding 
site was therefore postulated. All these studies were based on the ability to detect and 
quantitate IFN by highly sensitive and specific bioassays based on its antiviral activity. 
These studies led to the conclusion that IFN acts by binding to a specific cell surface moiety, 
probably a receptor. 

B. Binding Studies with Labeled Interferons 
The interaction of a ligand with its cellular receptor can be studied by measuring the 

amount of the bound ligand as a function of its concentration. This is best done by the use 
of a radiolabeled active ligand and a typical saturation curve is obtained in many cases. 
Analysis of the binding data according to Scatchard68 enables to calculate both the affinity 
constant and the number of binding sites per cell. A linear dependency (Scatchard plot) is 
usually obtained when the ratio of bound to free ligand is plotted against the concentration 
of bound ligand. The slope of the resulting straight line is equal to -‘lKd, where Kd is the 
dissociation constant which is the reciprocal of the affinity constant while extrapolation of 
this line to the abscissa (concentration of bound ligand) gives an intercept from which the 
number of receptors per cell can be calculated. These methods were used to calculate data 
related to a large number of hormone-receptor systems.69 

I .  Interferon Receptors: their Abundance and Affinity 
In 1980, Aguet” presented for the first time evidence for the existence of IFN receptors 
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with the aid of 12'1-labeled mouse IFN. By using an IFN-sensitive mouse L1210 cell and 
an IFN-resistant mutant of these cells, Aguet was able to demonstrate specific binding, 
namely, that the binding of labeled IFN was saturable and was inhibited by an excess of 
unlabeled IFN. In contrast, binding of I2'I-IFN to the IFN-resistant mouse cell line or to 
chick embryo fibrobalsts was nonspecific. Saturation of the binding site was achieved within 
2 hr both at 4 and at 37°C. From the binding curve at 37°C Aguet estimated a dissociation 
constant (Kd)  of 1 to 2 X lo-" M for the IFN-receptor complex. 

As many IFN subtypes recently became available in a pure state, more and more binding 
studies were performed and in most cases high-affinity binding sites were found. The data 
on affinity constants and the number of receptors per cells is summarized in Table 1.  All 
Kd values are in the range of to lo-" M, indicating high affinity and specificity of 
the interaction between IFN and its receptor. The number of receptors per cell is 300 to 
20,000, a rather low value in comparison to that of insulin and EGF receptors. One impli- 
cation of this low value is the difficulty in isolating the receptor molecule in a pure form 
and in sufficient quantities as needed for protein sequence analysis. 

In addition to Kd values and receptor abundance, it is possible to determine from the 
Scatchard plots whether there are one or more classes of binding sites. A linear Scatchard 
plot indicates a single class of noninteracting binding sites. Such a situation was reported 
for the receptor of murine IFN-a,P in mouse embryonal carcinoma cells and mouse L 
 cell^.^'.^^ A single class of high-affinity binding sites for human IFN-a and P was found on 
various human B lymphoblastoid cells ( D a ~ d i , ~ ~ . ~ ~ . ~ ~ . ~ ~ , ~ ' . ~ ~ . ~ ~ . ~ ~  RajL7' and NamalvaE2); in 
bovine MDBK in human fibroblasts (FL79); in human embryonic carcinoma cells 
(RSa84); and in human neuroblastoma cells (T98G"). The receptor for interferon-y was 
characterized in several human cells and a single class of binding sites was found in human 
fibroblasts (GM-258,88.89 FSl1"') and in human amnion cells (WISH"'.92). Similarly, the 
receptor for murine IFN-y in mouse macrophages consisted of a single class of binding 
 site^.^' 

Nonlinear Scatchard plots were obtained in many hormone-receptor systems, however, 
the interpretation of these plots varied. In most of the reports a curvilinear plot with an 
upward concavity was obtained. It could be interpreted either as the result of a binding site 
multiplicity or negative cooperativity among receptors belonging to the same class. However, 
the most likely explanation is that there is a second class of binding sites which do not 
induce any biological activity. This interpretation is supported by the fact that in most cases 
the second binding site is very abundant and its Kd value is very high (low affinity). 

There are several reports which demonstrate nonlinear Scatchard plots in the IFN-receptor 
systems. Mogensen et al.73 reported that the binding of IZ5I-IFN-a to a variety of human 
cell lines at 4°C gave more or less linear Scatchard plots. However, at 37°C curvilinear 
plots were obtained for the lymphoblastoid lines Daudi and P3HRI. Similar curves were 
reported for human  fibroblast^.^^ In these cases a second binding site having a 100-fold 
lower affinity was suggested, but its nature was not exactly determined. The difference 
between these results and those that have shown linear Scatchard plots could stem from the 
type of IFN used since in these two cases Namalva IFN-a which is a mixture of several 
subtypes was used. Indeed, we and others have shown that different IFN-a subtypes exhibited 
different affinities for a common receptor in human cells and IFN-a, (also named IFN-aD) 
had a 50 to 100 times lower affinity for the receptor when compared to Thus, 
when the binding studies were repeated (at 37°C) with IFN-a, instead of Namalva IFN, 
linear Scatchard plots were ~ b t a i n e d . ~ ~ , ~ ~  However, the possible existence of a second binding 
site was suggested from studies that revealed a dependence of Kd on the time of incubation 
with IZ5I-IFN-a. Two binding sites were postulated; an early, low affinity site having a Kd 
of 1O-Io  M ,  and a late, high affinity (Kd = 2.65 X M) site. It was suggested therefore 
that IFN-a binds first to the low affinity site and then it is transferred within 3 hr at 37°C 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



L
ig

an
d'

 

M
ul

FN
-a

.P
 

M
uI

FN
-a

,P
 

M
uI

FN
-a

,P
 

H
ul

FN
-a

 
(N

am
al

va
) 

H
uI

FN
-a

A
 

(E
. c

ol
i)'

 
H

ul
FN

-a
 

(N
am

al
va

) 
H

ul
FN

-a
, 

(E
.c

ol
i)

 

H
ul

FN
-a

 
(N

am
al

va
) 

H
ul

FN
-a

, 
(E

. co
li)

 

H
ul

FN
-a

, 
(E

.c
ol

i)
 

T
ab

le
 1

 
B

IN
D

IN
G

 O
F 

R
A

D
IO

L
A

B
E

L
E

D
 IN

T
E

R
FE

R
O

N
S 

T
O

 R
E

C
E

PT
O

R
S 
IN
 V

A
R

IO
U

S 
C

E
L

L
S 

sp
ec

ifi
c 

ac
tiv

ity
 

(u
n

it
sh

g
) 

5 
x 

IV
to

 

5 
x 

10
8 

5 
x 

I0
8 

to
 

1 0
9 

10
9 

62
.5

%
 p

ur
e 

2 
x 

10
8 

2 
x 

10
8 

1.
2 

x 
10

8 

7.
5 

x 
10

8 

1.
5 

x 
10

' 

4.
4 

x 
10

6 

R
ec

ov
er

y 
of

 
bi

oa
ct

iv
ity

 
C

el
l 

B
in

di
ng

 
T

em
p.

 s
pe

ci
fic

ity
 

La
be

lb
 

%
 

lin
e 

T
yp

e 
of

 c
el

l 
co

ci 
A

 
25

 t
o

5
0

 
L

IZ
10

 
M

ou
se

 le
uk

em
ia

 
37

 

A
 

25
 to

 5
0 

PC
D

3.
PC

C
4 

M
ou

se
 e

m
br

yo
na

l 
37

 &
 4

 

A
 

25
 t

o3
0 

L1
21

0 

A
 

2
7

5
 

D
au

di
, e

tc
. 

D
au

di
 

P3
H

R
I 

A
 

50
 to

 7
5 

D
au

di
 

B 
10

0 
M

D
B

K
 

A
 

50
 

D
au

di
 

c 
10

0 
FL

 

FS
-7

, 
et

c.
 

M
D

B
K

 
A

 
10

0 
D

au
di

 

c 
10

0 
FL

. 
D

au
di

. 

ca
rc

in
om

a 
4 

3 
H

u.
 B

. l
ym

ph
ob

la
st

oi
d 

4 37
 

37
 

37
 

Pe
rip

he
ra

l l
eu

ko
cy

te
s 

4 37
 

B
ov

in
e 

ki
dn

ey
 c

el
ls

 
4 37

 4 
H

um
an

 f
ib

ro
bl

as
ts

 
21

 

H
um

an
 f

ib
ro

bl
as

ts
 

21
 

21
 4 37
 

21
 

(%
) 

40
 to

 5
0 

50
 to

 8
0 

40
 to

 5
0 

60
 to

 7
0 

-9
0 80

 

N
.R

. 

N
.R

. 
N

.R
. 

K
d 

I 
to

 2
 x

 
lo

-"
 

10
-1

" 

10
-1

" 

2 
lo

 5
 x

 
lo

-"
' 

8 
x 

10
-1

2'
 

9 
x 

10
-l

f 
3 

x 
10

-1
" 

to
 2

 x
 

1.
4 

x 

6 
x 

lo
-"

 

3 
x 

lo
-"

' 

4.
5 

x 
lo

-"
' 

9 
x 

lo
-"

 

R
ec

ep
to

rs
 

pe
r 

ce
ll 

20
,0

00
 

1 ,
00

0 

5,
00

0 

65
0 

2.
00

0 

2.
00

0 
1.

30
0 

N
.R

. 
25

 X
 

lo
-"

 t
o 

3.
3 

x 
lo

-"
 

1,
20

0 
to

 
4.

00
0 

N
.R

. 
1.

5 
x 

lo
-"

 
I .

00
0 

95
 

10
-'0

 

95
 

2.
6 

x 
lo

-'
" 

-2
0 

>
 6

 x
 

10
-I

" 
1 .

00
0 

R
ef

. 

70
 

71
 

72
 

73
 

74
 

75
 

76
 

77
 

78
 

79
 

N
 

tn P
 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



H
ul

FN
-a

, 
(E

.c
ol

i)
 

H
uI

FN
-a

, 
H

ul
FN

-a
, 

(E
 .co

li 
) 

H
ul

FN
-a

, 
(E

. co
li)

 
H

uI
FN

-a
, 

(E
.c

ol
i)

 
H

ul
FN

-a
 

(N
am

al
va

) 
H

ul
FN

-a
, 

(E
. co

li)
 

H
ul

FN
-a

, 
(E

.c
ol

i)
 

H
uI

FN
-a

A
 

(E
. co

li)
 

H
ul

FN
-a

, 
(E

. co
li)

 
H

uI
FN

-P
[s

er
t7

] 
(E

.c
ol

i)
 

H
uI

FN
-P

[s
er

i7
] 

(E
. co

li)
 

H
ul

FN
-y

 (
PB

L)
 

3.
2 

X
 

lo
x 

2 
x 

10
8 

2 
x 

10
8 

2 
x 

IO
U 

2 
x 

10
8 

2 
x 
IV
 

I 
to

2
 x

 
1

0
8

 

2 
x 

10
8 

4 
x 

I0
6 

H
ul

FN
-y

 (
PB

L)
 

6 
X

 
IW
 

H
uI

FN
-y

 (P
B

L)
 

4 
x 

10
7 

M
uI

FN
-y

 (
E

.c
ol

i)
 

7.
2 

X
 

10
6 

H
uI

FN
-y

 (
E

.c
ol

i)
 

1 
X

 
lo

7 

H
ul

M
-y

 (E
.c

o1
i) 

1.
2 

X
 

10
' 

c 
10

0 

B
 

10
0 

B 
30

 

A
 

A
 

10
0 

A
 

A
 

50
 to

 7
5 

A
 

10
0 

B 
>9

5 

B
 

10
0 

B
 B 

72
 

B
 

10
0 

B
 

N
o 

lo
ss

 

B 
10

 

FL
, D

au
di

. 

M
D

BK
 

M
D

BK
 

M
D

BK
 

Da
ud

iY
 

N
am

al
va

' 
Ly

m
ph

ob
la

sto
id

 

D
au

di
-S

 
(I

FN
 s

en
si

tiv
e)

 

D
au

di
-R

 
\IF

N
 re

sis
ta

nt
) 

RS
a 

H
um

an
 e

m
br

yo
ni

c 

T9
8G

 
H

um
an

 n
eu

ro
bl

as
to

m
a 

D
au

di
 

D
au

di
 

21
 

21
 

21
 4 30
 

26
 0 0 25
 4 0 4 

G
M

-2
51

 
H

um
an

 f
ib

ro
bl

as
t c

hr
.2

1 
37

 

G
M

-2
58

 
4 

tr
is

om
y 

W
IS

H
 

H
um

an
 a

m
ni

on
 

37
 

FS
- I

 1 
Fo

re
sk

in
 f

ib
ro

bl
as

ts 
37

 
M

ou
se

 b
on

e 
m

ar
ro

w
 

4 
m

ac
ro

ph
ag

es
 

W
IS

H
 

4 37
 

D
au

di
 

4 

-8
5 80

 
-8

5 80
 

85
 

90
 

78
 

50
 to

 7
5 

50
 to

 6
0 

65
 

75
 to

 8
0 

74
 

72
 

80
 

70
 

70
 

90
 

H
eL

a 
H

um
an

 c
er

vi
ca

l c
ar

ci
no

m
a 

4 
90

 

-
3

 
x 

Iu
-"

 

4.
2 

x 
10

- 
1.

6 
X

 
10

 

4 
x 

lo
-"

 

I 
x 

lo
-"

 

2-
5 

X
 

10
."

 

1 
x 

lo
-"

'. 
1 

x 
lo

-"
 

4 
x 

10
-9
 

8.
7 

x 

6.
2 

x 

2.
4 

x 

2.
7 

x 
lo

-"
 

1.
5 

x 
1O

-Io
 

2 
1
0
 6

 x
 

10
-9

 

2.
6 

x 
10
-9
 

I 
x 

10
-9

 
1.

1 
x 

10
-9

 

7.
3 

x 
10

-9
 

6.
2 

x 
10

-9
 

3.
8 

x 
6.

3 
x 

I .
oo
o 

80
0 

80
0 

35
.0

00
 

24
,0

00
 

1,
11

0 

11
,O
oo
 

4.
00

0 

10
.0

00
 

2,
40

0 

8,
00

0 
to

 
20

,0
00

 
19

,5
00

 
5,

50
0 

12
,0

00
 

50
,0

00
 

10
0,

00
0 

13
.0

00
 

5 ,
ooo

 

80
 

81
 

82
 

83
 

84
 

85
 

86
 

87
 

88
 

89
 

90
 

91
 

92
 

93
 

U
 

0
)
 

Y
)
 

C
 

CD
 

w
 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



T
ab

le
 1

 (c
on

tin
ue

d)
 

BI
N

D
IN

G
 O

F 
R

A
D

IO
LA

BE
LE

D
 IN

TE
R

FE
R

O
N

S 
TO

 R
EC

EF
TO

R
S 

IN
 V

A
R

IO
U

S 
C

E
L

L
S 

R
ec

ov
er

y 
sp

ec
ifi

c 
of

 
B

in
di

ng
 

ac
tiv

ity
 

bi
oa

ct
iv

ity
 

C
el

l 
T

em
p.

 s
pe

ci
fic

ity
 

R
ec

ep
to

rs
 

Li
ga

nd
’ 

(u
ni

ts
/m

g)
 

L
ab

el
b 

%
 

lin
e 

Ty
pe

 o
f c

el
l 

(“
a 

(%b) 
Kd

 
pe

r 
ce

ll 
R

ef
. 

H
uI

FN
-y

 (
E

.r
o/

i)
 

2 
X

 
10

’ 
B 

N
.R

. 
H

ul
FN

-y
 (

C
H

O
) 

5 
X

 
lo’

 
B

 
82

 
H

um
an

 m
on

oc
yt

es
 

4 
70

 to
 9

5 
I 

to
 2

 x
 

lo
-“

’ 
4

.
m

 
94

 
H

um
an

 m
on

oc
yt

es
 

4 
80

 
6.

8 
x 

10
‘’ 

2.
40

0 
95

 

a ’ ‘ 

Mu
 -
 M

ur
in

e;
 H

u 
-
 Hu

m
an

. 
Th

e 
so

ur
ce

 o
f 

IF
N

 i
s 

gi
ve

n 
in

 p
ar

en
th

es
is

. 
(A

) 
La

be
lin

g 
of

 ty
ro

si
ne

 w
ith

 I?
; (

B)
 la

be
lin

g 
of

 l
ys

in
es

 (a
nd

 a
 a

m
in

es
) w

ith
 B

ol
to

n 
&

 H
un

te
r 

re
ag

en
t; 

(C
) m

et
ab

ol
ic

 l
ab

el
in

g.
 

Th
e 

hi
gh

 v
al

ue
 f

ro
m

 e
xt

ra
po

la
tio

n 
of

 a
 c

ur
vi

lin
ea

r 
Sc

at
ch

ar
d 

pl
ot

. 
A

 r
an

ge
 o

bt
ai

ne
d 

fr
om

 n
in

e 
no

rm
al

 a
nd

 le
uk

em
ic

 d
on

or
s.

 
H

ul
FN

-a
, 

an
d 

H
ul

FN
-a

A
 a

re
 e

ss
en

tia
lly

 i
de

nt
ic

al
. 

H
ig

h 
af

fin
ity

 b
in

di
ng

 s
ite

 w
hi

ch
 is

 a
pp

ar
en

t a
ft

er
 3

 h
r 

of
 i

nc
ub

at
io

n.
 

M
em

br
an

al
 f

ra
ct

io
n 

or
 s

ol
ub

ili
ze

d 
re

ce
pt

or
 f

ro
m

 t
he

se
 c

el
ls

. 

‘ C
 

-. 9 r5
 a,
 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Volume 21. Issue 3 251 

to the high affinity site." A similar study by Hannigan" confirmed the existence of two 
binding sites in Daudi cells, stating that in earlier studies the low affinity site could not be 
identified due to a lack of IFN-a with high specific radioactivity. It should be stressed that 
a "low affinity" site of Kd = 10-I" M is in fact a very high affinity site. Measurements 
of binding at 37°C are further complicated by the process of ligand-receptor internalization 
which leads to nonequilibrium conditions. This phenomenon affects both Kd values and the 
number of receptors and therefore measurements at 37°C should be avoided. 

Littman et al." observed curvilinear Scatchard plots with an upward concavity for the 
interaction of "'I-IFN-y with its receptor on Daudi and on HeLa cells. However, by using 
a certain mathematical model they found that the low affinity site was in fact a reflection 
of the nonspecific binding. Recent studies in our laboratory have shown that "TIFN-y, 
having a high recovery (82%) of bioactivity and high binding specificity gives a linear 
Scatchard plot when it is bound to WISH cells. However, the same "'I-IFN-y preparation 
gave a curvilinear plot with an upward concavity when bound to peripheral-blood rnono- 
c y t e ~ . ~ ~  The specificity of the interaction with the low affinity second binding site for IFN- 
y in monocytes remains to be established. 

2 .  Type I and Type I I  Interferon Receptors 
The multiplicity of IFN subtypes indicated the possibility that IFN receptors display a 

similar heterogeneity. If each IFN subtype had a specific receptor which induces a specific 
function, then it would provide a rationale for the existence of multiple IFN subtypes. 
However, as we already know, the various IFN-a subtypes as well as IFN-P have very 
similar biological activities when tested in homologous cells and only IFN-y exhibited some 
unique activities. Moreover, a structural homology was found between all IFN-a subtypes 
and IFN-P while only IFN-y had a minimal homology to the others (see Section I . )  Therefore, 
it was not surprising that Branca and B a g l i ~ n i ' ~  reported that labeled HuIFN-a can be 
displaced from its receptor in Daudi cells by unlabeled IFN-a and -P, but not with IFN-y. 
A similar observation was made in the mouse system.IW The report from Anderson et al. 
claiming that I2'I-IFN-y can be displaced with IFN-P but not with IFN-a was quite surprising 
since it implied that the receptor for IFN-y can bind IFN-P (but not IFN-a). Our studies 
with two different human cell lines and with homogeneous IFN preparations have shown 
that neither IFN-a nor IFN-p inhibit the binding of "'I-IFN-y.w This observation was further 
confirmed in a number of studies with human cells using either 1251-IFN-y92.93 or "'I-IFN- 
P.86.92 A similar observation was made in the murine system where neither IFN-a nor IFN- 
P inhibited the binding of I2'I-IFN-y to mouse macro phage^.^' In contrast, a study with 
human Daudi cells showed that IFN-y can compete with r2'I-IFN-p.87 At this point one can 
conclude that in most human cells tested as well as in mouse cells, IFN-y has a distinct 
receptor. In a previous nomenclature of IFN subtypes, virus-induced IFNs were referred to 
as Type I interferons, wheras mitogen-induced IFN was named Type I1 interferon. The 
current nomenclature has lost the distinction between these two groups. In view of most 
studies we proposed to assign this relevant nomenclature for the two distinct IFN receptors, 
namely, Type I interferon receptor for the one which binds IFN-a and IFN-P and Type I1 
interferon receptor for the one specific for IFN-y."" 

3.  Kinetics of Interferon Binding 
Earlier studies on interferon binding have already differentiated between the binding step 

which was found to be very fast (10 to 20 min) even at 0°C and the development of antiviral 
state which required several Moreover, by using the extraction of IFN-P activity 
from human cells postbinding it was shown that maximal binding was already attained after 
30 min both at 4 and 37°C.64 Using mouse '251-IFN-a,P, Aguet'O observed maximal binding 
to mouse L cells after 120 min both at 4 and 37°C. Similar results were obtained with 1251- 
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IFN-a and Daudi, FL (human amniotic), and bovine MDBK ce11s.74~7s~77~8’~87~’01~102 Being a 
second-order reaction, the kinetics of IFN binding to the receptor linearly depends on IFN 
concentration. Therefore, saturation can be achieved faster at higher IFN concentrations. lo’ 

A more rigorous analysis has shown that the model of second-order reaction is in fact too 
simplistic. Two stages were suggested: initial binding to a surface receptor which was a fast 
process, followed by a transfer of IFN to a second moiety on the cell membrane which was 
the rate-limiting In addition, the kinetics of binding depended on the type of IFN. 
Thus, when IFN-a, was compared to IFN-a2 it was found that the rate of association of 
IFN-a2 to its receptor was about 6O-fold higher than the equivalent values of IFN-a, . This 
difference correlated with the difference in their specific a~tivity.~’ Fast saturation ( 1  5 min) 
of IFN-a receptors was found in RSa cells84 and in the human T cell line Molt-4.”‘ The 
kinetics of IFN-P binding to Daudi cells was determined and was found to be similar to that 
of IFN-cx .~~ Similar results were obtained with ’2sI-IFN-y and human fibroblasts.88 

4.  Critical Evaluation of the Binding Data 
The actual values of Kd and the number of receptors per cell should be taken with caution, 

particularly when the recovery of biological activity after iodination is low or not reported. 
At least two modes of inactivation are theoretically possible; either all IFN molecules were 
partially inactivated or part of the molecules are completely inactivated. It is possible to 
calculate Kd only if one assumes the second possibility is correct and further assumes that 
fully inactivated IFN does not bind to the receptor. However, the last assumption is not 
always correct as was demonstrated in the case of IFN-y and WISH cells, where acid- 
inactivated (95%) IFN-)I completely retained its affinity for the receptor.95 If all the molecules 
are partially inactivated or, as should be expected, an intermediate situation exists, then the 
exact calculation is impossible. It should be mentioned that both labeling of tyrosines with 
free I, and labeling of lysines with a hydroxysuccinimide ester actually gives heterogeneous 
products with labeling at different sites and at different degrees of substitution. Therefore, 
a mixed population exhibiting a range of biological activity and affinity for the receptor is 
obtained. In this respect “metabolic labeling” with ‘H or 35S amino acids is superior, 
however, the specific radioactivity is significantly lower than that obtained with [ 12sI]. 

The kinetics of IFN binding to its receptor was not determined accurately in most studies. 
In fact, the intention of the investigators was only to determine the time required for achieving 
maximal binding. Another limitation was the possible involvement of the internalizaiton 
process at 37°C. This could be avoided by working at lower temperatures, however, the 
kinetic values are temperature dependent and therefore measurements at low temperatures 
should be somehow extrapolated to the actual values at 37°C. 

In spite of all these limitations, by correlating the compiled data on IFN receptors with 
analogous data on other hormones and their surface receptors, it is possible to conclude that 
IFN interacts with its receptor in much the same way as other hormones do. 

C. Are Gangliosides Inolved in Interferon Action? 
In 1974, Besancon and Ankel’” reported that the antiviral activity of mouse IFN bound 

to Sepharose can be blocked by preincubation of this JFN with certain gangliosides. It was 
further shown that IFN-Sepharose probably interacts with the carbohydrate portion of the 
gangliosides in a lectin-like fashion.Io6 In a similar study, it was reported that both human 
IFN-a and particularly -p are neutralized by preincubation with gangliosides. However, the 
“complex” IFN-wgangliosides could be dissociated by dilution and the activity restored. Io7 
It seems therefore, that highly concentrated IFN as is the case in Sepharose-bound IFN was 
needed for demonstration of the binding to gangliosides and this is in fact a reflection of 
the rather low affinity of IFN to gangliosides. Additional experiments demonstrated the 
binding of IFN to Sepharose-bound gangliosides, however, this is even less convincing since 
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unlike the case of membranal gangliosides the hydrophobic ceramide portion of the gan- 
glioside was free and therefore it could bind IFN in the same way as octyl Sepharose does. 
The inhibition of mouse IFN activity by thyrotropin on one hand and the inhibition of the 
binding of both thyrotropin and cholera toxin by IFN were interpreted as evidence for a 
common receptor, probably a ganglioside.’O’ However, this study was made before pure 
IFN was available and the indirect evidence that was presented could be interpreted in other 
ways. Indeed, when pure mouse IFN-a,P became available it was shown that cholera toxin 
does not inhibit binding of IFN-a,P and vice versa.lw A similar study with human IFNs 
have shown that preincubation of IFN-P and not -a with gangliosides abolished its activity.Iw 
Since both IFN-a and P share a common receptor, the possible interaction of gangliosides 
with IFN-P may bear little relevance to the IFN-receptor complex. The observed selective 
effect on IFN-P may stem from the fact that IFN-P is less stable than IFN-a and it is possible 
that gangliosides have selectively increased the rate of IFN-P denaturation during the step 
of preincubation. 

At this point in time, it seems as if gangliosides are not involved in IFN action, however, 
preliminary studies in our laboratory indicate that this is not the final verdict. Treatment of 
human WlSH cells with a monoclonal antibody made against thyrotropin receptor reduced 
the antiviral activity of human IFN-a, 20-fold while the activity of IFN-a2 was reduced 
only 3-fold. Preincubation of the target cells with gangliosides increased the activity of IFN- 
a, fourfold and that of IFN-a? only twofold. Since IFN-a, has a lower specific activity than 
IFN-a, it seems to be “aided” by binding to gangliosides which could serve as an initial 
interaction point on the cell surface. The significance of these preliminary observations 
remains to be studied. 

D. Correlation of Binding to Biological Activities 
For obvious reasons binding of IFN to cells is a prerequisite for exerting its activity on 

these cells. That data presented so far indicates that IFN acts via specific cell surface 
receptors. Moreover, there are several examples showing that IFN-resistant cells do not bind 
”SI-IFN in a specific manner,70.72.75.76.I10 However, there are certain cells that bind IFN but 
do not display biological activity. Since binding to the receptor is only the initial step, a 
block at a later step can produce such a mutant cell. Moreover, since IFN has many biological 
activities, i t  is possible that some are blocked while others persist. This situation may stem 
either from mutations or from the natural course of cell differentiation. The mouse embryonal 
carcinoma cells PCC4 bind IFN-a,P but 1FN does not exhibit antiviral or growth inhibitory 
activities in these Similarly, Daudi cells bind IFN-y but they neither produce (2’ - 
5 ‘ )  oligo A synthetase nor do they enter into an antiviral ~ t a t e . ’ ~ . ~ ~ ”  In spite of all the reports, 
the possibility of interacting not via a receptor but, e.g., by nonspecific endocytosis cannot 
be excluded. 

A correlation between the magnitude of the biological response and the degree of receptor 
saturation was studied in responsive cells. The three factors which determine the number of 
IFN-receptor complexes, namely, IFN concentration, receptor abundance, and the affinity 
constant were probably optimized during evolution but there is no reason to assume that 
maximal response correlated with maximal saturation. The actual number of receptors per 
cell is such that it gives a sufficient number of IFN-receptor complexes at physiological IFN 
concentrations. This number does not need to be very high since the antiviral activity of 
IFN is of a catalytic nature. Thus, the initial signal which may come from binding of a few 
IFN molecules to their receptor is in fact amplified in a cascade-like process which includes 
transcription, translation, and finally the enzymatic or hormone-like activity of the translation 
products. In this way the signal given by a few IFN molecules is transferred into a major 
change in cellular physiology. (In the [2’ - 5’1 oligo A synthetase pathway an additional 
amplification stage is provided by the product [2‘  - 5‘1 oligo adenylate which activates 
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another enzyme: RNase F.) Calculation of the receptor saturation level confirmed this view 
of IFN action. No saturation of mouse Type I receptors was observed at the concentration 
range of IFN that gives maximal biological a ~ t i v i t y . ’ ~ . ~ ~  In fact, binding of IFN to only 1% 
of the available surface receptors was sufficient to elicit maximal antiviral activity. 

The antiviral state by its nature is a rapidly developed and transient situation and so are 
probably most of the other IFN-induced activities. Maximal response at a low receptor 
occupancy is a common feature among these activities. There are, however, other activities 
such as growth inhibition which require much higher IFN concentrations and hence a higher 
receptor occupancy. In some cases, doses that exceed maximal receptor occupancy manifold 
were needed.” In another case, Mogensen and  band^'^ found a correlation between the 
occupancy of the high affinity Type I receptor on Daudi cells and the extent of growth 
inhibition. As was noted by these authors, as well as by Hanr~igan,~~ it is very risky to 
compare binding and response since these differ significantly in their kinetics. Thus, binding 
of IFN to its high affinity receptor reaches a steady-state within 3 hr, while most biological 
responses such as growth inhibition takes days to measure. Finally, it was demonstrated that 
unlike the case of antiviral activity, a continuous stimulation by free IFN is required for 
growth inhibition and therefore the biological response depends on the rate of association 
of IFN to its receptor rather than on the degree of receptor ~a tura t ion .~~ 

Type I1 IFN receptor is also present in excess numbers and low receptor occupancy was 
reported at IFN-)I concentrations that give maximal antiviral or HLA-inducing 
activities. 69.90.92.93 

111. POSTBINDING EVENTS 

Studies with several polypeptide hormones such as insulin, EFG, transferrin, etc. produced 
a general description of a specific internalization process which is named receptor mediated 
endocytosis. ‘ I  ‘ . I 1 *  According to this description, the receptors are initially mobile and dif- 
fusely distributed in the membrane. After binding of the ligand, the receptor-hormone 
complexes cluster in specific membrane areas that are defined by the presence of a hexagonal 
lattice made mainly of clathrin on their cytoplasmic site. The clustered receptor-hormone 
complexes are now immobile and appear as indentations or “coated pits” on the cell surface. 
At a later stage the pits deepen, roundup, and finally are pinched off to form intracellular 
coated vesicles. This energy-dependent process leads to internalization of the hormone- 
receptor complex. In many cases several coated vesicles fuse to give a larger structure called 
endosome. The pH inside the endosome is low and this causes a dissociaiton of the receptor- 
ligand complex. In some cases, the free receptor accumulates in a newly formed tubular 
portion of the endosome and it finally separates from the endosome and returns to the cell 
surface. The endosome containing either the hormone alone or both the hormone and the 
receptor fuse with a lysosome and its content is degraded. 

In the case of iron-transferrin the purpose of the process is to gather very effectively this 
essential element from the environment. However, in the case of polypeptide hormones this 
process bears little relevance to the mode of action of a specific hormone. Nevertheless, 
many questions can be asked and answered. Which of these steps (formation of coated pits, 
internalization, degradation, recovery of receptors) actually occurs in the case of IFN? More 
important, which of these steps is needed for exhibiting one or more of the biological 
activities? With luck the answers to these questions could shed some light on the mechanisms 
of IFN action. 

A. Internalization and its Role in Interferon Action 
Surface-bound polypeptide hormones and IFN can be removed by incubating the cells at 

a low pH or with trypsin, and no appreciable cell lysis is observed. This procedure permits 
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distinguishing between surface-bound and internalized IFN, while degradation of IFN can 
be tested by precipitation of intact IFN with trichloroacetic acid (TCA). Finally, labeling of 
pure IFN with heavy atoms (e.g., by binding to ferritin or colloidal gold) enables localization 
of IFN molecules within the cells by electron microscopy. Even before these procedures 
and pure IFN were available, it was shown that at least part of the cell-bound IFN could 
be recovered as determined by its activity.@ Moreover, it was shown that bound activity is 
spontaneously released from cells upon incubation at 37°C in the absence of external IFN.65 
Several studies dealt with the question: “is internalization needed for activity?” Aguet and 
Blanchard” studied the binding of murine IFN-a,P to mouse cells and concluded from the 
identity of the binding levels at 4 and 37°C that no internalization took place at 37°C. 
Analysis of solubilized cells by SDS polyacrylamide ( 12.5%) gel electrophoresis (SDS- 
PAGE) did not reveal degradation products. These results should be taken with caution since 
the lack of internalization was concluded on the basis of indirect evdience and no release 
at low pH was made. Moreover, the conclusion that no degradation took place could not 
be actually reached by SDS-PAGE since this method is not suitable for detecting fragments 
smaller than 10,000 da. 

A study with IFN-aA and Daudi cells revealed rapid internalization at 37°C. After 60 
min of incubation, about 50% of cell-associated IFN could not be released by 0.2 N acetic 
acid.lL3 This is indicative of internalization but by itself it cannot be used to distinguish 
between internalized and nonspecifically bound IFN. However, methylamine reduced sig- 
nificantly the amount of nondissociable IFN and this observation indicated that internalization 
rather than nonspecific binding was taking place. A temperature-dependent degradation and 
release of the degradation products was observed by measuring TCA soluble radioactivity. 
This process could also be inhibited by methylamine and chloroquine which are known as 
inhibitors of lysosomal proteases. Finally, no effect of chloroquine was observed on the 
level of (2‘ - 5 ‘ )  oligo A synthetase induction, thus indicating that IFN degradation was not 
essential for its activity. 

in 
bovine MDBK  cell^,^^^"' and in human fibroblasts. Io2 The concomitant inhibition of both 
internalization and induction of (2’ - 5’) oligo A synthetase by diethyldithiocarbonate was 
interpreted as a proof that internalization was important for the antiviral activity. Io2 However, 
such a reactive inhibitor is probably nonspecific and may inhibit many independent cellular 
processes due to its high reactivity with most proteins. Internalization of HuIFN-y and the 
release of degradation products was found in human trisomic fibroblasts (GM-258).83 The 
situation in WISH cells seems to be somewhat different, internalization was very slow and 
although degradation of IFN-y was found, it was not related only to lysozomes since both 
chloroquine and methylamine failed to inhibit it completely. Even more, degradation was 
found in the presence of Na-azide, indicating that it took place outside of the ce1i.115a 

The fate of receptor bound IFN can be studied by labeling IFN with electron-opaque 
tracers and visualizing the complex IFN-receptor by electron microscopy. Kushnaryov et 
al.116.t17 used partially purified (2 to 3% pure based on specific activity) human and mouse 
IFN, polyclonal anti-IFN sera, and ferritin-labeled second antibodies to visualize bound IFN 
on the cell surface and in coated pits. The validity of these observations would have been 
aided by use of pure IFNs. A more rigorous study with pure IFN-a, that was labeled with 
colloidal gold without loss of activity revealed that at 37°C IFN is localized in coated pits 
within 1 min and then it is internalized inside receptosomes within 8 min.’15 It should be 
noted that the establishment of an antiviral state in various cells requires a much longer 
time. In another study, murine IFN-y was coupled to fluorescent microspheres and specific 
binding to the surface of mouse macrophages was demon~trated.~’ However, internalization 
and degradation could not be tested in this case. 

In conclusion, most studies have shown so far that IFN is internalized and degraded in 

Internalization and degradation of IFN-a were demonstrated in Daudi cells,85.’ I4.l 
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much the same way as other polypeptide hormones. However, the various studies have 
confirmed the original observation with immobilized IFN,66 namely, that internalization is 
not an essential part of IFNs mechanism of action. It should be mentioned, however, that 
only the antiviral activity was studied in detail and the other IFN-induced activities may still 
depend on receptor-mediated endocytosis. 

B. Down Regulation of Inferferon Receptors 
The phenomenon of down regulation is related to the biosynthesis and degradation of 

receptors. In the absence of ligands, the amount of available receptors on cell surface is 
determined by the rate of its synthesis and by the rate of its degradation which together 
determine its turnover. The receptor half-life can be determined experimentally by incubating 
cells with inhibitors of protein synthesis and in the case of IFN-a it was found to be about 
3 to 5 hr.77.'1x When a ligand is added, the balance is disturbed since the process of receptor- 
mediated endocytosis, which is initiated by the ligand, causes a rapid drop in the level of 
surface receptors. In many cases, the biosynthetic machinery does not catch up and hence 
the level of the receptors on the surface stays low until the free ligand is removed. This 
phenomenon of down regulation was observed in the case of IFN-a and Daudi cells. A 50 
to 60% drop in available receptors was obtained after incubation of the cells with 100 units 
per milliliter of IFN-a2 for about 2 hr."' A somewhat lower value was obtained with IFN- 
y in HeLa9j and WISH cells. Incubation of these cells with 100 units per milliliter of IFN- 
y for at least 1 ' I 2  hr caused a 30% drop in the specific binding but on longer incubations 
the binding capacity returned to a normal value."'" 

Is down regulation a control mechanism in IFN action? In most cases IFN titers are 
transient but that is sufficient for triggering certain biochemical pathways. Its presence for 
longer times is required only if the viral infection persists. Moreover, the extent of down 
regulation of IFN receptors is rather limited and since low receptor occupancy is sufficient 
for maximal biological activity, it seems that down regulation has a limited physiological 
significance. The situation may be somewhat different when one considers the clinical usage 
of external IFN. In this case it is likely that administration at intervals, rather than continuous 
infusion may be somewhat more effective. 

C. Induction of Biological Response: The Missing Link 
If internalization of IFN is not essential for its activity, we still lack knowledge on how 

the signal is transferred from cell surface to the responsive genes in the nucleus. Internal- 
ization could account for part of the way but the process of degradation which occurs within 
the receptosomes makes this pathway very unlikely. There are even some studies which 
demonstrate that the introduction of IFN to cells by microinjection does not elicit antiviral 
activity. I'o.1'9.120 It seems that a breakthrough in this topic will probably result from the 
biochemical characterization of the receptor molecule. In a recent study the presence of high 
affinity Type I murine receptors was observed on the nuclear membrane."' This very 
appealing observation implies that IFN is internalized and reaches the nuclear membrane in 
an intact form, but this assumption is in contrast to most of the published data on the fate 
of interalized IFN. It would be interesting to repeat this study with other types of IFN and 
particularly in the human system. 

IV. PURIFICATION AND BIOCHEMICAL CHARACTERIZATION OF THE 
RECEPTORS 

Assuming that internalization and degradation of IFN-receptor complexes probably occur 
after triggering of the steps that lead to the establishment of the antiviral state, then further 
studies should be concentrated on early activities of this complex. Isolation and character- 
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izaiton of the interferon receptors is essential for such a study. Evidence that IFN receptors 
are proteins comes from the observation that trypsin-treated cells are not responsive to IFN 
and that they lose the capacity to bind IFN.6s Two possible approaches can be taken for 
further characterizing the receptor. Either the receptor is isolated and its structure determined, 
or the gene coding for the receptor is identified, isolated, and used for expression of receptor 
molecules in a host cell or bacterium. In fact, both approaches are complementary and will 
eventually lead to a complete sequence determination and to production of sufficient quan- 
tities of receptors. As was the case with other proteins, partial characterization is possible 
even before achieving purification to homogeneity. 

A. Determination of the Molecular Weight 
Determination of the molecular weight of Type I receptor in a variety of human cells was 

achieved by chemical cross linking of receptor-bound "'I-IFN-a followed by analysis on 
SDS-polyacrylamide gel electrophoresis. Joshi et al.76 reported that this procedure revealed 
a radiolabeled band of molecular weight 150,000. This band was present in IFN-sensitive 
cells and absent in IFN-resistant cells. Moreover, the addition of unlabeled IFN-a before 
cross linking prevented the formation of this radiolabeled complex.'' Scatchard analysis of 
the binding data (see Section 11) revealed in  most cases a single binding site for IFN-a on 
the receptor. Therefore, the net molecular weight of this receptor is 130,000. Similar values 
were reported in other studies that used the same analytical sy~tem.~ ' . ' '~~"." '  Treatment of 
this complex with reducing agents did not change its electrophoretic mobility and this 
indicated that Type I receptor was made of a single polypeptide chain. 'Treatment with 
neuraminidase increased the mobility somewhat, indicating that the receptor was in fact a 
gly~oprotein.~~ A similar study with Daudi cells, but with "'1-IFN-P, revealed two complexes 
of Mr 145,000 and 120,000. The authors of this study suggest, but bring no evidence, that 
these two bands are related to putative IFN-a,P and IFN-P,y  receptor^.^^ Proof of this 
hypothesis could be obtained by selective competition with IFN-(Y and IFN-y. 

An alternative method to determine the molecular weight of an IFN-receptor complex is 
to solubilize it and analyze the complex by gel filtration chromatography. This procedure 
was used by Eid and Mogensen'22 who succeeded in solubilizing the "'I-IFN-a,-receptor 
complex from Daudi cells with d i g i t ~ n i n . ~ ~  Gel filtration chromatography of an extract 
obtained after 30 min of incubation revealed a complex of molecular weight 230,000. 
Extraction of the cells after 90 min gave an additional peak of apparent molecular weight 
lo6. The authors suggest that this aggregate correlates with the high-affinity binding site 
which they have previously identified in these cells.78 Faltynek et al.8' applied an assay that 
measures binding of IFN-a2 to solubilized receptors. This assay was based on selective 
precipitation of i251-IFN-receptor complexes in the presence of free I2'I-IFN with the aid of 
polyethylene glycol. Using it and a combination of several physical methods such as sedi- 
mentation in sucrose gradients and gel filtration, a molecular weight of 170,000 was deter- 
mined for the complex of Type I receptor and Tritonw X-100. By subtracting the weight of 
bound Triton@' X-100, a molecular weight of 95,000 was estimated for this receptor. The 
reason for the discrepancy between this value and the one obtained from SDS-PAGE ( 1  20,000 
to 130,000) remains to be established, however, both methods of molecular weight deter- 
minations are not very accurate. The band width of the IFN-receptor complex spans 30% 
of the distance between molecular weight markers 92,500 and 200,000 in SDS-PAGE, while 
the use of sedimentation in sucrose does not produce much better resolution. 

The molecular weight of human Type I1 receptor was determined by SDS-PAGE of IrsI- 
IFN-y cross-linked to its receptor on WISH and GM-258 cells. A molecular weight of 85,000 
4 5,000 was calculated for the receptor in WISH cells based on a band of Mr 105,000 & 
5,000, corresponding to the IFN-y-receptor c~mplex .~ '  A molecular weight of 205,000 & 
7,000 was found in the case of GM-258 fibroblasts.i23 Assuming that both studies were 
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based on electrophoresis under reducing conditions, these results indicate that different human 
cells may have different Type I1 receptor. Alternatively, it is possible that the smaller complex 
was obtained by cleavage of a larger receptor molecule. 

B. Purification of the Receptors 
The low abundance of IFN receptors on the cell surface makes their isolation and puri- 

fication a task that is even more difficult than the task of purifying natural IFN itself. If we 
take the values calculated from Scatchard analyses for receptor abundance (1,000 to 20,000 
per cell) and assume that 1 kg of tissue contains approximately 10" cells, then a purification 
of 5 x lo5 to 5 x 106-fold would give 0.2 to 4 mg receptor at a very optimistic recovery 
of 100%. These staggering values are manifested by the fact that very little was achieved 
so far, Traub et used the human lymphoblastoid Namalva cells as a source of IFN- 
receptor. In a three-step procedure which included membrane solubilization, chromatography 
on wheat-germ lectin Sepharose, and an interferon-a Sepharose, a 182-fold purificaiton and 
28% recovery of binding activity were achieved. In another attempt, human foreskin fibro- 
blasts were solubilized and the Type I1 receptor was purified by affinity chromatography on 
IFN-y Sepharose. IFN-y binding activity was demonstrated in the column eluate and cross 
linking in solution with "'I-IFN-y followed by SDS-PAGE revealed a specific band of Mr 
-1 15,000. A purification factor of 2700 was obtained in one step and further attempts to 
purify this receptor are in progress. 

C. Receptor Heterogeneity 
The data presented so far indicates the presence of two receptor types, one for IFN-a,P 

and the other for IFN-.)I. It is possible that each type of receptor is in fact a family of 
subtypes but the limited amount of available data on the structure of human IFN receptors 
makes this discussion a very speculative one. Discrepancies in data on receptor structure 
that are obtained from different laboratories can sometimes be dismissed as resulting from 
technical reasons. However, there are some data comparing receptors from different sources 
or indicating receptor heterogeneity in the same cell. Analysis of IFN-or-receptor complexes 
by gel filtration reveals several peaks of different molecular weights, however, these could 
be aggretates since such chromatography must be done under nondenaturing condi- 
tions. 8 I .99.122 Most studies based on SDS-PAGE of IFN-receptor complexes yielded single 
bands which indicate a single molecular weight class of polypeptides. This, however, does 
not exclude the possibility of several polypeptides having the same electrophoretic mobility 
but different sequences. In one case, two bands of molecualr weights 103,000 and 128,000 
were obtained by cross linking of '2SI-IFN-P to its receptor on Daudi' cells.87 Since other 
laboratories obtained only the higher molecular weight band with 12SI-IFN-a, this was in- 
terpreted as proof for a specific IFN-P receptor. However, the obvious specific competition 
test with unlabeled IFN-P was not performed. Treatment of mouse cells with pronase prior 
to IFN addition, specifically blocked the antiviral activity of IFN-P but not that of IFN-a. 
It was therefore suggested that in these cells the receptors for IFN-a and p are different.Iz4 
However, one may equally argue that a certain proteolytic damage to a single class of 
receptors may selectively abbrogate the binding of IFN-P and not that of IFN-a. In any 
case, this phenomenon was found only in one type of mouse cells in their logarithmic growth 
phase. In spite of this, the difference observed between resting and growing cells does point 
toward receptor heterogeneity. 

Functional differences can also be used as indicators of receptor heterogeneity. We have 
compared Type 11 receptor in human WISH cells to that in peripheral-blood monocytes. 
I2'I-IFN-y was specifically bound to both cells (Figure l ) ,  however, different binding char- 
acteristics were obtained. Scathchard analysis gave, in the case of monocytes, an upward 
concave dependency curve, indicating either multiple binding sites or a negative cooperativity 
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FIGURE I .  Binding of "I-IFN-y to human peripheral blood mon- 
ocytes (A) and to WISH cells (B). Cells were incubated with increasing 
concentrations (15 to 15.000 units per milliliter) of "Y-IFN-y at 4°C 
for 2'/2 hr and cell-bound radioactivity was then measured. Insets: 
Scatchard plots of the binding data. 

among the binding sites. In contrast, a linear Scatchard plot was obtained for the binding 
in WISH cells. However, it is possible that nonspecific binding to monocytes produced the 
concave Scatchard plot. Competition studies gave more striking differences. Acid treated- 
IFN-y (95% inactivated) effectively competed with "'I-IFN-y for binding to the receptor 
on WISH cells but not on monocytes (Figure 2). The significance of these differences was 
evaluated by analyzing the various biological activities of IFN-y in these two cell types. 
IFN-y was found to induce an antiviral state in WISH cells but not in monocytes. Acid 
treated-IFN-y was found to be almost as active as IFN-y itself in inducing HLA-DR in 
WISH cells, but was almost completely inactive as an HLA-DR inducer in monocytes. It 
was proposed that these variations in biological activity stem from the presence of different 
Type I1 receptors in monocytes and in WISH cells. Moreover, we suggested that the im- 
munoregulatory functions of IFN-y in monocytes are related to the presence of a distinct 
IFN-y receptor in these cells.95 

D. Antibodies to the Receptors 
Both purification of the receptor and preparations of antibodies against it are hampered 

by the low abundance of the receptors on the cell surface. The use of human-mouse somatic 
cell hybrids as immunogens enabled Revel et al.IIs to prepare an antiserum that blocked the 
human Type I receptor. A hybrid cell bearing human chromosome 21 was used as an 
immunogen and the antiserum obtained could block the activity of human IFN-f3 even if 
added after 3 hr of contact between IFN and the cells at 37°C. Incubation of similar antibodies 
with Daudi cells blocked the binding of radiolabeled IFN-a but not IFN-y to cell surface 
receptors.'26 In this way the existence of different receptors for IFNs - a ,P  on one hand and 
IFN-y on the other was proven again by an independent method. Monoclonal antibodies to 
this receptor have been prepared as well. 12'' Such antibodies will be useful in characterizing 
receptor heterogeneity and in studying the mode of action of IFN. 
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FIGURE 2. Binding site competition between Iz5I-IFN-y and unlabeled 
IFNs in human peripheral blood monocytes (A) and in WISH cells. (B) 
[1z51]-IFN-y (300  units per milliliter, 300 pM in A, 100 units per milliliter 
in B) were added together with various concentrations ( 1  to 6 X lo5 pM) 
of either unlabeled IFN--y (U) or unlabeled acid-treated IFN-y (A- 
&. Following incubation at 4°C for 2I1, hr, bound radioactivity was 
determined. Specific binding was 80% for monocytes and 70% for WISH 
cells. 

V. GENETICS OF THE INTERFERON RECEPTORS 

Using human mouse somatic cell hybrids it was possible to show that the responsive- 
ness to human IFN-(r and -p can be transferred to mouse cells by human chromosome 
2 1 .127--129 The protein responsible for the transfer was proven to be on the cell surface since 
antibodies to whole cells blocked IFN activity.Il5 Recently, it was proven that this is actually 
the IFN receptor since similar antibodies blocked IFN binding.'26 The receptor gene is on 
the distal segment of the long arm of chromosome 21, close to region q22 which is involved 
in Down's syndrome. I3O Further evidence to the chromosomal localization comes from the 
finding that cells having chromosome 21 trisomy were more sensitive than diploid cells both 
in the 115.130.131 and the antimitogenic effects. 132--134 The increased sensitivity of 
chromosome 21 trisomic cells can be used as a tool to distinguish between Type I and Type 
I1 IFN receptors. Indeed, it was found to be limited to IFN-a and Moreover, mouse 
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human hybrid cells containing chromosome 21 were responsive to lFNs a and p but not to 
IFN-y. Finally, "?I-IFN-a and not '"I-IFN-y could be bound specifically to these cells. 136 

There is, however, one study which finds increased sensitivity of trisomic cells to IFN-y as 
well. 

In conclusion, the majority of the studies clearly indicate that Type I1 IFN receptors are 
not coded by chromosome 21. The novel techniques of molecular biology enable identifi- 
cation of the genes coding for various IFN receptors, and once this is achieved a better 
understanding of the mechanism of IFN action is expected. 

VI. LOCALIZATION OF RECEPTOR-BINDING 
EPITOPES ON INTERFERONS 

The phenomenon of biological recognition is based on high affinity interaction between 
two biomolecules. The ability of proteins to fold into exact three-dimensional structures and 
to form "pockets" of a defined structure enables them to bind small ligands with high 
affinity. Such interactions exist, e.g., between enzymes and substrates. Another example is 
that of avidin and biotin (molecular weight 244) which bind together at a record Kd of 10-l5 
M. Therefore, it is not surprising that when two macromolecules interact, only small portions 
of the molecules are actually sufficient for a strong interaction. In the case of antigen- 
antibody binding, the antigenic epitope is usually made of no more than six to seven amino 
acid residuesI3* and this space-limited interaction displays dissociation constants in the range 
of lo-' to lo- ' '  M. A similar situation probably exists in the hormone-receptor system, 
namely, it should be possible to localize small and defined binding sites both on lFNs and 
on their receptors. 

Several approaches can be taken in order to identify amino acids that are directly involved 
in the binding. It is possible to generate antibodies against synthetic peptides whose sequences 
represent parts or the IFN molecule and to study their effects in IFN binding and activity. 
By using modem methods of molecular biology, it is possible to replace or delete codons 
of one or more amino acids and in this way to study their role in binding. It is also possible 
to perform various chemical modifications which are specific for certain amino acids. Finally, 
one can generate fragments of IFN either by chemical or by enzymatic means and to study 
their receptor-binding ability. The last approach is quite limited since most binding epitopes 
are conformational, namely, the amino acids involved in the binding are not necessarily 
adjacent to each other and therefore small fragments rarely contain all the amino acids of a 
given binding epitope. Consequently, only large fragments which contained most of the IFN 
molecule were studied so far. 

Levy et al.139 observed that the mixture of natural human IFN-a subtypes obtained by 
virus induction of leukocytes contains several subtypes which are shorter at the C-terminus 
by ten amino acids in comparison to the sequence expected from the gene. 139 These subtypes 
were fully active, thus indicating that the C-terminal ten amino acids are not involved in 
either binding or activity. Indeed, a monoclonal antibody prepared against a synthetic peptide 
having a sequence of the 16 C-terminal amino acid residues of IFN-a neither inhibits the 
receptor binding nor the activity of lFN-aA.*O Streuli et al.I4O studied the activity of IFN- 
a,, a2 and their hybrids in various cells. They found that molecules containing the N-terminal 
half of IFN-a, are active in bovine cells but are poorly active in human cells, while molecules 
containing the N-terminal half of 1FN-q were highly active in both human and bovine cells. 
In cotnrast, molecules having the C-terminal half of IFN-a, were more active on mouse 
cells than those having the C-terminal -a2. Therefore, they proposed that IFN-a has two 
binding epitopes, one in the N-terminal half and the other in the C-terminal half.'40 In another 
study limited proteolysis of IFN-al with thermolysin produced two major complementary 
fragments 1 to 110 and 11 1 to 153. After cleavage of the disulfide bonds with 2-mercap- 
toethanol and separation, the antiviral and growth inhibitory activities persisted in the larger, 
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Mr 12,000 fragment consisting of the N-terminal 110 amino acids.I4' The activity of the 
fragment was about 3% of the original and this drop can be interpreted with the aid of the 
theory on the existence of two binding sites, namely, that one or more of the amino acids 
that are part of the binding epitope were localized in the second fragment. Further support 
for this theory comes from another study in which two fragments obtained by CNBr cleavage 
of reduced and S-carboxymethylated IFN-aC were found to compete with IFN-aC for binding 
to the receptor. Although these fragments exhibited no antiviral activity, they could inhibit 
the activity of IFN, thus acting as antagonists. These fragments were identified by sequence 
analysis as IFN-aC (1 to 59) and IFN-aC (1 12 to 148) and their apparent affinity was 10 
to 15 times lower than that of IFN-aC. These observations indicate that the binding epitope 
is actually made of amino acids residues that are present in two distinct regions.'"" 

Studies at the binding site of IFN-y were performed as well. It was reported that antibodies 
made against the N-terminal synthetic fragment of IFN-y inhibited its activity.I4' In another 
study, several monoclonal antibodies directed against epitopes at the N-terminus and C- 
terminus of murine IFN-y were prepared. All these antibodies inhibited the antiviral activity 
of IFN-y to a similar extent but only those directed against the C-terminal epitope inhibited 
macrophage activation, Ia induction and binding of 12'I-IFN-y to mouse macrophages. 143 

Therefore, the authors concluded that the binding epitope is present at the C-terminal portion 
of IFN-y. A study with the human IFN-y system gave opposite results. Limited proteolysis 
of the C-terminus with carboxypeptidases had only a marginal effect on the affinity for the 
receptor, while cleavage of the first two N-terminal amino acids, with dilute acid at 100°C 
(Asp-Pro cleavage), completely abolished the binding of the receptor on human WISH 
~ e 1 l s . l ~ ~ "  Thus, i t  appears that the N-terminus and not the C-terminus of IFN-y is involved 
in binding to the receptor. The difference between the binding sites in WISH cells and in 
monocytes is one of the indications for the presence of different Type I1 receptors in these 
cells (see Section 1V.C). It is not due to differences between the human and the murine 
systems since denatured IFN-y could not compete for the binding of "'I-IFN-y to its receptor 
in human monocytes. 

VII. CORRELATIONS WITH OTHER CELL SURFACE COMPONENTS 

The interferon receptors are minor constituents of the cell membrane, however, they may 
profoundly affect other membrane components. In princple, IFN can induce or inhibit the 
production of other surface components and it can modulate the binding of other ligands to 
their receptors on the cell surface. The best known example is that of HLA surface antigens. 
Class I HLA antigens (HLA-A,B,C in human cells) are present in all human cells, while 
Class I1 antigens (HLA-DR) are present in certain immunocytes and in nonhemopoietic cells 
involved in autoimmune diseases. Interferons, and particularly IFN-y are the only known 
inducers of these surface antigens."-" They elevate HLA levels and in some cases HLA- 
DR is absent on cell surface unless this cell was exposed to IFN. In many cases a low 
concentration of 1 unit per milliliter or even less is sufficient for a significant response. In 
this respect, the induction of HLA-DR can be used as an IFN assay that is more sensitive 
than the antiviral assay. So far, HLA is the only known example of IFN-induced surface 
component. The induction is at the genomic level since a parallel (and sometimes even 
larger) increase in HLA mRNA is observed.S3 

A decrease in surface components is seen as well. Incubation of lymphoblastoid cells 
such as Daudi and Raji with IFN-a, for 3 days caused a 50% reduction in their ability to 
bind insulin. This effect was quite specific since binding of transferin was not inhibited 
and serum starvation did not mimic the effect of IFN-a,. Analysis of insulin binding revealed 
that the number of insulin receptors was decreased by 50% while their affinity for insulin 
did not change. 144 Since insulin receptors undergo a turnover of synthesis and degradation, 
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IFN could affect either of these processes. It is likely, however, that the synthesis was 
inhibited. 

A similar study with bovine MDBK cells revealed that IFN-ol? reduced the number of 
EGF receptors. Treatment of cells with Hu IFN-a2 for 20 hr reduced the number of receptors 
from 11,800 to 7100. No change was observed in the rates of degradation or internalization 
hence an effect on protein synthesis is i n~o lved . ' ' ~  

VIII. EPILOGUE 

There are still many open questions regarding the IFN receptors and some of them will 
probably be answered while this review is being printed. 

The major unanswered question is what is the link between binding of IFN to its receptor 
and inducing (or blocking) the genes involved in  IFN action? If it likely that at least part 
of the answer will be found once the receptor molecule is isolated and characterized. Because 
of the observed immunoregulatory activities of IFN-y it is possible that interesting findings 
will be obtained by studying the regulation and functions of the Type I1 IFN receptor in 
immunocytes. These problems and others related to IFN receptors will probably be intensively 
studied in the near future. 

ACKNOWLEDGMENTS 

The continuing contributions of D. G. Fischer and D. Novick is acknowledged. M .  R. 
is the incumbent of the Edna and Maurice Weiss Chair in Interferon Research. 

REFERENCES 

I .  Isaacs, A. and Lindenmann, J., Virus interference. I. The interferon, Proc. R .  Soc. London Ser. B .  147. 

2. Tyrell, D. A. J., Interferon produced by cultures of calf kidney cells, Nature (London), 184, 452. 1959. 
3. Anon., Interferon nomenclature, Narure (London). 286, 1 10, 1980. 
4. Nagata, S., Mantei, N., and Weissmann, C., The structure ofone of the eight or more distinct chromosomal 

genes for human interferon-a. Norure (London). 287, 401, 1980. 
5 .  Goeddel, D. V.,  Leung, D. W., Dull, T. J . ,  Gross, M., Lawn, R. M., McCandliss, P. H., Seeburg, 

A., Ullrich, E., Yelverton, E., and Gray, P. W., The structure of eight distinct cloned human leukocyte 
inteferon cDNAs, Nature (London). 290. 20, I98 I .  

6. Rubinstein, M., Levy, W. P., Moschera, J. A., Lai, C.-Y., Hershberg, R. D., Bartlett, R. T., and 
Pestka, S., Human leukocyte interferon: isolation and characterization of several molecular forms, Arch. 
Biochem. Biophys.. 210, 307, 1981. 

7. Labdon, J. E., Gibson, K. D., Sun, S., and Pestka, S., Some species of human leukocyte interferon 
are glycosylated, Arch. Biochem. Biophys., 232, 422, 1984. 

8. Wetzel, R., Assignment of the disulphide bonds of leukocyte interferon, Narure (London). 289. 606, 1981. 
9. Gifford, G. E., Effect of environmental changes upon antiviral action of interferon, Proc. Soc. ESP. Biol. 

Med.. 114, 644, 1963. 
10. Stewart, W. E., 11, Uptake of interferon: the fate of cell-bound interferon during induction of antiviral 

and non antiviral activities, in Effecrs of Inrerjeron on Cells, Viruses and rhe Immune System. Geraldes. 
A, .  Ed., Academic Press, New York, 1975. 75. 

11. Staehelin, T., Durrer, B., Schmidt, J., Takacs, B., Stocker, J. ,  Miggiano, V . ,  Stahli, C., Rubinstein, 
M., Levy, W. P., Hershberg, R. D., and Pestka, S., Production of hybridomas secreting monoclonal 
antibodies to the human leukocyte interferons, Proc. Narl. Acad. Sci. U.S.A.. 78, 1848. 1981. 

12. Revel, M., The interferon system in man: nature of the interferon molecules and mode of action, Antiviral 
Drugs and Interferon: The Molecular Basis oftheir Activity. Becker, Y., Ed., Martinus Nijhoff, The Hague, 
1984, 351.  

258. 1957. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



270 CRC Critical Reviews in Biochemistry 

13. Capon, D. J., Sheppard, H. M.. and Goeddel, D. V., Two distinct families of human and bovine 
interferon alpha genes are coordinately expressed and encode functional polypeptides. Mol. Crll Biol.. 5. 
768, 1985. 

14. Preble, 0. T., Black, R. J., Friedman, R. M., Klippel, H. J., and Vilcek, J., Systemic lupus erythe- 
matosus: presence in human serum of an unusual acid labile leukocyte interferon. S ( i e n w .  216. 429. 1982. 

15. Fischer, D. G. and Rubinstein. M., Spontaneous production of interferon-y and acid-labile interferon-a 
by subpopulations of human mononuclear cells. Cell. Immune/., 81, 426. 1983. 

16. Taniguchi, T., Ohno, S., Fuju-Kuriyama, Y., and Muramatsu, Y., The nucleotide sequence of human 
fibroblast interferon cDNA. Gerie, 10. I I .  1980. 

17. Rubinstein, M., Rubinstein, S., Familletti, P. C., Miller, R. S., Waldman, A. A., and Pestka, S., 
Human leukocyte interferon: production. purification to homogeneity and initial characterization. Proc. 
Natl. Acad. Sci. U . S . A . .  76. 640. 1979. 

18. Friesen, H. J., Stein, S., Evinger, M., Familletti, P. C., Moschera, J., Meienhoffer, S., Shively, J., 
and Pestka, S., Purification and molecular characterization of human fibroblast interferon. Arch. Biocherii. 
BiophJs.. 206, 432. 1981. 

19. Sehgal, P. B. and Sagar, A. D., Heterogeneity of poly ( I ) .  poly (C)-induced human fibroblast interferon 
mRNA species. Nutrrrr (LomhnJ ,  288, 95. 1980. 

20. Weissenbach, J., Chernajovsky, Y., Zeevi, M., Shulman, L., Soreq, H., Nir, U., Wallach, D., 
Perricaudet, M., Tiollais, P., and Revel, M., Two interferon mRNAs in  human fibroblasts: i n  i.itro 

translation and Escherichio coli cloning studies. Proc. Nut/.  Acud. Sc i .  U . S . A . .  77. 7 152. 1980. 
21. Zilberstein, A., Ruggieri, M., and Revel, M., Human interferon-P,: is it an interferon inducer?, The 

Interferon System, Ares Serono Symposia, Raven Press, New York, 1985, 129. 
22. Gray, P. W., Leung, D. W., Pennica, D., Yelverton, E., Najarion, R., Simonsen, C. C., Derynck, 

R., Sherwood, P. S., Wallace, D. M., Berger, S. L., Levinson, A. D., and Goeddel, D. V., Expression 
of human immune interferon cDNA in E .  coli and monkey cells, Nature (LondoriJ. 295. 503. 1982. 

23. Gray, P. W. and Goeddel, D. V., Structure of the human immune interferon gene. Nature (London). 
298, 859. 1982. 

24. Rinderknecht, E., O’Connor, B. H., and Rodriguez, H., Natural human interferon-y. Complete amino 
acid sequence and determination of sites of glycosylation. J .  B i d .  Chem., 259. 6790. 1984. 

25. De Grado, W. F., Wasserman, 2. R., and Chowdhry, V., Sequence and structural homologies among 
Type I and Type 11 interferons, Nurure (London), 300, 379. 1982. 

26. Yip, J.-K., Barrowclough, B. S., Urban, C., and Vilcek, J., Purification of two subspecies of human- 
y (immune) interferon, Proc. Narl. Acad. Sci. U . S . A . .  79, 1820. 1982. 

27. Revel, M., Molecular mechanisms involved in the antiviral effects of interferon. in  Iriterjerori I ,  Gresser. 
I . ,  Ed.. Academic Press. New York. 1979. 101. 

28. Clemens, M. J., Pain, V. M., Wong, S. T., and Henshaw, E. C.; Phosphorylation inhibits guanine 
nucleotide exchange on eukaryotic initation factor 2. Nature (London), 296, 93, 1982. 

29. Schmidt, A., Zilberstein, A., Shulman, L., Federman, P., Berissi, H., and Revel, M., Interferon 
action: isolation of nuclease F, a translation inhibitor activated by interferon-induced (2’-5’) oligo-isoad- 
enylate, FEES Lett.. 95, 257, 1978. 

30. Herberman, R. B., Ortaldo, J. R., Timonen, T., Reynolds, C. W., Djeu, J. Y., Pestka, S., and 
Stanton, J.,  Interferon and natural killer (NK) cells, Tex. Rep. Biol. Med..  41. 590. 1982. 

31. Schattner, A., Meshorer, A., and Wallach, D., Involvement of interferon in virus-induced lymphopenia, 
Cell Imrnunol., 79. 1 1, 1983. 

32. Lwoff, A., Death and transfiguration of a problem, Bacreriol. Re) , . ,  33, 390, 1969. 
33. Yaron, M, Yaron, I., Gurari-Rotman, D., Revel, M., Lindner, H. R., and Zor, U., Stimulation of 

prostaglandin E production in cultured human fibroblasts by poly I:C and human interferon, Nature (London), 
267, 457. 1977. 

34. Pardee, A. B., Dubrow, R., Hamlin, J. L., and Kletzien, R. F., Animal cell cycle, Annu. Reit. Biochem.,  
47, 715, 1978. 

35. Balkwill, F. R., Watling, D., and Taylor-Papadimitriou, J., Inhibition by lymphoblastoid interferon of 
growth of cells derived from the human breast, Inr. J .  Cancer, 22. 258, 1978. 

36. Kimchi, A., Bendori, R., Einat, M., Yarden, A., Resnitzky, D., and Gottlieb, H., Production and 
function of IFN during the process of cell differentiation, in The Biology of rhe Interferon System. De 
Maeyer, E. and Schellekens, H., Eds., Elsevier, Amsterdam, 1983, 83. 

37. Einat, M., Resnitzky, D., and Kimchi, A., Close link between reduction of c-myc expression by interferon 
and Go/G, arrest, Nature (London), 313. 597. 1985. 

38. Screevalson, T., Taylor-Papadimitriou, J., and Rozengurt, A., Selective inhibition by interferon of 
serum-stimulated biochemical events in 3T3 cells, Biochem. Biophys. Res. Commun., 87, 679. 1979. 

39. Luftig, R. B., Conscience, J. F., Skoultchi, A., McMillan, P., Revel, M., and Ruddle, F. H., Effect 
of interferon on dimethyl-sulfoxide-stimulated Friend erythroleukemic cells: ultrastructural and biochemical 
study, J .  Virol.. 23. 799. 1977. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Volume 21, Issue 3 271 

40. Tomida, M., Yamamoto, Y., and Hozumi, M., Stimulation by interferon of induction of differentiation 
of human promyelocytic leukemia cells. Bioclieni. B i o p l i y  Res. Con~fmoi., 104. 30. 1982. 

41. Lotem, J. and Sachs, L., Genetic dissociation of different cellular effects of interferon on myeloid leukemic 
cells. I r i t .  J .  Cancer. 22. 214. 1978. 

42. Friedman-Einat, M., Revel, M., and Kimchi, A., Initial characterization of a spontaneous interferon 
secreted during growth and differentiation of Friend erythroleukemia cells. Mol. Cell Biol. ,  2. 1472. 1982. 

43. Chany, C. and Vignal, M., Effect of prolonged interferon treatment on mouse embryonic fibroblasts 
transformed by murine sarcoma virus. J .  Gni .  Virol. .  7. 203. 1970. 

44. Brouty-Boye, D. and Gresser, I., Reversibility of the transformed and neoplastic phenotype. I .  Progressive 
reversion of the phenotype of X-ray-transformed C3H/ IOT'/, cells under prolonged treatment with inteferon. 
lnt .  J .  Cancer. 28. 165. 1981. 

45. Wang, E., Pfeffer, L. M., and Tamm, I . ,  Interferon increases the abundance of submernbranous micro- 
filaments in HeLa-S, cells in suspension culture. Proc. Natl. Acad. Sci. U.S.A., 78, 6281. 1981. 

46. Bourgeade, M. F., Rousset. S., Paulin, D., and Chany, C., Reorganization of the cytoskeleton by 
interferon in MSVL transformed cells. J .  Interferon Res. .  1 .  323. 1981. 

47. Le, J., Prensky, W., Yip, Y. K., Chang, Z., Hoffman, T., Stevenson, H. C., Balazs, I., Sadlik, J. 
R., and Vilcek, J., Activation of human monocyte cytotoxicity by natural and recombinant immune 
interferon, J .  Irntnumd., 13 I .  282 I . 1983. 

48. Pace, J. L., Russel, S. W., Schreiber, R. D., Altman, A., and Katz, D., Macrophage activation: priming 
activity from a T-cell hybridoma is attributable to interferon-gamma. Proc. Nut/. Amd.  Sci. U.S.A. .  80. 
3782. 1983. 

48a. Fischer, D. G. and Rubinstein, M., Human monocytes tumoricidal activity: the role of inteferon-y in  
its stimulation. preservation and decay. Ir~tr~titrrobiolop, 1986. in press 

49. Hurme, M., Silvennoinen, O., and Renkonen, R., Highly increased natural killer cell number and lytic 
activity in the murine peripheral blood and lungs after interferon induction iri i.ii.o. Scarid. J .  I ~ ~ i ~ i i u ~ i o l .  , 

20. 371. 1984. 
50. Wallach, D., Regulation of susceptibility to natural killer cells' cytotoxicity and regulation of HLA synthesis: 

different efficacies of alpha. beta. and gamma interferons. J .  Iriterferon Res.. 2. 329, 1982. 
51,  Fellous, M., Kamoun, M., Gresser, I., and Bono, R., Enhanced expression of HLA antigens and p2 

microglobulin on interferon-treated human lymphoid cells, Eur. J .  Ifnfnunol.. 9. 446. 1979. 
52. Kelley, V. E., Fiers, W., and Strom, T. B., Cloned human inteferon-y but not interferon-p or -a induces 

expression of HLA-DR determinants by fetal monocytes and myeloid leukemic cell lines, J .  Ifnmmd., 
132, 240. 1984. 

53. Wallach, D., Fellous, M., and Revel, M., Preferential effect of y interferon on the synthesis of HLA 
antigens and their mRNA in human cells, Nature (London), 299. 833. 1982. 

54. Vignaux, F., Gresser, I., and Fridman, W. H., Effect of virus induced interferon on the antibody response 
of suckling and adult mice, Eur. J .  Imniroiol.. 10. 767, 1980. 

55.  Heron, I . ,  Berg, K., and Cantell, K., Regulation effect of interferon on T cells i f i  vitro, J .  I ~ ~ i m ~ ~ i d . ,  

117. 1370, 1976. 
56. De Maeyer, E., De Maeyer-Guignard, J., and Vandeputte, M., Inhibition by interferon of delayed-type 

hypersensitivity in the mouse. Proc. Nod.  Acrrd. Sci. U . S . A . .  72. 1753. 1975. 
57. Gresser, I., Bourali, C., Chouroulinkov, I., Brouty-Boye, D., and Thomas, M., Treatment of neoplasia 

in mice with interferon preparations. Awi .  N.Y. Actrd. Sci.. 173, 694, 1970. 
58. Sidman, C. L., Marshall, J. D., Shultz, L. D., Gray, P. W., and Johnson, H. M., y interferon is one 

of several direct B cell-maturinp lymphokines. Nature (Loridon), 309, 801, 1984. 
59. Leibson, H. J., Gefter, M., Zlotnik, A., Marrack, P., and Kappler, J. W., Role of y-interferon in 

antibody responses, Nature (London). 309, 799, 1984. 
60. Weil, J., Epstein, C. J., Epstein, L. B., Sedmark, J., Sabran, J. L., and Grossberg, S. E., A unique 

set of polypeptides is induced by y interferon in addition to those induced in common with a and p 
interferons. Nature (London). 301. 437, 1983. 

61. Rubinstein, M., Rubinstein, S., Familletti, P. C., Gross, M. S., Miller, R. S., Waldman, A. A., and 
Pestka, S., Human leukocyte interferon purified to homogeneity. Science. 202, 1289. 1978. 

62. De Maeyer-Guignard, J., Tovey, M. G., Gresser, I., and De Maeyer, E., Purification of mouse interferon 
by sequential affinity chromatography on poly (U)-and antibody-agarose columns, Nature (Lofidoft). 27 I ,  
622, 1978. 

63. Friedman, R. M., Interferon binding: the first step in establishment of antiviral activity. Science, 156, 
1760, 1967. 

64. Stewart, 11, W. E., De Clerq, E., and De Somer, P., Recovery of cell-bound interferon. J .  V i r d . ,  10. 
707, 1972. 

65. Berman, B. and Vilcek, J., Cellular binding characteristics of human interferon. Virology, 57, 378. 1974. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



272 CRC Critical Reviews in Biochemistry 

66. Chany, C., Ankel, H., Galliot, B., Chevalier, J., and Gregoire, A., Mode of action and biological 
properties of insoluble interferon (38239). Proc. Soc. Exp. Biol. Med., 147, 293, 1974. 

67. Vengris, V. E., Stollar, B. D., and Pitha, P. M., lnferferon externalization by producing cell before 
induction of antiviral state, Virology, 65. 410. 1975. 

68. Scatchard, G., The attraction of protein for small molecules and ions. Artn. N . Y .  Acad. Sci..  51. 660, 
1949. 

69. Cuatrecasas, P. and Hollenberg, M. D., Membrane receptors and hormone action. Adv. Proiein Chern.. 
30, 251. 1976. 

70. Aguet, M., High-affinity binding of "I-labelled mouse interferon to a specific cell surface receptor, Nature 
(London). 284. 459. 1980. 

71. Aguet, M., Gresser, I., Hovanessian, A. G., Bandu, M-T., Blanchard, B., and Blangy, D., Specific 
high-affinity binding of l"l-labelled mouse interferon to interferon resistant embryonal carcinoma cells irr 
t h o ,  Virology. 114, 585. 1981. 

72. Aguet, M. and Blanchard, B., High affinity binding of "sl-labelled mouse interferon to a specific cell 
surface receptor, Virology. 115. 249. 1981. 

73. Mogensen, K. E., Bandu, M-T., Vignaux, F., Aguet, M., and Gresser, I., Binding of "'I-labelled 
human a interferon to human lymphoid cells. lnr. J .  Caricer. 28. 575. 1981. 

74. Branca, A. and Baglioni, C., Evidence that types I and I1 interferons have different receptors. Nature 
(London). 294, 768. 1981. 

75. Zoon, K., Zur Nedden, D., and Arnheiter, H., Specific binding of human a-interferon to a high affinity 
cell surface binding site on bovine kidney cells, J .  Biol. Chem..  257, 4695, 1982. 

76. Joshi, A. R., Sarkar, F. H., and Gupta, S. L., Interferon receptors. Cross-linking of human leukocyte 
interferon a] to its receptor on human cells, J .  Biol. Chem.. 257, 13884, 1982. 

77. Yonehara, S., Yonehara-Takahashi, M., and Ishii, A., Binding of human interferon-a to cells of different 
sensitivities: studies with internally radiolabeled interferon retaining full biological activity, J .  Virol., 45, 
1168, 1983. 

78. Mogensen, K. E. and Bandu, M.-T., Kinetic evidence for an activation step following binding of human 
interferon a2 to the membrane receptors of Daudi cells, Eur. J .  Biochem., 134, 355, 1983. 

79. Yonehara, S., Yonehara-Takahashi, M., Ishii, A., and Nagata, S., Different binding of human inter- 
feron-a, and a2 to common receptors on human and bovine cells, J .  Biol. Chem., 258. 9046. 1983. 

I 80. Arnheiter, H., Ohno, M., Smith, M., Gutte, B., and Zoon, K., Orientation of a human leukocyte 
interferon molecule on its cell surface receptor: carboxyl terminus remains accessible to a monoclonal 
antibody made against a synthetic interferon fragment. Pror. Nail. Acad. Sci. U.S.A. .  80, 2539. 1983. 

81. Faltynek, C. R., Branca, A., McCandless, S., and Baglioni, C., Characterization of an interferon receptor 
on human lymphoblastoid cells, Proc. Nor/. Acad. Sci. U.S.A.. 80, 3269, 1983. 

82. Traub, A., Feinstein, S., Gez, M., Lazar, A., and Mizrahi, A., Purification and properties of the a- 
interferon receptor of human lymphoblastoid (Namalva) cells, J .  Biol. Chern.. 259. 13872, 1984. 

83. Hannigan, G. E., Gewert, D. H., and Williams, B. R. G., Characterization and regulation of a-interferon 
receptor expression in interferon-sensitive and -resistant human lyrnphoblastoid cells, J .  B i d  Chem., 259, 
9456, 1984. 

84. Fuse, A,, Ashino-Fuse, H., and Kuwata, T., Binding of 1251-labeled human interferon to cell lines with 
low sensitivity to interferon, G A " ,  75, 379, 1984. 

85. Hannigan, G. E., Fish, E. N., and Williams, B. R. G., Modulation of human interferon-a receptor 
expression by human interferon-y, J .  Biol. Chem.. 259, 8084, 1984. 

86. O'Rourke, E. C., Drummond, R. J., and Creasey, A. A., Binding of 1251-labeled recombinant p-interferon 
(IFN-P Ser,,) to human cells, Mol. Cell. Biol., 4, 2745, 1984. 

87. Thompson, M. R., Zhang, Z-Q., Fourniers, A., and Tan, Y. H., Characterizationof human p interferon- 
binding sites in human cells, J .  B i d .  Chem., 260, 563, 1985. 

88. Anderson, P., Yip, Y. K., and Vilcek, J., Specific binding of '251-human interferon-y to high affinity 
receptors on human fibroblasts, J .  Biol. Chern., 257, 11301. 1982. 

89. Anderson, P., Yip, Y. K., and Vilcek, J., Human interferon-y is internalized and degraded by cultured 
fibroblasts, J .  Biol. Chem., 259, 6497, 1983. 

90. Orchansky, P., Novick, D., Fischer, D. G., and Rubinstein, M., Type I and type I1 interferon receptors, 
J .  lnrerferon Res., 4, 275, 1984. 

91. Celada, A., Gray, P. W., Rinderknecht, E., and Schreiber, R. D., Evidence for a gamma-interferon 
receptor that regulates macrophage tumoricidal activity, J .  Exp. Med., 160, 55, 1984. 

92. Sarkar, F. H. and Gupta, S. L., Receptors for human y interferon: binding and cross-linking of I 2 Y -  

labeled recombinant human y interferon to receptors on WISH cells, Proc. Narl. Acad. Sci. U.S .A. .  81, 
5160, 1984. 

93. Littman, S. J., Faltynek, C. R., and Baglioni, C., Binding of human recombinant "'1-interferon-y to 
receptors on human cells, J .  B i d .  Chem., 260, 1191, 1985. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Volume 21, Issue 3 273 

93a. Orchansky, P., unpublished data. 
94. Finbloom, D. S., Hoover, D. L., and Wahl, L. M., The characteristics of binding of human recombinant 

interferon-., to its receptor on human monocytes and human monocyte-like cell lines, J .  Immunol., 135, 
300, 1985. 

95. Orchansky, P., Rubinstein, M., and Fischer, D. G., The interferon-y receptor in human monocytes is 
different from the one in nonhematopoietic cells. J.  Immuriol., 136. 169. 1986. 

96. Orchansky, P., Goren, T., and Rubinstein, M., Isolated subtypes of human interferon-a: synergistic 
action and affinity for the receptor, in The Biology of the Interferon S?srern, De Maeyer. E. and Schellekens. 
H., Eds., Elsevier, Amsterdam, 1983, 183. 

97. Hannigan, G. E., Gewert, D. R., Fish, E. N., Read, S. E., and Williams, B. R. G., Differential 
binding of human interferon-a subtypes to receptors on lymphoblastoid cells, Biochem. Biophys. Res. 
Commun., 110. 537, 1983. 

98. Aguet, M., Grobke, M., and Dreiding, P., Various human interferon-a subclasses cross-react with 
common receptors: their binding affinities correlate with their specific biological activities, Virology. 132, 
211, 1984. 

99. Uze, G., Mogensen, K. E., and Aguet, M., Receptor dynamics of closely related ligands: “fast” and 
“slow” interferons, EMBO J . .  4, 65. 1985. 

100. Aguet, M., Belardelli, F., Blanchard, B., Marcucci, F., and Gresser, I., High affinity binding of I2’l- 
labeled mouse interferon to a specific cell surface receptor. IV. Mouse y-interferon and cholera toxin do 
not compete for the common receptor site of alp interferon, Virolog?, 117. 541, 1982. 

101. Branca, A. A., D’Alessandro, S. B., and Baglioni, C., Internalization and degradation of human alpha- 
A interferon bound to bovine MDBK cells: regulation of the decay and resynthesis of receptors, J .  Inrerferon 
Res., 3, 465, 1983. 

102. Yonehara, S., Ishii, A., and Yonehara-Takahashi, M., Cell surface receptor-mediated internalization 
of interferon: its relation to the antiviral activity of interferon, J. Gen. Virol., 64, 2409, 1983. 

103. Mogensen, K. E., Bandu, M-T., Vignaux, F., Eid, P., Uze, G., Jasmin, J. C., and Gresser, I., Etudes 
des recepteurs de I’interferon dans les cellules neoplasiques humaines, Pathol. Biol., 3 I ,  661, 1983. 

104. Evans, T. and Secher, D., Kinetics of internalization and degradation of surface-bound interferon in human 
lymphoblastoid cells, EMBO J . ,  3, 2975, 1984. 

105. Besancon, F. and Ankel, H., Binding of interferon to gangliosides, Narure (London). 252, 478, 1974. 
106. Besancon, F., Ankel, H., and Basu, S., Specifity and reversibility of interferon ganglioside interaction, 

Nature (London), 259, 576, 1976. 
107. Vengris, V. E., Reynolds, F. H., Jr., Hollemberg, M. D., and Pitha, P. M., Interferon action: role of 

memberane gangliosides. Virology. 72, 486. 1976. 
108. Kohn, L. D., Friedman, R. M., Holmes, J. M., and Lee, G., Use of thyrotropin and cholera toxin to 

probe the mechanism by which interferon initiates its antiviral activity. Proc. Natl. Acad. Sci. U.S.A., 75, 
3695, 1975. 

109. Gupta, S. L., Raziuddin, A., and Sarkar, F. H., Receptors for human alpha interferon: are gangliosides 
involved?, J .  Interferon Res.. 4, 305. 1984. 

I 10. Baglioni, C.,’ Branca, A. A., D’Alessandro, S. B., Hossenlopp, D., and Chadha, K. C., Low interferon 
binding activity of two human cell lines which respond poorly to the antiviral and antiproliferative activity 
of interferon, Virolog?, 122, 202, 1982. 

I 11. Schlessinger, J., The mechanism and role of hormone-induced clustering of membrane receptors, TlBS 
A g . .  5(8). 210, 1980. 

112. Dautry-Varsat, A. and Lodish, H. F., How receptors bring proteins and particles into cells, Sci. Am., 
250(5), 48, 1984. 

113. Branca, A. A., Faltynek, C. R., D’Alessandro, S. B., and Baglioni, C., Interaction of interferon with 
cellular receptors. Internalization and degradation of cell-bound interferon, J .  Biol. Chern., 257, 13291, 
1982. 

114. Sarkar, F. H. and Gupta, S. L., Interferon receptor interaction. Internalization of interferon a? and 
modulation of its receptor on human cells, Eur. J .  Biochern., 140, 461, 1984. 

115. Zoon, K. C., Arnheiter, H., ZurNedden, D., Fitzgerald, D. P., and Willingham, M. C., Human 
interferon alpha enters cells by receptor-mediated endocytosis, Virology, 130, 195, 1983. 

I15a. Orchansky, P. et al., in preparation. 
116. Kushnaryov, V. M., Sedmak, J. J., Bendler, J .  W., 111, and Grossberg, S. E., Ultrastructural local- 

ization of interferon receptors on the surface of cultured cells and erythrocytes, Infect. Immun., 36, 8 I I ,  
1982. 

117. Kushnaryov, V. M., MacDonald, H., Sedmak, J. J., and Grossberg, S. E., Ultrastructural distribution 
of interferon receptor sites on mouse L fibroblasts grown in suspension: ganglioside blockade of ligand 
binding, Infect. Immun. 40. 320, 1983. 

118. Branca, A. A. and Baglioni, C., Down regulation of the interferon receptor, J .  Biol. Chern.. 257, 13197, 
1982. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



274 CRC Critical Reviews in Biochemistry 

119. Huez, G., Silhol, M., and Lebleu, B., Microinjected interferon does not promote an antiviral response 
in Hela cells, Biochem. Biophw. Res. Commun.. 110. 155, 1983. 

120. Eppstein, D. A., Marsh, V., Van der Pas, M., Feloner, P. L., and Schreiber, A. B., Biological activity 
of liposome-encapsulated murine interferon-y is mediated by a cell membrane receptor, Proc. Natl. Acad. 
Sci. U.S.A. .  82, 3668, 1985. 

121. Kushnaryov, V., MacDonald, H., Sedmak, J. J., and Grossberg, S. E., Murine interferon-p receptor- 
mediated endocytosis and nuclear membrane binding, Proc. Natl. Acad. Sci. U.S.A.. 82, 3281, 1985. 

122. Eid, P. and Mogensen, K. E., Isolated interferon-u receptor complexes stabilized in rirro. FEBS Letr., 
156, 157, 1983. 

123. Anderson, P. and Nagler, C., Photoaffinity labeling of an interferon-gamma receptor on the surface of 
cultured fibroblasts, Biochem. Biophys. Res.  Cornmun.. 120, 828, 1984. 

123a. Novick, D. et al., in preparation. 
124. Gordon, I., Stevenson, D., Tumas, V., and Natham, C. R., Mouse interferon receptors: a difference 

125. Revel, M., Bash, D., and Ruddle, F. H., Antibodies to a cell-surface component coded by human 
in their response to u and p interferons. J .  Gen. Virol., 64, 2777, 1983. 

chromosome 21 inhibit action of interferon, Nature (London). 260. 139, 1976. 
I25a. Shulman, personal communication. 
126. Shulman, L. M., Kamarck, M. E., Slate, D. L., Ruddle, F. H., Branca, A. A., Baglioni, C., Maxwell, 

B. L., Gutterman, J., Anderson, P., Nagler, C., and Vilcek, J., Antibodies to chromsome 21 coded 
cell surface components block binding of human a interferon but not y interferon to human cells, Virology, 
137, 422, 1984. 

127. Tan, Y. H., Tischfield, J. A., and Ruddle, F. H., The linkage of genes for the human interferon-induced 
antiviral protein and indophenol oxidase-B traits to chromosome ‘2-21, J .  Exp. Med.,  137, 317. 1973. 

128. Chany, C., Vignal, M., Couillin, P., Cong, N. V., Boue, J., and Boue, A., Chromosomal localization 
of human genes governing the interferon induced antiviral state, Proc. Narl. Acad. Sci. U . S . A . ,  72, 3129, 
1975. 

129. Slate, D. L., Shulman, L., Lawrence, J. B., Revel, M., and Ruddle, F. H., Presence of human 
chromosome 21 alone is sufficienf for hybrid cell sensitivity to human interferon, J .  Virol.. 25, 319. 1978. 

130. Epstein, L. B. and Epstein, C. J., Localization of the gene AVG for the antiviral expression of immune 
and classical interferon to the distal portion of the long arm of chromosome 21, J .  Infect. Dis.. 133. 
Suppl.AS6, 1976. 

131. Tan, Y. H., Schneider, E. L., Tischfield, J., Epstein, C. J., and Ruddle, F. H., Human chromosome 
21 dosage: effect on the expression of the interferon induced antiviral state, Science. 186, 61. 1974. 

132. Cupples, C. G. and Tan, Y. H., Effect of human interferon preparations on lymphoblastogenesis in 
Down’s syndrome, Nature (London), 267, 165, 1977. 

133. Guarari-Rotman, D., Revel, M., Tartakovsky, B., Sehgal, S., Hahn, T., and Levin, S., Lymphob- 
lastogenesis in Down’s syndrome and its inhibition by human interferon, FEBS Lett., 94. 187, 1980. 

134. Epstein, L. B. and Epstein, C. J., T-lymphocyte function and sensitivity to interferon in trisomy 21, Cell 
Immunol., 51, 303, 1980. 

135. De Ley, M. and Billiau, A., Responsiveness of human cells trisomic for chromosome 21 to the antiviral 
action of human immune interferon, Antiviral Res..  2, 97, 1982. 

136. Raziuddin, A., Sarkar, F. H., Dutkowski, R., Shulman, L., Ruddle, F. H., and Gupta, S. L., Receptors 
for human a and p interferon but not for y interferon are specified by human chromosome 21. Proc. Narl. 
Acad. Sci. U.S .A . ,  81, 5504, 1984. 

137. Weil, J., Tucker, G., Epstein, L. B., and Epstein, C. J., Interferon induction of (2’-5’) oligoisoadenylate 
synthetase in diploid and trisomy 21 human fibroblasts: relation to dosage of the interferon receptor gene 
(IRFC), Hum. Gener.. 65, 108, 1983. 

138. Attassi, M. Z. and Saplin, B. J., lmmunochemistry of sperm whale myoglobin. 1. The specific interaction 
of some tryptic peptides and of peptides containing all the reactive regions of the antigen, Biochemistry. 
7. 688, 1968. 

139. Levy, W. D., Shively, J., Rubinstein, M., Del Valle, U., and Pestka, S., Amino-terminal amino acid 
sequence of human leukocyte interferon, Proc. Natl. Acad. Sci. U.S.A. ,  77. 5102, 1980. 

140. Streuli, M., Hall, A., Boll, W., Stewart, 11, W. E., Nagata, S., and Weissmann, C., Target cell 
specificity of two species of human interferon-a produced in Escherichi coli and of hybrid molecules derived 
from them, Proc. Nail. Acad. Sci. U . S . A . .  78. 2848, 1981. 

140a. Horovitz, O., et al., in preparation. 
141. Ackerman, S. K., Zur Nedden, D., Heintzelman, M., Hunkapiller, M., and Zoon, K., Biologic activity 

in a fragment of recombinant human interferon-u. Proc. Nail. Acad. Sci. U.S.A. .  81, 1045, 1984. 
142. Langford, M. P., Gray, P. W., Stanton, G. J., Lakhchaura, B., Chan, T., and Johnson, H. M., 

Antibodies to a synthetic peptide corresponding to the N-terminal end of mouse gamma interferon (IFN- 
y). Biochem. Biophys. Res. Commun.. 112, 866. 1983. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Volume 21, Issue 3 275 

143. Schreiber, R. D., Hicks, L. J., Celada, A., Buchmeier, N. A., and Gray, P. W., Monoclonal antibodies 
to murine y-interferon which differentially modulate macrophage activation and antiviral activity. J .  Im-  
munol.. 134, 1609, 1985. 

143a. Rubinstein, M.,  unpublished data. 
144. Faltynek, C. R., McCandless, S., and Baglioni, C., Treatment of lymphoblastoid cells with interferon 

decreases insulin binding. J .  Cell PhTs., 121. 437, 1984. 
145. Zoon, K. C., Zur Nedden, D., Hu, R., Karasaki, Y. ,  Komoriya, A., Arnheiter, H. ,  Interferon alpha 

modulates the binding of epidermal growth factor to Madin Darby Bovine kidney cells. in T/7e /rirerfer.o/i 
System. Ares Serono Symposia. in press. 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

06
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.




