
PROCEEDINGS OF T H E  SOCIETY FOR EXPERIMENTAL BIOLOGY A N D  MEDICINE 177, 257-26 1 ( 1984) 

Synergism of Antiviral Activity in Cell Cultures Treated with Low Concentrations of 
Interferon and Interferon-Treated Lymphocytes (41 940) 

D. A. WEIGENT, R. E. LLOYD, J. E. BLALOCK, ANDG. JOHN STANTON 
Department of Microbiology, University of Texas Medical Branch, Galveston, Texas 775.50 

Abstract. Human T cells treated with low levels of interferon (IFN) (1-10 units/ml), and 
washed to remove the IFN, transferred the same level of antiviral activity to recipient WISH 
cells as an equivalent II;W treatment alone could induce in WISH cells. Further, when T cells 
pretreated with IFN ( 1- 10 units/ml) were cocultivated with WISH cells in the presence of IFN 
(1-10 units/ml), a 2.5- to 5-fold greater level of protection developed than could be expected 
from the additive effect of each. Antibody to leukocyte, fibroblast, or immune IFN blocked the 
antiviral effect of the respective IFN types but had no effect on the transfer of antiviral activity 
initiated by leukocyte, fibroblast, or immune IFN. Also, treatment of T cells with actinomycin 
D blocked the transfer of antiviral activity of IFN-treated T cells. Taken together, the data 
suggest that the increased antiviral activity is not merely an additive effect of the IFN, but 
represents a synergistic amplification of protection most likely due to the combination of the 
separate effects of IFN iind IFN-induced transfer. Such interactions would be expected to play 
a major role in early protection against virus infections in vivo when low levels of interferon 
are present and lymphocytes are migrating into the area. 0 1984 Society for Experimental Biology and 
Medicine. 

We have previously shown that human B 
lymphocytes cocultured with various xeno- 
geneic and allogeneic cells produced human 
leukocyte interferon (IFN) and shortly there- 
after transferred antiviral activity in xenoge- 
neic or allogeneic cells (9, 13). The transfer 
process initiated by IFN required cell contact 
and was shown to be an important amplifi- 
cation system for the antiviral effect of IFN 
(8). In the present study, we compared the 
level of antiviral activity transferred to cells 
by lymphocytes pretreated with IFN to the 
level of antiviral activity induced in cells by 
direct treatment with IFN. In addition, we 
investigated whether combinations of IFN 
and IFN-treated T cells could induce higher 
levels of antiviral activity in recipient cells 
than could be induced by either alone. 

Materials and Methods. Interferon assays. 
Human IFN was quantitated in human am- 
nion WISH cells using a previously described 
cytopathic effect inhibition (CPE) microassay 
(10). Sindbis virus was used as challenge at 
an input multiplicity of 50. Titers are ex- 
pressed as the reciprocal of the IFN dilution 
that inhibits 50% of the <:PE. One unit of 
IFN activity in our assay equals one unit of 
NIH standard IFN activity. 

Leukocyte preparation. Leukocytes were 
prepared from human peripheral blood 

by the Ficoll-Hypaque gradient separation 
method (3). Plastic nonadherent cells were 
obtained by incubating 5 ml of a 10 X lo6/ 
ml leukocyte suspension in plastic tissue cul- 
ture dishes for l hr at 37°C. The enriched 
T-cell populations were obtained from plastic 
nonadherent cell suspensions by E-rosette 
formation (4). These cells were suspended 
at a final concentration of 1-2 x 106 cells/ 
ml in Eagle’s minimum essential medium 
(EMEM) supplemented with 2% fetal bovine 
serum (FBS). Greater than 95% cell viability 
was observed in these fractions. The popu- 
lation of cells was judged to be mostly T cells 
by (1) their lack of esterase staining; (2) their 
lack of surface immunoglobulin; (3) their 
absence of spontaneous NK activity, and (4) 
their high response to the T-cell mitogen, 
staphylococcal enterotoxin A. 

IFN and antibody treatment. For IFN 
treatment, 0.3 ml of a leukocyte suspension 
(1 X lo7 cells/ml) was added to dilutions of 
the various IFNs and incubated for 4 hr at 
37°C. The leukocytes were washed three 
times, suspended in EMEM, and cocultured 
with recipient human amnion WISH cells as 
described below. Control lymphocytes were 
incubated in EMEM without IFN and co- 
cultured identically with recipient cells. For 
IFN treatment of WISH cells 0.1 ml of 
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dilutions of the various IFNs was added to 
the confluent cells and incubated for 4 hr at 
37°C. The cells were washed three times 
before virus challenge as described below. To 
neutralize endogenous IFN or IFN carried 
over from IFN treatment of T cells, WISH 
cells were treated for 4 hr with an amount 
of antibody to leukocyte (a), fibroblast (p), 
or immune (y) IFN capable of neutralizing 
1000 units of IF"-a, IFN-p, or IF"-y. Con- 
trol WISH cells were treated identically with 
mock antibody. One unit of antibody is the 
amount of antibody required to neutralize 
one unit of IFN. 

Actinomycin D treatment. WISH cell 
monolayers or enriched human T-cell pop- 
ulations were treated with actinomycin D ( 5  
pg/ml) diluted in EMEM for 1 hr at 37°C. 
The cells were washed three times and cul- 
tured as described below. Actinomycin D 
treated and control cell cultures were pulsed 
for 1 hr with ['Hluridine (Amersham Intl. 
LTD) at 1.0 pCi/ml. Uridine incorporation 
was measured from TCA-precipitable 
[3H]uridine collected on glass fiber filters. 

Transfer of antiviral activity. Human lym- 
phocytes and WISH cells were cocultivated 
at a ratio of 1:1 in Eagle's medium in 96- 
well microtiter plates (Falcon Plastics, Ox- 
nard, Calif.). After 4 hr incubation at 37"C, 
the supernatant fluids were decanted, and 
the cell cultures were washed and then chal- 
lenged with 0.025 ml Sindbis virus at an 
input multiplicity of 50. After 1 hr at 37"C, 
the inoculum was decanted and the cell 
sheets were washed and replenished with 
fresh medium. Virus yields from pooled trip- 
licate cultures were determined 18 hr post- 
challenge by methods previously described 
(14). Sindbis virus used in these studies does 
not replicate in lymphocytes (1 3). Fold dif- 
ferences in antiviral activity were compared 
using the Student t test (7). 

Assay of natural killing activity. Human 
WISH cells were propagated in 96-well mi- 
crotiter plates (Falcon Plastics, Oxnard, Calif.) 
in EMEM with antibiotics and 2% fetal bo- 
vine serum and prelabeled with sodium chro- 
mate ("Cr) at a concentration of 10 pCi/2 
X lo5 cells per 4 hr at 37°C. After incubation, 
the target cells were washed three times with 
EMEM, and human or mouse lymphocytes 
were added at an effector-to-target-cell ratio 

of 10: I .  Specific 51Cr release was determined 
from triplicate cultures after incubation at 
37°C for 4 hr. The percentage of specific 
51Cr release was calculated as R = ( E  - S/ 
M - S) X 100 where E is the counts per 
minute in the experimental wells, S is spon- 
taneous release, and A4 is the maximal release 
in the presence of 1% saponin. 

Reagents. Human fibroblast IFN (IF"-@), 
1.7 X lo6 units/mg protein, was obtained 
from HEM Research, Inc. (Rockville, Md.). 
Human leukocyte IFN (IFN-a), lo6 units/ 
mg protein was kindly supplied by Dr. K. 
Cantell. Human immune IFN (IFN-y), lo5.* 
units/mg protein was prepared as previously 
described (5) .  Sheep anti-human IFN-a and 
anti-human IFN-(I were generously provided 
by Dr. Barbara Dalton and Dr. C .  A. Ogburn 
(Medical College of Pennsylvania, Philadel- 
phia, Pa.). Rabbit anti-human IFN-y was 
prepared in our laboratory as previously de- 
scribed (6). 

Results. IFN-treated T cells induce the 
same levels of antiviral activity as an equiv- 
alent amount of IFN alone. To determine if 
low levels of human IFN-a could induce T- 
enriched lymphocytes to transfer high levels 
of antiviral activity to recipient cells, T-cell 
populations were treated with low levels of 
IFN, washed, and then added to confluent 
cultures of human WISH cells. At the same 
time, other cultures of WISH cells were 
treated with the same concentrations of IFN 
alone. In order to assess the role of the 
transfer of antiviral activity alone, it was 
necessary to include antibody to IFN-a in 
the cocultures to neutralize the effects of any 
carryover of endogenously produced IFN. 
The results are shown in Table I. The data 
(four left columns) indicate that the mean 
level of antiviral activity transferred by T 
lymphocytes treated with low levels ( 1 - 10 
units/ml) of any type of IFN was on the 
average the same as the level of activity 
induced by any IFN alone. Thus, it appears 
that T cells treated with IFN transfer the 
same level of antiviral activity as direct treat- 
ment with IFN alone. The data in Fig. 1 
demonstrate that 1000 neutralizing units of 
antibody specific for IFN-a was not able to 
block the development of antiviral activity 
transferred from T cells pretreated with IFN- 
a. However, the antibody did effectively block 



INTERFERON-INDUCED TRANSFER OF ANTIVIRAL ACTIVITY 259 

TABLE I. SYNERGISTIC TRANSFER OF ANTIVIRAL ACTIVITY BY I F N  A N D  IFN-TREATED T CELLS" 

Fold reduction in virus yields 
IFN + IFN-treated T 

IFN-treated cells combined 
Dilution of IFN T cells Fold Fold synergism 

Treatment IFNh alone' aloned difference" Expected Observed observed/expected 

IFN-(Y 1 :30 
1 : l O  
1:3 

IFN-p 1:30 
1 : l O  
1:3 

IFN-.y 1 :30 
1 : l O  
1:3 

Mean 

2 
8 

25 

5 
9 
40 

2 
6 

10 

3 
9 

15 

3 
7 

20 

4 
9 

15 

1.7 
1.1 

-1.7 

1.4 
I .3 

-2.0 

2.0 
1.6 
1.5 

1.6 

5 
17 
40 

8 
16 
60 

6 
15 
25 

16 
55 

1 00 

30 
80 

150 

18 
53 
62 

3.2 
3.2 
2.5 

3.8 
5.0 
2.5 

3 .O 
3.5 
2.5 

3.2 
~ ~~ 

Human T cells (E-rosette positive) were treated for 4 hr with IFN, washed three times, and added to WISH cell 
monolayers at a ratio of one T cell per WISH cell. IFN was added to the WISH cells at the same time. T cells and 
IFN were removed 4 hr later by washing and the cultures were challenged with Sindbis virus at a multiplicity of 50 
to 1. The yield of virus was measured 18 hr later by plaque titration. The data shown are the results from a single 
experiment performed three times. 

Stock preparations of IFN of approximately 30-100 units were diluted by a one-half log dilution scheme. 

T cells were treated as described in (a) except they were cocultured with WISH cells in the presence of antibody 
' Fold reduction derived from standard curve. 

- -  
to IFN. 

Fold difference in virus yields between IFN treatmen 

the direct antiviral effect of IFN-a. Thus, the 
data indicate that the IFN-induced transfer 
of antiviral activity was not due to carryover 
of IFN or the action of any endogenously 
produced IFN. Similar results were also ob- 
tained with anti-IFN-y and anti-IFN-@ serum 
treatment of T cells treated with IFN-y and 
IFN-@, respectively. 

Enhanced antiviral activity by a combina- 
tion of IFN and IFN-treated T cells. Possible 
synergistic interactions between IFN and IFN- 
treated T cells were examined by comparing 
the additive amounts of antiviral activity 
induced in WISH cells obtained by direct 
IFN treatment and IFN-treated T cells to the 
antiviral activity induced following combined 
treatment with IFN and IFN-treated T cells. 
The results of a representative experiment 
are shown in Table I (three right columns) 
which shows that an additional 2.5- to 5-fold 
inhibition in virus yields resulted when com- 
binations of IFN-treated T cells and IFN 
were used to treat the WISH cells. In this 
system since antibody to IFN was not present, 
there was the possibility that carryover of 

t alone and IFN-treated T cells. 

IFN influenced the results. In other experi- 
ments, however, we found that pretreatment 
with IFN was unnecessary since the same 
level of synergism was observed when IFN 
and T cells were added to WISH cells at the 
same time (data not shown). Thus, the data 
suggest that the inhibition of viral yields 
induced in WISH cells by IFN and IFN- 
treated T cells is synergistic, particularly at 
low levels of IFN. 

Inhibition of IFN-induced transfer of anti- 
viral activity by T cells with actinomycin D. 
To demonstrate that transfer by lymphocytes 
in this system is an inducible process T cells 
were treated with actinomycin D before they 
were treated with IFN and cocultured with 
WISH cells. The data in Table I1 show that 
5 pg/ml actinomycin D was able to effectively 
block the transfer of antiviral activity to 
WISH cells. There was no significant differ- 
ence in virus yields when WISH cells were 
cocultured with either nontreated T cells or 
actinomycin D and IFN-treated T cells. The 
inhibition of transfer by actinomycin D- 
treated 1vmDhocvtes was not due to transfer 4 .  d 
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FIG. 1 .  Inability of antibody to IFN-a to block transfer 
of antiviral activity by T cells treated with IFN. Human 
T cells (€-rosette positive) were treated for 4 hr with 
IFN, washed three times, and then added to WISH cells 
at a ratio of one T cell per WISH cell. WISH cells were 
incubated with IFN (O), IFN plus specific neutralizing 
antibody (0), or IFN-treated T cells plus neutralizing 
antibody (A) as described under Materials and Methods. 
Four hours later T cells, antibody, and IFN were washed 
out, the WISH cells were challenged with Sindbis virus, 
and virus titers were determined as described under 
Materials and Methods. The data shown are the results 
from a single experiment performed three times. 

of actinomycin D from the treated T cells to 
the WISH cells because incorporation of 
[3H]uridine by WISH cells was not dimin- 
ished from control values (data not shown). 
Thus, the transfer of antiviral activity by T 
cells in this system is inducible and has the 
same characteristics as shown in other transfer 
systems (9, 12). 

Cell-mediated cytotoxicity in cocultures of 
T cells and WISH cells. Another possible 
explanation for reduced virus yields from 
WISH cells cocultured with IFN-treated lym- 
phocytes could be that cytotoxicity was me- 
diated by natural killer cells, especially since 
the natural killer cell activity is enhanced by 
IFN ( 1  1). This possibility was evaluated by 
measuring 51Cr released from WISH cells 
cocultured at a 1: 1 ratio for 4 hr with IFN- 
treated T cells. Under these conditions no 
more than 0.3% specific "Cr release could 
be found when the cells were pretreated with 
up to 3000 units IFN. The data were similar 
for all three types of IFN. The data show 
that the transfer of antiviral activity occurs 

at a much lower ratio of lymphocytes to 
WISH cells than is commonly used to show 
cell-mediated cytotoxicity by 'Cr release as- 
say. In addition there was no microscopically 
observable toxicity in WISH cells cocultured 
at a 1 : 1 ratio with T cells for 24 hr. Therefore, 
cell-mediated cytotoxicity does not appear to 
mediate the observed reduction in virus yield. 

Discussion. This is the first report dem- 
onstrating synergism of antiviral activity be- 
tween I F "  and IFN-induced transfer by lym- 
phocytes. Our experimental design utilized T 
cells because they do not produce detectable 
endogenous IFN when cocultivated with al- 
logeneic recipient cells. The transfer was ef- 
fective (1-10 units IFN induces a 2.5- to 5- 
fold inhibition of virus titer) and efficient 
( 1 : 1 cell ratio). In addition, antibody to IFN 
was used to neutralize any potential endog- 
enous IFN and/or any carryover of IFN used 
to treat the T cells. Specific antibody to all 
three types of IFN failed to block the IFN- 
induced transfer of antiviral activity suggest- 
ing that the WISH cells were not responding 
to IFN molecules directly, The transfer of 
IFN molecules within vesicles is possible but 
unlikely since a cell producing IFN is not 
protected in the presence of antibody to IFN 
(12). The mechanism of transfer by T cells 
appeared to be similar to others previously 
described (2, 9) since T cells treated with 
actinomycin D and IFN induced only a 2- 
fold increase in antiviral activity while the 
IFN induced transfer mechanism induced a 

TABLE 11. INHIBITION OF THE TRANSFER OF 
ANTIVIRAL ACTIVITY BY ACTINOMYCIN D 

Sindbis Fold 
WISH cells virus yield inhibition of 

cocultivated with (pfu/mU virus yield 

2.2 x lo8 - No treatment 
Nontreated T cells 1.6 X 10' I .4 
IFN-treated T cells" 4.2 X lo6 52 
Actinomycin D and 

IFN-treated T cellsh 1.0 X lo8 2.2 

T cells were treated with 100 units/ml IFN-a for 4 
hr as described under Materials and Methods. The data 
shown are the results from a single experiment performed 
two times. 

" T  cells were treated for 1 hr with 5.0 pg/ml actino- 
mycin D and washed 3 times prior to treatment with 
100 units/ml IFN as described under Materials and 
Methods. 
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52-fold increase. These data suggest that de 
novo RNA synthesis is necessary to allow 
induction of transfer which appears to be 
mediated by T cells. The fact that synergism 
was observed suggests that the antiviral activ- 
ities induced by IFN and IFN-treated cells 
may, in part, occur by different mechanisms. 

Although the mechanism of transfer is not 
known, it is known from cloning studies that 
there is a marked heterogeneity between cells 
in their sensitivity to IFN and their ability to 
transfer. Thus a minor fraction of cells de- 
termines the rate and level of antiviral activity 
that develops in cell populations (1,  2). One 
explanation for the observed synergistic effect 
is that the transfer mechanism bypasses cer- 
tain rate limiting steps that occur between 
the time that IFN binds to its receptor and 
antiviral activity is established in a cell. Thus, 
complex cellular interactions could convert 
the less sensitive slower responding cells to 
more rapid responders, thereby enhancing 
the overall rate and degree of IFN action in 
the WISH cell population. Overall, the data 
suggest that highly effective levels of antiviral 
activity may be induced in tissues when both 
lymphocytes and IFN are present. This may 
be especially important early in viral infec- 
tions or at the periphery of spreading infec- 
tions when only low levels of IFN are present 
and lymphocytes are first migrating into the 
site. 

The authors thank Christine Becker and Donna Clegg 
for their expert technical assistance. This work was 
supported in part by National Institutes of Health Grants 
EY 01715, EY 03348, and N01-Al-02659, and the 
James W. McLaughlin Foundation. 

Blalock JE. Cellular interactions determine the rate 
and degree of interferon action. Infect Immun 

Blalock JE. A small fraction of cells communicates 
the maximal interferon sensitivity to a population. 
Proc SOC Exp Biol Med 162:80-84, 1979. 
Boyum A. Isolation of leukocytes from human 
blood. Methyl cellulose, dextran, and ficoll as eryth- 
rocyte-aggregating agents. Scand J Clin Lab Invest 

23:496-50 1, 1979. 

SUPPI 21 :3 1-50, 1968. 

4. Jondal M. SRBC rosette formation as a human T 
lymphocyte marker. Scand J Immunol 5:69-76, 
1976. 

5. Langford MP, Georgiades JA, Stanton GJ, Dianzani 
F, Johnson HM. Large-scale production and physi- 
cochemical characterization of human immune in- 
terferon. Infect Immun 26:36-4 1, 1979. 

6. Langford MP, Weigent DA, Georgiades JA, Johnson 
HM, Stanton JG. Antibody to staphylococcal en- 
terotoxin A induced human immune interferon. J 
Immunol 125:1620-1623, 1981. 

7. Snedecor GW, Cochran WG, eds. Sampling from a 
normally distributed population. In: Statistical 
Methods, 6th ed. Ames, Iowa State Univ Press, 

8. Stanton GJ, Langford MP, Weigent DA, Blalock JE, 
Baron S. Amplification of the interferon system that 
may influence infections of the eye. In: Suran A, 
Gery I, Nussenblatt RB, eds. Immunology of the 
Eye, 111, Immunologic Aspects of Ocular Disease 
Infection, Inflammation, and Allergy, Spec Suppl. 
Immunology abstracts. Washington, DC: Information 
Retrieval, Inc, pp443-465, 198 1. 

9. Stanton GJ, Weigent DA, Langford MP, Blalock JE. 
Human leukocytes transfer of viral resistance to 
heterologous cells. In: Kahn A, Hill NO, Dorn GL, 
eds. Interferon: Properties and Chemical Uses. Dallas, 
Tex., Wadley Institutes, pp355-366, 1980. 

10. Tilles JB, Finland M. Microassay for human and 
chick interferons. Appl Microbiol 16: 1706-1707, 
1968. 

1 1 .  Trinchieri G, Santoli D. Antiviral activity induced 
by culturing lymphocytes with tumor-derived or 
virus-transformed cells. Enhancement of human 
natural killer cell activity by interferon and antago- 
nistic inhibition of susceptibility of target cells to 
lysis. J Exp Med 147: 13 14- 1333, 1978. 

12. Vengris VE, Stoller BD, Pitha PM. Interferon exter- 
nalization by producing cell before induction of 
antiviral state. Virology 65:4 10-4 16, 1975. 

13. Weigent DA, Langford MP, Smith EM, Blalock JE, 
Stanton JG. Human B lymphocytes produce leuko- 
cyte interferon after interaction with foreign cells. 
Infect Immun 32508-5 12, 198 1. 

14. Weigent DA, Stanton GJ, Langford MP, Lloyd RE, 
Baron S .  Virus yield reduction assay for interferon 
(IFN) by titration of infectious virus. In: Pestka S, 
ed. Methods in Enzymol Vol 78:pp346-351, 1981. 

~ ~ 3 2 - 6 5 ,  1967. 

Received March 22, 1984, P.S.E.B.M. 1984, Vol. 177. 
Accepted June 18, 1984. 


