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We have recently reported the presence of
fibroblast interferon (IFN-1) and a virus-specific
neutralizing activity in tears of patients with
conjunctivitis caused by coxsackievirus A24
(CA24) (4, 6) and enterovirus 70 (EV70) (unpublished observation). We also reported the presence of IFN-4 in cerebral spinal fluid during
enteroviral encephalitis and have shown that
passive administration of specific antibody significantly reduced levels of recoverable virus in
cerebral spinal fluid (12). The simultaneous presence of interferon (IFN) and antibody during
these infections suggested that IFN and antibody could be acting together to reduce virus
production in vivo. We addressed this possibility by comparing the yields of virus produced in
infected cultures treated with different concentrations of antibody alone, IFN alone, or with
combinations of each.
MATERIALS AND METHODS
Viruses. EV70 (SEC146/71) and CA24 (SEC24/70)
isolates were obtained from M. Yin-Murphy (Department of Bacteriology, University of Singapore, Singapore) (13). Adenovirus type 3 (Ad3) and herpes simplex virus (HSV, strain F) were obtained from S.
Baron (Department of Microbiology, University of
Texas Medical Branch, Galveston).

Human IFNs. Human IFN-a (106 U/mg of protein)
was a gift from K. Cantell (Public Health Center,

Helsinki, Finland), and IFN-P (10.55 U/mg of protein)

was obtained through the Antiviral Substances Program, National Institute of Allergy and Infectious
Diseases, Bethesda, Md. Human IFN-y (10`7 U/mg of
protein) was prepared with staphylococcal enterotoxin
A as previously described (3).
Cell culture and diluent. Human amnionic WISH

cells (Flow Laboratories, Inc., Rockville, Md.),
Chang's human conjunctival cells (a gift from W. J.
O'Brien, The Medical College of Wisconsin, Milwaukee), and rabbit kidney (RK13) cells (Flow Laboratories) were used for growing virus stocks, assaying
virus, and determining the combined effects of antibody and IFN. Eagle minimum essential medium
containing Earle salts supplemented with 2% fetal
bovine serum and antibiotics (EMEM) was used as the
diluent for virus and IFN.
Virus quantification. Plaque assays of CA24, EV70,
and Ad3 were performed in Chang conjunctival or
WISH cell cultures prepared in 96-well microtiter
plates (Costar, Cambridge, Mass.) (11). HSV was
plaque assayed in RK13 cell cultures.
IFN quantification. UV-irradiated culture medium
harvested from infected cultures and standard IFN
preparation were assayed for antiviral activity as described previously (5, 11). One unit of IFN activity is
the amount of IFN required to inhibit 50% of the
cytopathogenic effect of the designated virus.
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The possibility that interferon (IFN) and antibody could act together to reduce
virus yields in infected cells was suggested by the simultaneous occurrence of IFN
and antibody at infected sites. In the present in vitro studies, mixtures of IFNs
and antibody acted synergistically to reduce virus yields in cultures infected with
coxsackievirus A24, enterovirus 70, adenovirus, and herpes simplex virus. This
synergistic reduction was observed in different cells and at different concentration
of IFN and antibody. Although IFN and antibody acted synergistically against all
viruses tested, the degree of synergism was dependent on the type of IFN or the
virus. For example, IFN-P and antibody was 10 to 200 times more effective than
IFN--y and antibody against coxsackievirus A24, enterovirus 70, and adenovirus.
A combination of antibody and IFN--y was three to five times more effective than
IFN-,B and antibody against herpes simplex virus. In addition, we found that
endogenously produced IFN-1 could act synergistically with antibody to coxsackievirus A24 to increase the overall antiviral effect by 105 0-fold. No effect of
endogenous IFN was observed in herpes simplex virus-infected cultures treated
with antibody to herpes simplex virus. These studies indicate the potential
importance of the synergistic effect of locally produced IFN and antibody in
restricting virus early in the natural infectious process. They also suggest that
combinations of IFNs and antibody may be more beneficial in the treatment of
certain virus infections than IFN or antibody alone.
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RESULTS
Synergistic reduction of virus yields by antibody and IFN against CA24. Previous observations suggested that IFN and antibody have the
opportunity to act together to control viral infections (4, 6). Therefore, to determine the antiviral
effectiveness of combinations of IFN and antiviral antibody in vitro, monolayer cultures of
WISH cells were infected with 10-4 PFU of
CA24 per cell and then treated with IFN alone,
antibody alone, or a combination of IFN and
antibody. Low levels of IFN, antibody, and
virus were used to approximate natural conditions. Figure 1 presents typical data obtained
from three experiments. The results indicate
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FIG. 1. Comparison of the effectof differentlevels
of antibody and IFN-lon mean (± standard error of
the mean) virus yields from human WISH cells infected with CA24 (10-40 PFU per cell) in three experiments.

that 500 U of IFN-, with 10 U of antibody acted
synergistically to reduce virus yields by >10nit
PFU (greater than 300-fold above the additive
alone reduced
of
effect), whereas 500 UIFN-my
virus yields by 1.5 log10 units, and 10 U of
antibody alone reduced virus yields by 0.6 log0l
units. In addition, 3 U of antibody and IFN-P
(500 U) inhibited CA24 yields by 2.3 log10 units
(1.0 log0 unitseabove the additive effects).
Synergistic reduction of virus yield by antibody
and diferent types of IFN against CA24. Since
different types of IFN may be present during the
various phases of a virus infection (6), we compared the virus yields from CA24-infected cells
after treating with antibody to CA24 alone, IFNoa,IFN-i, or IFN-y alone, or combinations of
antibody plus each IFN. In each of three experiments, virus yields were synergistically reduced
by the combination of antibody and each IFN
type. Figure 2 presents typical data. The greatest reduction in virus yield (>105 PFU) was
observed in CA24-infected cultures treated with
500 U of IFN-P and 10 U of antibody (Fig. 2B).
Comparatively, IFN-y and antibody was least
effective, .:10-fold lower than IFN-a and IFN-P
(Fig. 2C).
Synergistic action of IFN and antibody against
different viruses. In studies similar to those described above, we investigated the broadness of
the synergistic effect by testing combinations of
IFN and antibody against different viruses in a
different cell type. Specifically, Chang human
conjunctival cells, which are more sensitive to
IFN than WISH cells, were preinfected with a
low multiplicty of infection (10-4.0 PFU) of
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Antibodies to viruses. Monkey anti-EV70 serum
(10,000 U/mi) was obtained from R. Kono (National
Institute of Health, Tokyo, Japan). Rabbit anti-CA24
serum (320 U/ml) was a gift from M. Yin-Murphy.
Guinea pig anti-HSV serum (2,000 U/mi) was obtained
from the National Institute of Allergy and Infectious
Diseases. Human serum antibody (600 U/ml) against
Ad3 was obtained from D. A. Weigent (Department of
Microbiology, University of Texas Medical Branch,
Galveston).
Antibody to IFN-I. Antibody to IFN-,B was a gift
from Barbara Dalton and C. A. Ogburn (Pennsylvania
College of Medicine, Pittsburg) and was included in
overlay medium of certain experiments to eliminate
endogenously produced IFN.
Antibody quantification. The level of specific neutralizing antibody in serum was determined by using a
50o cytopathogenic reduction assay employing 100 to
200 PFU of virus (7). One unit of antibody activity is
the amount required to inhibit 50o of the cytopathogenic effect of the designated virus.
Virus production in the presence of IFN and antibody. Microtiter plate cultures of human WISH cells
of Chang human conjunctival cells were challenged
with a low input multiplicity of infection (10-4.0 PFU/
cell) of the respective virus. After 3 h of incubation at
37°C, unadsorbed virus was removed, and the cultures
were washed three times with fresh EMEM. Then
various concentrations of IFN-1 or IFN--y in EMEM
(0.05 ml) and 10 U of virus-specific antibody in EMEM
(0.05 ml) were pipetted onto the preinfected cells. The
cultures were incubated at 37°C until 100lo cell death
occurred in virus controls. The culture fluids were
then harvested, and the levels of virus yield were
determined. The levels of any residual IFN or antibody were determined by the methods described
above.
Virus production in the presence of antibody alone.
WISH cell cultures were infected with 10-4-0 PFU of
virus per cell, incubated at 37°C for 3 h, and washed
three times with fresh medium to remove unadsorbed
virus. Samples (0.1 ml) of virus-specific antibody
dilutions with and without antibody to IFN-P (100
U/ml) were then added to each well. (Antibody to
IFN-P was added to neutralize the endogenously produced IFN-4.) The cultures were then incubated at
37°C until 100o cell lysis occurred in virus controls.
Virus yields were determined as described above.
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CA24, EV70, Ad3, or HSV, incubated for 2 h,
washed twice, and treated with medium containing 10 U of virus-specific antibody, 50 U of IFN
alone, or with medium containing both antibody
and IFN (Fig. 3). A synergistic reduction in
virus yields (5- to 80-fold) by antibody and IFNP or IFN--y was noted for each virus tested.
Interestingly, 50 U of IFN-13 plus 10 U of
antibody was reproducibly more effective than
50 U of IFN--y in reducing CA24, EV70, and Ad3
yields, whereas 50 U of IFN-y plus 10 U of
antibody was reproducibly more effective
against HSV. Similar reductions were observed
in WISH cells (data not shown).
Enhancement of protective effect of antibody by
endogenous IFN. Because locally produced, endogenous IFN would be the most likely source
of IFN early in a virus infection, we determined
the ability of endogenous IFN-P and anti-CA24
antibody to protect infected cells. To accom-
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plish this, medium containing virus-specific antibody with and without antibody to IFN-P was
added to CA24- or HSV-infected cells, and the
virus yields were compared. Figure 4 presents
data from one of three experiments. Increasing
concentrations of specific antibody decreased
the virus yields in both CA24- and HSV-infected
cell cultures. Interestingly, elimination of endogenously produced IFN-P by the addition of
antibody to IFN-1 to the overlay medium containing 1,000 U of virus-specific antibody resulted in a 105-fold increase in CA24 yields over that
observed with 1,000 U of antibody alone. Complete abrogation of the protective effects of low
levels of antibody to CA24 (<100 U) was observed when endogenous IFN-P was neutralized. In contrast, the addition of antibody to
IFN-P had no effect on virus yields from HSVinfected cells treated with virus-specific anti-
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FIG. 3. Reduction of CA24, EV70, Ad3, and HSV yields in the presence of 10 U of virus-specific antibody
or IFN--y (l) as compared with the expected reduction if the singular effects were simply
additive (15) and to the actual reduction observed when cultures were treated with mixtures of antibody and IFN

(U) or 50 U of IFN-,

(0).
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FIG. 2. Protective effect of various concentrations of IFN-a (A), IFN-, (B), and IFN--y (C) and 10 U of antiCA24 antibody on human WISH cells infected with CA24 (10-4.0 PFU per cell). Shown are the amount of
reduction in virus yields observed when infected cultures were treated with mixtures of IFN and 10 U of
antibody (A) IFN alone (0) and the amount of virus reduction expected to occur if the independent effects were
additive (0).
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FIG. 4. Comparison of the levels of virus yields in CA24- or HSV-infected cultures after treatment with virusspecific antibody with and without antibody to IFN-3. Enough antibody to IFN-(3 was added to cultures to
neutralize 1,000 U of antiviral activity.

DISCUSSION

levels of antibody protective. The differences in
magnitude of the synergistic effects observed
The possibility that endogenous (IFNs) and an between different viruses and different IFNs are
early appearing neutralizing activity produced in probably related to the ability of the antibody to
vivo could be acting together in a synergistic neutralize the virus, the sensitivity of virus and
manner to help control ocular CA24 and EV70 cells to the IFN type, and the ability of virus to
induce endogenous IFN. Further studies on the
was suggested because they occurred simultamechanism(s) of virus neutralization by antineous during natural infection (4, 6, 11; unpublished observations). In the present studies, we body in the presence of IFN are being done.
To help determine the effect of endogenously
examined the ability of antibody and IFN to act
synergistically to inhibit CA24, EV70, Ad3, or produced IFN on the neutralizing activity of
antiviral antibody, the activity of endogenous
HSV in cell culture.
We found that the addition of antibody and IFN was deleted in infected cultures by antibody
IFN to preinfected cultures resulted in a greater to IFN-P. The studies showed that inhibition of
reduction (10- to >1,000-fold) of virus yields the effects of endogenously produced IFN-P
than could be accounted for if their antiviral present in CA24-infected cultures decreased the
activities were simply additive. This synergistic protective effect of antibody by >99.9%. Similar
effect was demonstrable in different cells (hu- results were obtained when actinomycin D was
used to block IFN production in both CA24- and
man conjunctival and human amnionic WISH
cells), with a variety of viruses (CA24, EV70, EV70-infected cultures (data not shown). In
Ad3, HSV), with the different IFNs (a, and comparison, the addition of antibody to IFN-P
y), and with different concentrations of antibody to HSV-infected cells did not affect the deand IFNs. Interestingly, the synergistic action of creases in virus yields due to antibody to HSV,
IFN-y and antibody was greater against HSV, suggesting that HSV did not induce IFN. Similar
whereas IFN-P and antibody were more effec- results were obtained with Ad3 (data not
tive against CA24, EV70, and Ad3. Also, the shown). The addition of IFN-a or IFN-y to the
combination of virus-specific antibody plus treatment mixture containing virus-specific antiIFN-a or IFN-P was more effective against body and antibody to IFN-P synergistically inCA24, EV70, echovirus 5, echovirus 33, cox- hibited HSV, EV70, and CA24 but not to the
sackievirus B3, poliovirus, Ad3, Ad7, Sindbis level observed when endogenous IFN was previrus, and vesicular stomatitis virus than anti- sent for EV70 and CA24 (data not shown). Thus,
body and IFN-y against these viruses (data not in an in vitro cell culture system, endogenous
IFN does not appear to play a role in the overall
shown).
The synergistic effect of combinations of anti- control of HSV. However, under conditions of
body and IFNs is probably related to the ability natural infection, IFNs are produced (1, 2) that
of (i) antibody to retard extracellular spread of could act synergistically with antibody or other
virus and to reduce the multiplicity of infection, cellular components (or both) (8) to inhibit HSV.
thus allowing more time for IFN to act, and (ii) In summary, these studies indicate that the
IFN to protect uninfected cells and to reduce effectiveness of antibody to control virus during
virus yields from infected cells, thus making low infection is largely dependent upon the ability of
3,
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virus to induce IFNs and the sensitivity of the
virus to IFN (even low levels).
Previously, the relative importance of antibody or IFN as a significant host defense mechanism operating during the course of natural viral
infection has been based upon their independent
effects, mainly because of IFN deletion experiments with antibody to IFN-p (2) and because of
the relative time of appearance of each during
infection (10). Our findings suggest that, in some
virus infections, the combined effect of antibody
and IFN may be an important control mechanism for prevention of disease. Thus, combinations of even low levels of antibody and IFN
which occur early during primary and secondary
infection (9, 10) could be largely responsible for
the rapid decrease in virus seen in many infections. Our results could explain at least part of
the exacerbation of virus disease seen in IFN
depletion experiments because antibody's protective effect would be expected to be significantly reduced in the presence of antibody to
IFN.
This phenomenon offers another plausible explanation for the large numbers of infections that
occur without manifestation of clinical disease.
Concomitantly, the synergistic action of IFN
and antibody may also be important factors
responsible for the long-lasting immunity that
follows primary infection or vaccination, especially when serum antibody levels become very
low or even undetectable by standard methods.
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