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iZdenoviruses have in the past been gener- 
ally regarded as being insensitive to inter- 
feron-mediated interference ( 1-5). However, 
recent work from this laboratory showed that 
some members of the adenovirus (Ad.) 
group were susceptible to interferons, al- 
though to a clearly lesser extent than are 
members of most other virus groups ( 6 ) .  

These preliminary findings seemed to sug- 
gest that adenoviruses might share a similar 
limited susceptibility to human interferon. 
However, in view of the wide differences in 
biological and biochemical properties exhi- 
bited by members of the ,4d. group ( 7 ) ,  it 
seemed appropriate to determine whether, in 
fact, the sensitivity to interferon shown for 
Ad. Types 2, 7, and 1 2  might be shared 
within the group or might perhaps be type- 
or even strain-specific in some cases. Ac- 
cordingly, other representative types and 
strains were tested against human interferon 
by means of plaque-reduction assays in hu- 
man embryo kidney (HEK) cell cultures. 
This report describes the sensitivity to hu- 
man interferon of seven additional Ad. sero- 
types, many of which are significant human 
pathogens. 

Materials and Methods. Interferon induc- 
tion. Interferon was obtained from cultured 
human embryo fibroblasts inoculated with 
low multiplicities of attenuated mumps virus 
(Barnes strain) according to a method de- 

1 Some aspects of this investigation were presented 
a t  the 20th Annual Meeting of the Tissue Culture 
Association, Detroit, Michigan, 11 June 1969. Sup- 
ported in part by the American Cancer Society 
(Illinois Div.) . 

2 Present address: Department of Medical Microbi- 
ology, University of Vermont ColIege of Medicine, 
Burlingbon, Vermont 05401. 

scribed previously ( 6 ) .  Stock tissue culture 
interferon preparations were titrated in HEK 
cell cultures using standard plaque assays 
and 200-pfu challenge doses of vesicular 
stomatitis virus (VSV, Indiana strain). Titers 
were expressed as the reciprocal of the 
highest interferon dilution which reduced by 
507. the number of plaques formed in control 
cultures. Cell culture procedures, agar over- 
lay medium, and virus propagation have been 
described in detail elsewhere (6).  

Challenge viruses. The prototype strain 
(adenoid 71)  of Ad. Type 1 was obtained 
from Dr. Floyd W. Denny, Jr., Prototype 3 
(strain G.B.) was supplied by the N I H  
Collaborative Research Program. The proto- 
type strain (RI-67) of Ad. Type 4 was ob- 
tained from Dr. M. R. Hilleman; a recent 
clinical isolate (GL-65) and the vaccine 
strain (CL 68578) of this serotype were ob- 
tained from Dr. M. Rosenbaum. The proto- 
type strains (adenoid 75 and Trim) of Ad. 
Types 5 and 8, respectively, were also ob- 
tained from Dr. Rosenbaum. Dr. Herbert 
Wenner supplied Ad. Type 11. The D.C. 
strain of Type 18 was obtained from the 
American Type Culture Collection. 

These strains have been passaged numer- 
ous times in HEp-2, KB, or human embryon- 
ic kidney (HEK) cell cultures to obtain high 
titer virus stocks. The characteristics of 
plaque formation by each type were studied, 
and most virus types were plaque-purified 
prior to use. The growth characteristics of 
Ad. Type 8 deserve special mention. This 
virus differs significantly in both biological 
and clinical properties from most other 
adenoviruses ( 7 ) .  While the amount of com- 
plement-fixing viral antigen produced during 
Ad. 8 infection is equal to or greater than 
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that produced by other members of the 
group, the yield of infectious virus is usually 
minimal, being a t  best 100-fold lower than 
most other types ( 7 ) .  This very low yield of 
infectious virus, regardless of the cell strain 
used for propagation, has hampered the bio- 
logical and biochemical characterization of 
this virus (7, 8).  However, because of its 
clinical importance in ophthalmology (Ad. 8 
produces a highly specific ocular injection, 
epidemic keratoconjunctivitis) , it was de- 
cided to include at  least one strain (Trim) of 
Ad. 8 in these studies. After several passages 
in HEp-2 cells the virus reached a titer of 
10"O pfu/ml. 

Plaque assays. Adenovirus titers were de- 
termined by the plaque assay in HEp-2 cell 
cultures according to a procedure described 
previously (6) .  Plaque reduction assays with 
human interferon were done in HEK cell 
cultures according to the same procedure. 
Neutral red (O.O1075Oj/o) was added to the 
cultures 24 hr prior to the expected develop- 
ment of adenovirus plaques. With all the 
adenoviruses tested, plaque counts usually in- 
creased by about 10% from the count on the 
first day to reach a plateau on day 5. 

The human adenoviruses show wide varia- 
tions in the time required for development of 
plaques. While plaque formation in HEp-2 
cell cultures by Ad. Types 3,  5, and 11 can 
be visualized after 8 days of incubation, 
plaque formation by Types 1, 4, and 8 is not 
seen before 12-14 days of incubation. Ad. 18 
plaques in HEp-2 cell cultures were not ob- 
served until approximately 21 days after in- 
fection. All of the adenovirus types tested 
produced plaques in HEK cell cultures, and, 
in these very sensitive cells, plaques appeared 
approximately 48 hr earlier than in HEp-2 
cell cultures infected with the same virus 
type. 

Results. Sensitivity of adenoviruses to  hu- 
man interjeron. To examine the sensitivities 
of adenoviruses to interferon, experiments 
were carried out in HEK cell cultures, ushg 
groups of three to five replicate cultures in 
60-mm plastic petri dishes, each treated with 
2 ml of 2-fold dilutions of human interferon 
or control fluid (spent tissue culture medi- 
um) for 16 hr a t  37" in a humidified 5 %  

COa in air mixture. Cultures were then chal- 
lenged with approximately 100 pfu of an 
adenovirus. Figure 1 shows the patterns of 
interferon-mediated interference seen for Ad. 
Types 1, 4, 11, and 18. Each adenovirus 
exhibits a definite if somewhat limited sus- 
ceptibility to human interferon. Figure 2 
shows the remlts of representative plaque re- 
duction experiments with the prototype 
strains of Ad. 3, 5 ,  and 8. Here too, each 
adenovirus showed significant reductions in 
plaque counts with several doses of inter- 
feron. The size, time of appearance, and final 
number of plaques were each inversely 
related to the dose of interferon; high doses 
not only reduced the final number of 
plaques, but also retarded the appearance of 
plaques by from one to several days and also 
resulted in generally smaller plaques than 
were observed for that particular serotype in 
control cultures. This phenomenon was also 
observed in our previous study (6) .  

The finding of reduced plaque size in the 
presence of interferon is not unique to the 
adenovirus-HEK system but has also been 
described for other systems (9). 

While the vaccine strain of Type 4 may be 
attenuated (10, 1 I ) ,  it apparently exerts its 
protective effect through a symptomless selec- 
tive enteric infection ( 12). Nevertheless, i t  
was considered possible that this strain might 
possess greater sensitivity to interferon than 
other, presumably, more virulent strains. 
However, in numerous plaque reduction ex- 
periments with several different lots of hu- 
man interferon no detectable differences in 
sensitivity could be demonstrated among the 
3 strains of Type 4 tested (Fig. 1) .  

Ad. Types 5 and 8 appeared to be some- 
what more resistant to the effect of human 
interferon than the other Ad. serotypes exam- 
ined in this and a previous report (6) .  These 
types required approximately 4- to %fold 
more interferon than was required with other 
serotypes to effect a 50% reduction in plaque 
formation. 

Discussion. This report describes the rela- 
tive sensitivity to human interferon of seven 
additional adenovirus serotypes. Thus, ap- 
proximately one-third of the human adenovi- 
rus serotypes have been examined and most 
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FIG. 1. Sensitivities of adenovirus Types 1,4 (prototype RI-67, wild-type GL-65, and vaccine 
strain CL 68578), 11, and 18 to human interferon in HEK cell cultures. Three to  five cuItures were 
used for each interferon dose. Each culture received a given number of units of interferon 
contained in 2 ml of maintenance medium. Each adenovirus exhibits a similar low susceptibility to  
interferon. 

have demonstrated a similar, limited sensitiv- 
ity to the inhibitor. Demonstration of this 
limited but measurable sensitivity is not 
confined to one assay method, one cell strain, 
or even one species of interferon (6, 13). 
Interferon doses which were sufficient to re- 
duce VSV plaque formation by 50% or more 
had no effect whatever on adenovirus plaque 
formation. Doses of human interferon large 
enough to reduce adenovirus plaque forma- 
tion by approximately 50% completely elim- 
inated VSV plaque formation. 

The subject of relative sensitivity of vi- 
ruses to interferon is one which has received 
but scant attention. While it is generally 
agreed that there are apparent differences in 
the effect of interferons on different viruses, 
in most cases it is not a t  all certain whether 
the differences are due to inherent properties 
of the virus, to the species of interferon, or to 
interferon antagonists produced by the cell 
strain used in the assay system. Nevertheless, 

in those reports where different viruses were 
compared against the same species of inter- 
feron by the same assay method, great differ- 
ences in sensitivity were noted (14-18). Ac- 
cordingly, it appears that relative viral sensi- 
tivity to interferon is a most important varia- 
ble in the interferon system. Until more is 
known about the molecular basis for this 
phenomenon it will be difficult to construct a 
meaningful model for the mechanism of ac- 
tion of interferon. 

There are other interesting, yet unex- 
plained, observations on the relative sensitivi- 
ties of viruses to interferons. Stewart et a2. 
(16) have shown that viruses which are rela- 
tively sensitive to an  interferon from one 
animal species may well be resistant to inter- 
ferons from other species. Thus, in their sys- 
tems, the order of sensitivity to one inter- 
feron within a group of different viruses 
changed markedly when the same viruses 
were examined against a variety of different 
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FIG. 2 .  Interferon sensitivities of adenovirus Types 3,5, and 8 plotted as percentage plaque 
reduction in interferon-treated HEK cell cultures. Ad. Types 5 and 8 required approximately 4- to 
8-fold more interferon to effect significant plaque reduction than did most other Ad. serotypes 
tested. 

species of interferon. The number of critical 
factors which interact to produce the antivi- 
ral effect observed for a given species of in- 
terferon in a model system remains unknown 
but may include such viral properties as “in- 
terferon-sensitive” or “interferon-resistant” 
viral mRNAs (19), cell factors such as “sti- 
mulon” (20), “enhancer” ( 2  1 ), and other 
antagonists of interferon synthesis or action 
(22,  2 3 ) ,  and, finally, properties inherent in 
the species of interferon which partially de- 
termine its characteristic spectrum of antivi- 
ral activity (16).  Obviously, further work is 
needed to elucidate the role of these and 
perhaps other significant variables in inter- 
feron systems. 

The assay method is also an important 
consideration. A recent report showed that 
methods which measure virus yield inhibition 
under multiple- rather than single-cycle con- 
ditions can exaggerate differences in sensitivi- 
ty to interferon of different viruses (24). 
This finding was attributed to the more rapid 
decay of antiviral activity against one rather 
than the other virus. The amounts of inter- 
feron used and the nature of the challenge 

viruses tested were probably important fac- 
tors in such experiments. Results in contrast 
with those of the report cited above were 
obtained in this laboratory when the sensitiv- 
ities of VSV and several adenovirus types of 
human interferon were compared by both 
plaque reduction and single-cyle yield inhibi- 
tion methods in HEK cell cultures treated 
with similar doses of the same lot of inter- 
feron. Single-cycle cyields of VSV and adeno- 
virus Types 2, 7, and 12 were obtained with- 
in 48 hr of removal of interferon, a time 
period during which the antiviral effect 
against any of these viruses did not markedly 
decay a t  the interferon levels employed. By 
both methods, these viruses showed similar 
relative sensitivities to interferon ( 1 3 ) .  While 
direct comparison of yield-inhibi tion and 
plaque-reduction experiments is not possible 
because of the differences in the nature of 
these assay methods, the fact remains, how- 
ever, that in our system these two methods 
compare favorably. 

Sumnzary. In  a continuing evaluation of 
adenovirus sensitivity to interferons the lim- 
ited but measurable sensitivities of Ad. Types 
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1 ,  3 ,  4, 5 ,  8, 11, and 18 to human tissue 
culture interferon were demonstrated in 
plaque-reduction assays using human embryo 
kidney cell cultures. Generally similar pat- 
terns of interferon-mediated interference were 
observed for each virus type and for several 
strains within a single serotype. Similar 
findings have been reported previously for 
Ad. Types 2,  7, and 12 (6).  The relatively 
limited sensitivity of adenoviruses to inter- 
ferons seems to set them apart from many 
other animal viruses and reinforces a number 
of recent reports of intrinsic differences in 
sensitivity to interferon among different vi- 
ruses. 

1. Cantell, K., Arch, Gesamlte Virusforsch. 10, 510 
(1961). 

2.  Cantell, K., Lapinleimu, K., Saukkonen, J., and 
Uroma, E., Acta Pathol. Microbiol. Scand. 
Suppl. 154,348 (1962). 

3. Wagner, R. R., Ann. Rev. MicrobioI. 17, 285 
(1963). 
4. Glade, P. R., Kasel, J. A., Moses, H. L., 

Whang-Peng, J., Hoffman, P. F., Kammermeyer, J. 
K., and Chessin, L. N., Nature (London) 217, 564 
(1968). 

5. Ho, M., in “Interferons” (N. Finlter, ed.), p. 24. 
North-H,olland, Amsterdam (1967). 

6. Gallagher, J. G., and Khoobyarian, N., Proc. 
SOC. Exp. Biol. Med. 130, 137 (1969). 

7. Jawetz, E., Hanna, L., Nicholas, A., and Hoyt, 
R., Amer. J. Hyg. 67, 276 (1958). 

8. Green, M., Pina, M., and Kimes, R. C., 
Virology 31, 562 (1967). 

9. Gifford, G. E., Toy, S. T., and Lindenmann, J., 
Virology 19, 294 (1963). 

10. Rosenbaum, M. J., DeBerry, P., Sullivan, E. 
J., Edwards, E. A., Pierce, W. E., hluldoon, R. L., 
Jackson, G. G., and Peckinpaugh, R. O., Amer. J. 
Epidemiol. 88, 45 (1968). 

11. Edmondson, W. P., Purcell, R. H., Gun- 
delfinger, B. F., Love, J. W, P., Ludwig, W., and 
Chanock, R. M., J. Amer. Med. Ass. 195, 453 
(1966). 

12. Chanock, R. M., Ludwig, W., Heubner, R. J., 
Cate, T. R., and Chu, L., J. Amer. Med. Ass. 195, 
445 (1966). 

13. Gallagher, J. G., and Khmbyarian? N., 
Bacteriol. Proc. 70, 161 (1970). 

14. Glasgow, L. A,, Hanshaw, J. B., Merigan, T.  
C., and Petralli, J. K., Proc. SOC. Exp. Biol. Med. 
125, 843 (1967). 

15. Riley, B. P., Toy, S. T., and Gifford, G. E., 
Proc. Sw. Exp. Biol. Med. 122, 1142 (1966). 

16. Stewart, W. E., 11, Scott, W. D., and Sulkin, 
S. E., J. Virol. 4, 147 (1969). 

17. Finter, N. B., in “The Interferons” (G .  Rita, 
ed.), p. 210. Academic Press, New York (1968). 

18. Vilcek, J. “Interferon,” p. 74. Springer-Verlag, 
New York (1969). 

19. Oxman, M. N., Rowe, W. P., and Black, P. 
H., Proc. Nat. Acad. Sci. U.S.A. 57,941 (1967). 

20. Chany, C., and Brailovsky, C., Proc. Nat. 
A a d .  Sci. U.S.A. 57, 87 (1967). 

21. Kato, N., Ota, F., and Okada, A., Virology 28, 
’785 (1966). 

22. Sheaff, E. T., and Stewart, R. B., Can. J. 
Microbiol. 14, 965 (1968). 

23. Chany, C., Fournier, F., and Rousset, S., Ann. 
New York Acad. Sci. 173, 505 (1970). 

24. Hallum, J. V,, Thacore, H. R., and Youngner, 
J. S.,  J. Virol. 6, 156 (1970). 

Received Nov. 4, 1970. P.S.E.B.M., 1971, Vd.  136. 


