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Limited Efficacy of Aerosolized Recombinant Alpha Interferon against 
Virulent Influenza A/HK Infection in Mice (42257) 
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Abstract. Hybrid recombinant human alpha interferon A/D (rIFN A/D) is unusual in that it 
has equivalent antiviral activity in in vitro assays using mouse or human tissue cells. This interferon 
was delivered to outbred Swiss mice in small particle aerosols before and/or after these mice were 
inoculated with virulent influenza A/HK/68 virus. Although rIFN A/D was effective in inhibiting 
influenza virus replication in vitro in primary mouse embryo cells, it had only a limited degree 
of effectiveness in the in vivo tests; only animals exposed to rIFN A/D for 4 hr and inoculated 
with influenza virus 4 hr later exhibited a significant decrease in mortality (approximately 25% 
reduction in deaths; P < 0.025) compared with that of the untreated control animals. The limited 
effectiveness of rIFN A/D seen in these studies indicated that the use of this or similar recombinant 
alpha interferons alone to prevent or treat influenza virus infection in humans is not promising. 
0 1986 Society for Experimental Biology and Medicine. 

The potential use of exogenously adminis- 
tered interferons to treat respiratory viral in- 
fections of man has long been recognized, but, 
to date, no interferon preparation has been 
licensed for use against such infections. This 
failure can be attributed to the high costs of 
producing purified interferons, to side effects 
associated with the use of human interferon 
therapy (1-4) and to the mixed results of clin- 
ical trials testing interferons (5-  14). The recent 
development of recombinant interferons pro- 
duced by Escherichia coli implanted with hu- 
man alpha interferon genes (1 5 ,  16) has led to 
production of relatively large amounts of ho- 
mogenous, concentrated preparations, making 
the use of interferons to treat respiratory viral 
diseases less costly, more feasible, and likely 
to yield desirable results (1 7-19) than here- 
tofore. 

Delivery of interferons directly to the re- 
spiratory tract by small particle aerosol offers 
another potential means of improving the ef- 
ficacy of exogenously administered interferons 
against respiratory virus infections. We have 
performed a number of studies testing this 
concept in mice (20-22) and cotton rats (Sig- 
moden hispidus) (23). Recombinant interferon 
A/D (rIFN A/D), a hybrid human leukocyte 
recombinant interferon that is highly active in 
mouse and human tissue cells and which has 
some antiviral activity in cotton rat cells, was 
used in these studies. It was found that rIFN 
A/D reached significant levels in lungs of an- 

imals exposed to small particle aerosols (SPA) 
of this material and inhibited vesicular sto- 
matitis virus (VSV)-induced pulmonary in- 
fection in both rodent species. The protective 
effect in mice lasted up to 7 days after aero- 
solization and was significantly greater than 
the protective effects of the same interferon 
preparation given intraperitoneally (22). In the 
present study, rIFN A/D was tested for its 
ability to inhibit influenza A/HK/68 virus in- 
fection in mice. It was found that groups of 
animals exposed to rIFN A/D prior to virus 
inoculation generally had a more reduced 
mortality than untreated control mice. How- 
ever, only the group of animals exposed for 4 
hr to a small particle aerosol of rIFN A/D and 
inoculated with virus 4 hr later had signifi- 
cantly lower mortality (P < 0.025) than un- 
treated control mice. 

Materials and Methods. Animals. Six to 
eight-week-old Swiss mice of either sex were 
obtained from Harlan Breeding Laboratories, 
Houston, Texas. These mice were housed in 
cages covered with barrier filters and fed water 
and food ad libitum. 

Virus. The isolation, adaption to mice, and 
characterization of the virulent influenza A/ 
HK/68 (H3N2) (mouse passage 9) virus used 
in these experiments have been described in 
detail previously (24). Each lung pool was ho- 
mogenized using Hanks’ balanced salt solution 
containing 2% gelatin as a diluent, clarified 
using centrifugation, filtered through a 0.45- 
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pm filter (Acrodisc; No. 4181; Gelman Sci- 
ences, Inc., Ann Arbor, Mich.), portioned, and 
stored at -70°C. 

Infection of animals. Mice were lightly 
anesthetized with ether and inoculated intra- 
nasally (in) with two to four median lethal 
doses of mouse-adapted influenza A/HK/68 
virus in a 0.05-ml volume. 

Tissue culture. Primary mouse embryo 
(PME) cells were prepared as described pre- 
viously (25). Briefly, mouse embryos were cut 
into small pieces and then covered with neutral 
protease (Dispase; grade 11; 2.4 U/ml; Boeh- 
ringer-Mannheim Biochemicals, Indianapolis, 
Ind.). The dissociated cells and remaining 
fragments were washed, pelleted, resuspended 
in 20% fetal calf serum (FCS)-MEM and 
added to 1 50-cm2 flasks. The resulting mono- 
layers of PME cells were passaged when con- 
fluent, using 20% FCS-MEM as the medium. 
Passage levels 2 and 3 of the PME cells were 
used in these studies. 

Madin Darby canine kidney (MDCK) tissue 
cells were used to titer influenza virus pools 
or suspensions of lungs from inoculated mice. 
The MDCK cells were obtained originally 
from Flow Laboratories (Bethesda, Md.) and 
passaged continuously in the laboratory using 
10% FCS-MEM as a growth medium. 

Virus isolation and titration. Lungs were 
aseptically removed from randomly selected 
animals taken from each test group. One lobe 
from each removed lung was processed for 
histologic studies; the remaining lungs were 
washed in sterile medium, homogenized, and 
centrifuged. The supernatant fluids were se- 
rially diluted using serial 3.3 3-fold dilutions 
in minimal essential medium with Earle's salt 
containing 2 pg of trypsin/ml (Worthington 
Biochemicals Corp., Freehold, N.J.) and im- 
mediately inoculated onto MDCK monolay- 
ers. Just prior to inoculation, the growth media 
on these monolayers was removed and the 
monolayers were rinsed to remove residual 
protein. After a 90-min adsorbtion period, ad- 
ditional MEM with trypsin was added to the 
monolayers. After incubation for 5 days at 
36"C, suspensions of 0.5% chicken erythro- 
cytes were added to each monolayer. Cultures 
exhibiting hemadsorbtion were considered to 
be infected with influenza virus. Titers were 
expressed as the reciprocal of the last dilution 
of test suspension that exhibited hemadsorb- 

tion. Hemadsor6ing cultures were spot- 
checked for virus specificity using fluorescein 
isothiocyanate (F1TC)-conjugate antiserum 
(Cappel Laboratories, Inc., Downingtown, Pa.) 
specific to type A influenza virus. 

Histological methods. Organs were prepared 
for histological studies by fixation in buffered 
Formalin, embedding in low-melting-point 
paraffin, and sectioning at 5-pm thickness. 
Sections were stained with hematoxylin and 
eosin. 

Interferons. rIFNaA and rIFNa A/D were 
obtained from the Department of Immuno- 
therapy, Hoffmann-La Roche, Inc. The con- 
struction and specific molecular activities of 
these interferons have been described in detail 
previously (26). Mouse alpha interferon (No. 
2205 1) was obtained from Lee Biomolecular 
Research Laboratories, Inc., San Diego, Cal- 
ifornia. Mouse type l (No. G-002-904-5 l l )  
interferon reference reagent was obtained from 
Dr. June K. Dunnick and Dr. John R. La- 
Montagne of the Antiviral Substance Program, 
National Institute of Allergy and Infectious 
Diseases, National Institutes of Health (NIH), 
Bethesda, Maryland. 

Measurement of antiviral- activity. Assays 
were carried out in triplicate using PME cells 
and 96-well round-bottom plates (No. 76-0 13- 
05; Flow Laboratories, McLean, Va.). All di- 
lutions and tissue culture suspensions were 
prepared with 5% FCS-MEM. Briefly, 0.05 ml 
of medium, test sample, or interferon reference 
standard was added to the first well of each 
row and serially diluted (twofold), using mi- 
crotiter loops (Rotatiter, No. 002-96 1-0 100; 
Dynatech Laboratories, Inc., Alexandria, Va.). 
PME tissue cells were added next in 0.5-ml 
amounts (ca. 2 X lo4 cells/well), and the plates 
were incubated at 37°C overnight. The next 
morning, the medium was removed with a 
suction device and about 100 median tissue 
culture infective doses of influenza virus was 
added to each well in 0.1 ml. Five days later 
the medium in every well was tested for the 
presence of hemagglutinating virus using 
chicken erythrocytes (0.5% suspension) as in- 
dicator cells. The presence of interferon was 
indicated by the inhibition of hemagglutina- 
tion, and interferon titers (per 0.05 ml) were 
expressed as the geometric mean (log2) of the 
reciprocal of the last dilutions which com- 
pletely inhibited hemagglutination. Titers of 
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the interferon reference standards used in these 
assays rarely varied by more than twofold from 
assay to assay. All titers were adjusted to be 
relative to the stated titer of the mouse NIH 
interferon reference standard. 

Aerosol treatments. Aerosol machines con- 
taining Collison nebulizers modeled after a 
design by K. R. May (27, 28) were used in 
these experiments. These machines and their 
use to deliver antivirals have been described 
in detail previously (27). The preparation of 
rIFN A/D used in this study had a titer of 6 
X lo7 U/ml and was diluted in aerosol ma- 
chine reservoirs with 350 ml of sterile, normal 
saline (cat. No. 2B1322, Travenol Lab, Inc., 
Derrfield, Ill.) so that the starting reservoir 
concentration was 1.7 X lo5 U/ml. The rIFW 
A/D was delivered at an approximate rate of 
12.5 liter/min to the animals kept in plastic 
cages covered tightly with plastic tops. Under 
these conditions the estimated total deposition 
of rIFN A/D per mouse was 5000 units 

Schedules for administrating small particle 
aerosols of rIFN A/D to mice fell into three 
basic groups: prophylactic (P), treatment (T), 
and combined prophylactic and treatment 

(20, 22). 

(PT) groups. As shown in Table I, groups PI 
to P6 were exposed to aerosols of rIFN A/D 
for 4 hr and inoculated with influenza virus 1 
to 48 hr after ceasing delivery of interferon. 
Groups P7 to P9 were exposed to rIFN A/D 
aerosols 4 hr/day for 2-4 days and inoculated 
with virus 24 hr after ceasing the last aerosol. 
Groups T1 to T3 were exposed to rIFN A/D 
aerosols 16 hr/day for 2-4 days beginning 8 
hr after virus inoculation. Groups PTl and 
PT2 were exposed to 24-hr intervals of rIFN 
A/D aerosols, inoculated 16 hr after ceasing 
the last pretreatment and then exposed to 24 
hr of continuous interferon aerosols for 1-4 
days starting 8 hr after virus challenge. 

Statistics. Statistical significance of differ- 
ences in mortalities between groups was de- 
termined by comparing the number of deaths 
and survivors using the x2 2 X 2 contingency 
test with one degree of freedom (29). Geo- 
metric mean titers (GMT) and standard de- 
viations were calculated using a programmed 
Texas Instruments TI-55 calculator. 

Results. In vitro anti-influenza virus activity 
of rIFN A/D. Table I1 compares the antiviral 
activity of rIFN A/D against influenza A/HK/ 
68 virus in PME tissue cells with that of rIFN 

TABLE I. SCHEDULES OF ADMINISTRATION OF RECOMBINANT INTERFERON A/D AEROSOL 
USED IN THESE EXPERIMENTS' 

Duration Interval between virus 
Treatment of aerosol Number of Total exposure challenge and 

groupb (hr) exposures (hr) aerosolization (hr)' 

P1 
P2 
P3 
P4 
P5 
P6 
P7 
P8 
P9 
T1 
T2 
T3 
PT 1 
PT2 
V.C. 

4 
4 
4 
4 
4 
4 
4 
4 
4 
23.5 
23.5 
23.5 
23.5 
23.5 
0 

1 
1 
1 
1 
1 
1 
4 
3 
2 
4 
3 
2 
5 
2 
0 

4 
4 
4 
4 
4 
4 
16 
12 
8 
96 
72 
40 
118 
26 
0 

+48 
+40 
+24 
+16 
+4 
+ I  
+24 
+24 
+24 
-8 
-8 
-8 
+16, 8 
+16, 8 

The reservoir concentration of rIFN A/D used in all experiments was 1.7 X lo5 units/ml. The estimated deposition 
of rIFN A/D per mouse per 4 hr, was 5000 units. 

P indicates groups which received prophylactic regimens of rIFN A/D aerosol; T indicates groups which received 
aerosols after inoculation; and PT indicates groups that were exposed to aerosols both before and after virus inoculation. 
' A plus symbol indicates that animals were inoculated with virus after ceasing the last interval of aerosolization; 

negative symbols indicate that animals were inoculated with virus before the first aerosol exposure. 
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TABLE 11. COMPARISON OF THE ANTI-INFLUENZA VI- 
RUS ACTIVITY OF HYBRID RECOMBINANT LEUKOCYTE 
INTERFERON A/D WITH HYBRID RECOMBINANT LEU- 

KOCYTE INTERFERON (rim A), NATURAL HUMAN 
ALPHA INTERFERON, AND NATURAL MOUSE 

ALPHA INTERFERON IN PRIMARY MOUSE 
EMBRYO (PME) TISSUE CELLS~ 

Interferon titer 
(GMT log2 + SD)b 

Interferon 
tested Expt 1 Expt 2 

Human alpha 0 0 
Mouse alpha 7.0 k 1.0 8.7 & 0.6 
rIFN A 0 0 
rIFN A/D 11.3 f 0.6 12.0 k 0 

a Values were calculated relative to a mouse reference 
interferon reagent (NIH Cat. No. G-002-902-5 1 1). 

To test for virus presence a 0.5% suspension of chicken 
erythrocytes was added to each well 5 days after the ad- 
dition of challenge virus (approximately 100 TCIDSo of 
influenza A/HK/well). Titers = the reciprocal of the last 
dilution of interferon in wells in which no hemagglutinating 
was observed. All values are expressed as the geometric 
mean titer (GMT) log2 f SD; 0 = undetectable activity; 
n = 3 for each experiment. 

A, natural mouse alpha interferon and natural 
human alpha interferon. As indicated, natural 
mouse alpha and rIFN A/D interferon, but 
not rIFN A or natural human interferon, sig- 
nificantly reduced influenza virus replication 
in this system. The titers obtained for rIFN 
A/D and natural mouse alpha interferon in 
these experiments were eight- to 16-fold less 
than titers obtained in assays using vesicular 
stomatitis virus and L929 mouse fibroblast 
cells (data not shown). However, the values 
obtained in the two test systems were not di- 
rectly comparable since not only were the 
challenge viruses different, but also the tissue 
cells and endpoints. 

Eficacy of aerosolized recombinant inter- 
feron. The cumulative mortality of animals 
exposed to rIFN A/D aerosols and inoculated 
with influenza A/HK/68 virus is shown in Ta- 
ble 111. As indicated, all groups of mice exposed 
to rIFN A/D prior to virus inoculation had 
reduced mortality compared to untreated 
control mice. Reductions ranged from 5 to 
22% (mean reduction 13%). However, only 
group P5, the group of mice which was inoc- 
ulated with virus 4 hr after stopping rIFN 
A/D aerosol, had statistically significant pro- 
tection when cumulative mortalities in these 

groups were compared to the number of deaths 
which occurred in untreated control mice. The 
P value for group P5 was >0.025 but <0.01 
(x2 = 5.47). In contrast, maximum reduction 
in mortality in groups of mice treated with 
aerosols of rIFN A/D after virus inoculation 
was 7%. 

Virus titers in lungs of randomly selected 
mice taken from each of the experimental 
groups 4 days after virus inoculation were de- 
termined; none of the mean lung virus titers 
in groups given interferons exogenously were 
statistically different from the mean lung virus 
titer of the virus control group when compared 
using the t test. However, as shown in Table 
IV which presents pulmonary virus titers in 
lungs of mice from groups P3, P5, and the 
untreated control group, pulmonary virus ti- 
ters varied greatly in individual mice exposed 
to interferon aerosols. In some instances 100- 
to 1000-fold less virus was detected in lungs 
of mice in groups exposed to interferon than 
in groups of unexposed animals. However, 
even in group P5, the GMT (5.7 k 1.7 loglo) 
was not statistically significant compared to 
the virus titers in lungs of virus control mice 
(GMT = 7.1 k 0.3 loglo). Pulmonary titers in 
other groups (of which group P3 is represen- 
tative) fell between those seen in the virus 
control and group P5 (e.g., the GMT for group 

All stained sections of lungs from the dif- 
ferent groups revealed marked peribronchial 
and peribronchiolar leukocytic infiltrate with 
scattered microareas of interstitial pneumo- 
nitis. Generally, however, lungs from groups 
of mice having higher geometric mean pul- 
monary virus titers exhibited greater histo- 
pathologic changes than lungs from groups 
with the lowest geometric mean pulmonary 
virus titers. 

Discussion. In these studies the efficacy of 
rIFN A/D delivered to mice as a small particle 
aerosol before and/or after inoculation of le- 
thal doses of influenza virus was studied. Gen- 
erally mice exposed to rIFN A/D before virus 
exhibited reduced numbers of deaths than un- 
treated control mice. However, although a 
number of administration schedules were used 
(Table I), only mice which received aerosols 
of rIFN A/D for 4 hr, 4 hr before inoculation, 
had significantly lower mortality (22%) than 
untreated virus control mice (Table 111). 

P3 = 6.6 k 0.8 loglo). 
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TABLE 111. CUMULATIVE MORTALITY AND x2 ANALYSIS OF MICE EXPOSED TO RECOMBINANT INTERFERON AID 
AEROSOL AND INOCULATED WITH INFLUENZA A/HK VIRUS 

Total Cumulative mortality 
IFN 

Exptl a exposure No. dead/ 
group (hr) No. inoculated Percentage x2 valuesb 

V.C. 
P1 
P2 
P3 
P4 
P5 
P6 
P7 
P8 
P9 

V.C. 
T1 
T3 
T3 
PT 1 
PT2 

None 
4 
4 
4 
4 
4 
4 

16 
12 
8 

None 
96 
72 
48 

118 
26 

39/50 
20130 
32/50 
20130 
22/30 
28/50 
22/30 
18/20 
19/30 
19/30 

44/55 
17/20 
29/40 
32/40 
27/35 
27/35 

78 
67 
64 
67 
73 
56 
73 
60 
63 
63 

80 
85 
73 
80 
77 
77 

- 
1.24 
2.38 
1.24 
0.24 
5.47c 
0.24 
2.97 
2.02 
2.02 

- 
0.24 
0.73 
0.00 
0.1 1 
0.1 1 

a Abbreviations: Exptl, experimental; IFN, interferon; V.C., virus control. 
x2 values were obtained by comparing mortality between experimental groups with the appropriate virus control 

The P value for this group was 0.025 < P < 0.01; for all the other groups the P values were greater than 0.05 
group using a two by two contingency test (28). The values were not corrected with continuity factor (n = >30). 

(P = 0.05 when x2 = 3.84). 

Overall, pulmonary virus titers and inflam- 
mation in lungs from this group were only 
marginally reduced compared to untreated 
control mice (Table IV). However, individual 
animals in the group had remarkably lower 
pulmonary virus titers and inflammation. 
These results were similar to those reported 
by Takano, Jensen, and Warren in 1963 (30) 
and by Blach-Olszewska, Magur, and Skurska 
(3 1) in 1972. In the Takano studies, mice were 
exposed to aerosols of interferon prepared 
from the allantoic fluid of infected eggs or 
mouse lungs; each preparation contained less 
than 400 units of interferon/ml. Although 
many prophylactic and therapeutic schedules 
of application of interferon were tried in their 
studies, protection against lethal influenza B/ 
GL virus infection was observed only when 
aerosols of interferon were given 1 hr before 
or for 4-hr intervals on 4 consecutive days be- 
fore virus challenge; the maximum reductions 
in deaths compared to controls that they ob- 
served was less than 50% and required rela- 
tively large numbers of mice in each group to 
be seen. In the 1972 studies, mice were given 
alpha interferon intranasally or intravenously 

24 hr before and every 48 hr after they were 
challenged intranasally with lethal doses of in- 
fluenza A/PR/8 virus. Only mice given inter- 
feron intranasally were protected, and protec- 
tion compared to control mice was only 40%. 
Differences in the precise administration 
schedules that were effective and the percent- 
age of protection observed in the three studies 
could be attributable to differences in aerosol 
machines, challenge viruses, and interferon 
preparations. 

The rIFN A/D used in the present studies 
was of much greater homogeneity and con- 
centration (1.7 X lo5 U/ml) than the inter- 
feron preparations used in either the 1963 or 
1972 studies. Moreover, in in vitro assays (Ta- 
ble 11) the rIFN A/D was as effective as natural 
mouse alpha interferon in protecting mouse 
tissue cells from infection with influenza A/ 
HK/68 virus (the virus used to challenge mice 
in succeeding aerosol studies), and in earlier 
studies, rIFN A/D was shown both to protect 
mice (21) and cotton rats (23) from VSV-in- 
duced pneumonia and to be significantly more 
protective than the same preparations deliv- 
ered intraperitoneally (22). For all of these 
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TABLE Iv. PULMONARY TITERS OF INFLUENZA VIRUS IN LUNGS OF MICE EXPOSED TO SMALL PARTICLE 
AEROSOLS OF rIFN A/D 24 OR 4 hr BEFORE VIRUS CHALLENGE a 

Duration of Interval between 
exposure IFN and virus Pulmonary virus 

Group (hr) inoculation (hr) titers (logIo/lung) GMT f SDb 

Virus control 

rIFN A/D 
rIFN A/D 

(no interferon) - 
4 
4 

- 
24 

4 

6.8, 7.3, 7.3, 6.8, 7.3 
6.8, 7.3, 7.3, 5.3, 6.3 
7.3, 7.3, 5.3, 3.3, 5.3 

7.1 k 0.3 
6.6 f 0.8 
5.7 k 1.7 

a All mice were inoculated intranasally with approximately two median lethal doses (LDSo) of influenza A/HK/68 
virus. 

Geometric mean titer k SD. 

reasons better protection against influenza vi- 
rus lung infection was expected in our studies 
than was seen. We do not know why exoge- 
nously administered recombinant alpha in- 
terferon did not have more of an effect on in- 
fluenza virus infection in these studies. Al- 
though we did observe 100- to 1000-fold 
reductions in lung virus titers in individual 
mice within groups exposed to rIFN A/D as 
compared to untreated control animals, our 
general failure to improve upon earlier trials 
despite the use of better materials and aerosol 
machines suggests that the use of exogenously 
administered alpha interferons alone will not 
be effective in reducing influenza virus-in- 
duced respiratory disease in humans. Use of 
alpha interferons in conjunction with a second 
interferon (e.g., gamma interferon), or with 
another anti-viral may prove more effective 
against influenza virus lung infections than use 
of these materials alone. It has been reported 
by Czarniecki et al. (32) that a combination 
of alpha or beta interferon with gamma inter- 
feron had higher antiviral and immune mod- 
ulatory effects than alpha interferons alone, 
and Luscri has reported that human interfer- 
ons and ribavirin, amantadine, or rimantadine 
have synergistic antiviral effects against influ- 
enza virus infection in vitro [B. J. Luscri, Syn- 
ergy between human beta interferon (IFN) and 
ribavirin (RVN). Abstr. Annual Meeting, 
American Society of Microbiology P 1 5 (A84), 
1982. B. J. Luscri, Synergistic effects of human 
interferons with either amantadine, or riman- 
tadine. Abstr. Annual Meeting, American So- 
ciety of Microbiology P22 (A130). 1983.1 
Testing of aerosols containing both human re- 
combinant alpha and recombinant mouse 

gamma interferons against influenza virus lung 
infections is currently in progress. 

This work was supported by a grant from Hoffman-La 
Roche, Inc., Nutley, N.J. 
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