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ABSTRACT: Viral respiratory infections cause acute airway abnormalities consisting
of inflammation and physiological dysfunction in both animals and humans. It is
likely that inflammatory cell products, such as cytokines, contribute substantially to
viral-induced airway dysfunction. We hypothesized that imiquimod, an immune res-
ponse enhancing agent that induces interferon-o, would attenuate the development of
airway dysfunction during acute viral illness in rats.

Adult Brown Norway rats were inoculated with parainfluenza type 1 (Sendai)
virus or sterile vehicle, and treated with either imiquimod or water. Respiratory sys-
tem resistance (Rrs), arterial oxygen tension (Pa,0,), lung viral titres and broncho-
alveolar lavage (BAL) leucocyte counts were measured in anaesthetized, paralysed,
ventilated rats.

Virus-infected, water-treated rats had a significant decrease in Pa,0, and had sig-
nificant increases in leucocyte count and Rrs when compared to both the virus-
infected, imiquimod-treated, (Pa,0,, p=0.03; leucocyte count, p=0.02; and Rrs, p=
0.009) and noninfected, water-treated rats (Pa,0,, p=0.007; leucocyte count, p=0.001;
and Rrs, p=0.01). In addition, imiquimod suppressed BAL eosinophils in both virus-
infected (p=0.02) and noninfected (p=0.001) groups, and lowered overall virus titres
(p=0.03).

Thus, both virus-induced airway inflammation and physiological dysfunction were
attenuated significantly by imiquimod treatment in this animal model. By further
delineating mechanisms by which infections induce airway dysfunction in animal
models, more specific pharmacological interventions can be developed for the treat-
ment of virus-induced asthma.
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Respiratory viral infections, such as bronchiolitis, cause
acute airway obstruction and hyperresponsiveness in per-
sons with otherwise normal airways [1], and exacerbate
airway dysfunction in persons with asthma [1, 2]. One of
the prominent features of viral respiratory infections is air-
way inflammation [2], including phagocytic cells (macro-
phages, neutrophils) and specific antigen recognition cells
(B-lymphocytes, T-lymphocytes) and cellular products such
as immunoglobulins and cytokines [3]. Cytokines play a
pivotal role in co-ordinating the inflammatory responses, but
may also contribute to virus-induced airway dysfunction.

The imidazoquinolinamine derivative, imiquimod (R-837,
S-26308), has been shown to be a potent immune resp-
onse modifier in both animal and human subjects, as well
as an effective antitumour and antiviral agent in animal
models. Guinea-pigs treated with imiquimod either prophy-
lactically or therapeutically can be protected from primary
and recurrent infections of herpes simplex virus [4-7]. An
antiviral effect has also been reported for imiquimod-
treated guinea-pigs with cytomegalovirus (CMV) [8], and
in mice with arbovirus infection [9]. As imiquimod has no

in vitro anti-herpes simplex virus (HSV) activity [6], its
antiviral or antitumour activity in this circumstance is pre-
sumed to be due to induction of cytokines such as interferon-
o [10]. In this regard, imiquimod induces interferon-o. for-
mation in a number of species including guinea-pigs,
mice, rats, monkeys and humans [5, 11-17]. Furthermore, it
increases synthesis of interleukin (IL)-6 and tumour necro-
sis factor (TNF)-o [13] in mice as well as from human
peripheral blood mononuclear cells in vitro [11, 12, 14, 15].

In previous reports [18, 19] we have demonstrated that
parainfluenza type 1 infection in rats produces virus-ind-
uced airway dysfunction and inflammation with many bio-
logical and physiological features that parallel those seen
in humans. To determine the potential efficacy of imiqui-
mod as a treatment for virus-induced airway dysfunction,
we administered this drug before and during acute viral
respiratory illness in this rat model, and measured effects
on pulmonary physiology and viral replication. Our hypo-
thesis was that imiquimod treatment would significantly
attenuate the development of airway dysfunction during
acute viral illness in Brown Norway rats.
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Methods

Experimental design

All procedures were approved by the Animal Care and
Use Committee of the University of Wisconsin. Adult male
Brown Norway rats, seronegative for common rodent
pathogens (Charles River Laboratories, Kingston, NY,
USA), were used for the study.

Rats were treated with either imiquimod (3M Pharma-
ceuticals, St Paul, Minnesota, USA), 1-(2-methylpropyl)-
1H-imidazo-[4,5-c] quinolin-4-amine (30 mg-kg!), a dose
that in mice appears to produce peak interferon levels with
minimal toxicity [13], or an equal volume of sterile water
via orogastric tube. Dosing was performed 1 day prior to
in-oculation (day -1) and three days postinoculation (day
3). Both imiquimod and control rats were divided further
into study groups that were either virus- or sham-inocul-
ated (day 0) as follows: virus-inoculated/imiquimod-treated
(VI; n=18); virus-inoculated/water-treated (VW; n=18);
sham-inoculated/imiquimod-treated (SI; n=8); and sham-
inoculated/water-treated (SW; n=8) (fig. 1). Rats from each
treatment group were used for terminal studies on post-
inoculation days 1-7. Studies included bronchoalveolar
lavage (BAL) and serum for interferon levels (days 1—
7), lung viral titres (days 3—7), and pulmonary physiology
(days 4-7). All measurements were conducted by investi-
gators blinded to drug treatment group assignments.

Inoculation

Rats were exposed to an aerosol containing parainflu-
enza type 1 (Sendai) virus strain P3193 on day 0 by use of
a Glas-Col Aerosol Exposure Apparatus (Glas-Col, Terre
Haute, IN, USA) as described previously [19]. Noninfect-
ed rats were sham-inoculated with aerosolized chorioal-
lantoic fluid in a similar manner. Infected and noninfected
rats were housed in micro-isolator cages under identical
conditions, and studied at different times to ensure that
noninfected rats had no exposure to virus.
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Fig. 1. — Study design. Brown Norway (BN) rats were either sham- or
virus-inoculated at day 0. Imiquimod (IMIG; 30 mg-kg!) or water was
given orally 1 day prior, and 3 days after inoculation. SW: sham/water;
SI: sham/imiquimod; VW: virus/water; VI: virus/Imiquimod; BAL: bron-
choalveolar lavage; Rrs: respiratory system resistance; Pa0,: arterial
oxygen tension.

Physiology measurements

Rats were anaesthetized with i.p. ketamine (50 mg-kg-;
Parke-Davis/Warner-Lambert, Morris Plains, NJ, USA)
and xylazine (5 mg-kg!; Sigma Chemical, St Louis, MO,
USA). After anaesthesia, cannulas were placed in the tra-
chea, femoral vein, and femoral artery. The animals were
placed supine in a constant-pressure rodent plethysmograph,
pretreated with propranolol (2 mg-kg-! i.v.; Sigma Chemi-
cal), paralysed with succinylcholine chloride (4 mg-kg-!
i.v.; Sigma Chemical), and mechanically ventilated at 80
breaths-min-! with 2.5 cmH,O positive end-expiratory pres-
sure and a tidal volume adjusted to maintain a Pa,CO, of
4.7-5.3 kPa (35-45 mmHg). Arterial blood was obtained
for blood gas analysis after 10 min of mechanical ventila-
tion as described previously [20]. Lungs were inflated to a
pressure of 30 cmH,0 each minute to prevent atelectasis,
and secretions were suctioned from the airways as needed.

Resistance was determined from inflation pressure and
the plethysmograph flow signal by the isovolume method
(model 6 Pulmonary Analyzer; Buxco Electronics, Sha-
ron, CT, USA) as described previously [21]. Respiratory
system resistance (Rrs) was obtained from the computed
resistance by subtracting the flow-specific resistance of
the tracheal cannula and its connector.

After physiological measurements, the rats were sacri-
ficed by exsanguination then given an air embolus to
assure circulatory arrest. The thoracic cavity was exposed,
the left main bronchus was tied, and the left lung was
removed, frozen in liquid N,, and stored at -80°C. Viral
titres were performed on lung homogenates by inocula-
tion into Madin-Darby bovine kidney cells [18]. BAL was
performed by inflating the right lung to total lung capacity
with Hanks' balanced salt solution (without calcium and
magnesium) and then draining it by gravity, for a total of
five exchanges. The lavage fluid was centrifuged and the
cell pellet was resuspended in 1 mL of buffer. Total BAL
cell counts were measured with a Hemo-W cell counter
(Coulter Electronics, Hialeah, FL, USA). Leucocyte dif-
ferential counts were obtained from 200 BAL cells on a
Cytospin (Shandon Lipshaw Inc., Pittsburgh, PA, USA)
slide stained with Diff-Quik (Baxter Healthcare Corp.,
Miami, FL, USA).

Interferon assays

Interferon assays were performed by 3M Pharmaceuti-
cals using a method described previously [13, 22]. Serum
samples were obtained either within 5 h of an imiquimod
dose or at 1-4 days after the dose. In 12 rats it was possi-
ble to obtain serum samples at more than one time point in
the first 5 h after the dose, so each sample is reported indi-
vidually.

Statistical analysis

Statistical analysis was performed using Systat version
5.03 software (Systat Inc., Evanston, IL, USA). Kruskal-
Wallis one-way analysis of variance (ANOVA) was used to
detect differences among the four study groups. For varia-
bles having significant ANOVA, post hoc planned pairwise
comparisons were conducted with the Mann-Whitney test.
Changes in body weight were evaluated with repeated
measures ANOVA, using baseline weight as a covariate.
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Results

Viral effects

There was an increase in total BAL inflammatory cells
due to viral infection, as shown by differences between
the infected (VW) and noninfected control (SW) groups
(fig. 2). The inflammatory response consisted of increas-
ed numbers of macrophages (p=0.002), lymphocytes (p=
0.04), and neutrophils (p=0.0007) (data not shown). Res-
piratory viral illness also produced airway obstruction, as
measured by differences in pulmonary physiology in the
infected (VW) compared to the noninfected (SW) control
groups, infected rats had an increase in Rrs (fig. 3) and a
decrease in oxygenation (fig. 4).
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Fig. 2. — Leucocytes in bronchoalveolar lavage (BAL) from virus

infected and sham-inoculated control rats treated with imiquimod or
water. Group medians are indicated by horizontal bars. The p-values
indicate significant differences between groups. Values are pooled data
from days 1-7 postinoculation. SI: sham-inoculated, imiquimod treated;
SW: sham-inoculated, water treated; VI: virus-infected, imiquimod
treated; VW: virus-infected, water treated; WBC: white blood cell.
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Fig. 3. — Respiratory system resistance (Rrs) in virus-infected and

sham-inoculated control rats treated with imiquimod or water. Group
medians are indicated by horizontal bars. The p-values indicate signifi-
cant differences between groups. Values are pooled data from days 4-7
postinoculation. For definitions see legend to figure 2.

Imiquimod effects

Viral titres. Viral titres were markedly different in the
virus-infected groups on postinoculation day 3, the day of
the postinoculation drug dose (second dose of the two
administered). The imiquimod treated rats had no virus re-
covered from their lungs, while water-treated rats all had
high viral titres (p=0.04, fig. 5). The imiquimod group con-
tinued to have lower titres of virus on days 4-5 (p=0.02),
but did not differ significantly from untreated rats on days
6—7, when the untreated rats also experienced a reduction
in viral titres (fig. 5). Overall, a significant difference
between the water and imiquimod groups was detected
when titres for all days were combined (p=0.03).

Inflammation. As illustrated in figure 2, water-treated
virus-infected rats had an increase in their BAL leucocyte
counts (VW versus SW, p=0.001) which was significantly
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Fig. 4. — Eucapnic arterial oxygen tension (Pa,0,) in virus-infected and
sham-inoculated control rats treated with imiquimod or water. Group
medians are indicated by horizontal bars. The p-values indicate signifi-
cant differences between groups. the values are pooled data from days
4-7 postinoculation. For definitions see legend to figure 2. 1 mmHg=
0.133 kPa.
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Fig. 5. — Viral titres from Sendai virus-infected rats treated with either
imiquimod or water. The p-value for all days combined was 0.03. O:
imiquimod-treated; ®: water-treated. pfu: plaque-forming units.
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attenuated following imiquimod treatment (VW versus VI,
p=0.02). Virus-infected rats demonstrated an early sub-
stantial increase in the percentage of neutrophils in BAL,
which was attenuated following imiquimod treatment. A
trend for a later increase in the percentage of lymphocytes
was noted following virus infection. Although there was
no discernable effect of acute viral infection on BAL eosi-
nophils, there was a potent suppressive effect of imiqui-
mod on BAL eosinophils in both infected and noninfected
rats (fig. 6).

Physiology. Virus-induced changes in pulmonary physiol-
ogy were also attenuated by imiquimod treatment (figs. 3
and 4). In infected rats, Rrs was significantly reduced by
treatment with imiquimod (VI versus VW, p=0.009) while
oxygenation was increased (VI versus VW, p=0.03). Imi-
quimod treatment in the noninfected rats also improved
oxygenation when compared with the water treated group
(ST versus SW, fig. 4).

Interferon levels. Interferon levels were measured in both
infected and noninfected rats treated with imiquimod (VI
and SI), and no significant difference was noted. Peak lev-
els of interferon were detected 1.6—4.5 h after dosing, with
no detectable levels found before this period or greater
than 24 h after dosing in all rats treated with imiquimod.
Of the 40 serum samples obtained from rats not treat-
ed with imiquimod (21 infected, 19 noninfected) only two
(both infected) had detectable interferon levels; the levels
were at the low end of the sensitivity range (200 and 130
U-mL-!) and detected on day 4 after viral inoculation. In
imiquimod treated animals, a significant difference was
noted compared to water-treated animals for samples ob-
tained 1.5-5 h after treatment (p=0.005). In samples obtain-
ed less than 1.5 h and greater than 5 h after treatment, no
difference was noted between the water and imiquimod
treated groups.

Metabolic effects. All rats treated with imiquimod had
transient interruption of weight gain after the doses given
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Fig. 6. — Total eosinophil counts in BAL from virus-infected and sham-
inoculated control rats treated with imiquimod or water. Group medians
are indicated by horizontal bars. the p-values indicate significant differ-
ences between groups. Values are pooled data from days 1-7 postinocu-
lation. For definitions, see legend to figure 2.
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Fig. 7. — Weight changes from baseline in virus-infected and sham-
inoculated rats treated with imiquimod or water. Values are presented as
mean=sp . @ VWO : VI; a: SW;A : SI. BL: baseline. For further defini-
tions see legend to figure 1.

on both day -1 (p<0.0001) and day 3 (p=0.004), but the
overall weight gain was constant (fig. 7). Virus infection
also had a significant effect on weight on days 3-4 (p=
0.004) and on day 5 there was a significant difference
(p=0.0001) between SW and VW rats. A significant dif-
ference in weight was also noted on day 5 between SI and
SW rats (p=0.026) and VI and VW rats (p=0.021). No dif-
ference was noted between SI and VI animals at this time
point (p>0.7).

Discussion

The present experiments confirm our previous findings
that Sendai virus infections in rats produce physiological
dysfunction [21, 23], airway inflammation [23] and in-
creases in lung viral titres [18]. Furthermore, we have dem-
onstrated that imiquimod treatment attenuates viral titres,
virus-induced airway dysfunction and airway inflamma-
tion in this rat model.

The present findings are probably the result of a signi-
ficant tissue antiviral effect of imiquimod. We analysed
viral titres in water and imiquimod-treated rats at day 3
postinoculation, the day of imiquimod dosing, days 4-5
(when the titre typically peaks) and on days 6—7 (when
titres typically decline). Overall, peak viral titres were
delayed and reduced in the imiquimod treated rats. At day
3 postinoculation, the water-treated group achieved the
maximal viral titre recorded during the evaluation period,
while no titres were detected in the imiquimod group. A
possible explanation for this finding is that cytokines
reduced viral replication in the airway to such an extent
that virus at day 3 was undetectable. The finding is similar
to previous studies, in which guinea-pigs treated with imi-
quimod 24 h prior to CMV infection had a low rate of
viraemia at day 3 postinoculation, but peaked by day 5
[8]. Imiquimod has been shown to have antiviral effects in
other animal models of virus infection [4, 6, 7]. In the pre-
sent study, some of the imiquimod-treated rats had virus
present on days 6-7, but in subsequent experiments per-
formed in our laboratories, rats treated with either water
or imiquimod had undetectable levels of virus by day 10
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postinoculation [24]. Based on these initial observations,
it would be interesting to undertake a more comprehen-
sive evaluation of the viral titre levels from day 1 to day
10 postinoculation in this model.

To evaluate the mechanisms by which imiquimod ex-
erted its significant antiviral effects, we focused our cyto-
kine evaluation on the effects of imiquimod on interferon
levels based on previous reports [5, 10—17]. We noted that
levels of interferon were increased for several hours after
dosing, but were not detectable before 1.5 h or after 24 h.
In rats not treated with imiquimod, no interferon levels
were detected within 24 h after dosing with water (con-
trol). Previous observations have found that greater than
97% of the total serum interferon induced by imiquimod
was interferon-o [12, 13, 15, 16].

The benefits of treatment with imiquimod, however, are
not explained fully by the ability of the drug to augment
interferon-o. production. For example, antibody to inter-
feron has been shown to only partially inhibit the benefit
of imiquimod in mouse models of virus infection [25] or
in mouse models of tumours [10]. In previous studies in
rats, imiquimod stimulated production of both interferon-
o and TNF [13]. In mice and rats, imiquimod increased
serum levels of TNF-oo with peak levels seen at 1-2 h;
peak levels of interferon-o and IL-6 were seen 2-3 h after
dosing [13]. Using a variety of in vitro systems, imiqui-
mod has been found to increase levels of interferon 300—
500 fold, while other cytokines (TNF-a., IL-6, and IL-8)
increased by imiquimod were increased to a maximum of
nearly 40 fold [11, 15].

Based on these reported observations, it is possible that
the decreased viral titres observed in animals treated with
imiquimod may have been mediated through interferon-o
interacting with CD4+ T-cells. Proposed subsets of these
T-cells include the type 1 T-helper (Thl) cells producing
predominantly IL-2, interferon-y, and TNF-3; and the type
2 T-helper (Th2) cells preferentially producing IL-4, IL-5
and IL-10 [26]. Interferon-o has been shown to enhance
interferon-y production by Thl cells [27, 28], while in-
hibiting Th2 cytokine production [28]. Interferon-o. may
favour the predominance of a Thl response by inducing
interferon-y and inhibiting IL-4 production. Indeed, inter-
feron-o. has been found to inhibit IL-4 messenger ribo-
nucleic acid (mRNA) levels and immunoglobulin E (IgE)
production in mice [29] and moreover, anti-IL-4 treatment
in mice infected with RSV modulates cytokine produc-
tion, reduces illness and increases cytotoxic T-lymphocyte
activity [30].

In addition to its effects on viral titres and interferon-
o levels, imiquimod treatment influenced BAL leucocyte
numbers in both the infected and noninfected animals.
The decrease in the background inflammation that is typi-
cally present in adult Brown Norway rats could be a drug
effect consistent with one of imiquimod's postulated mec-
hanisms. This decrease in background inflammation may
be the reason that oxygenation improved in the noninfec-
ted animals treated with imiquimod.

Of particular interest was the effect of imiquimod on
populations of polymorphonuclear leucocytes. The dimin-
ished numbers seen following treatment are probably not
related to a direct effect of interferon-o. on cellular chemo-
taxis [31]. In both infected and noninfected rats treated
with imiquimod, BAL eosinophil counts were strikingly
suppressed. In this regard, both recombinant and endog-

enous interferon-o. have been shown to inhibit antigen-
induced eosinophil infiltration of the trachea in sensitized
mice [32]. Recently, an interferon-o. receptor on eosino-
phils has been described [33], and interferon-o. can inhibit
the release of several eosinophil mediators including IL-5.
In IL-5 deficient mice, the normal airway eosinophilia and
hyperresponsiveness seen after aerosol challenge with
ovalbumin is eliminated [34]. Additionally, recombinant
interferon-a selectively inhibits the production of IL-5 by
CD4+ T cells [35]. Thus, the alterations noted in airway
inflammation and physiology following imiquimod treat-
ment could be related to the effects that interferon-o. may
have had on diminishing IL-5 levels within the airway,
regardless of the presence or absence of a concomitant
viral infection.

Rats typically exhibit a transient loss of weight during
acute viral illness, presumably due to cytokine-mediated
decreases in food and water intake. Imiquimod also had
an apparent anorexic effect in rats that resulted in weight
loss on the day of dosing, but normal growth thereafter.
This pattern of decreased water intake and transient int-
erruption of weight gain has been seen in guinea-pigs
treated with imiquimod [6]. This observation is consistent
both with the transient elevation of serum interferon-o.
after imiquimod dosing and with anorexia, fatigue, fever,
and headache reported by human subjects treated orally
with imiquimod [17]. Interestingly, imiquimod treatment
completely prevented the virus-associated weight loss in
the current study.

The results of these studies in rats suggest that treat-
ment with imiquimod could potentially modulate the dev-
elopment of airway inflammation and dysfunction during
acute viral respiratory infection in humans. Although the
precise biological, immunological, and physiological tar-
gets influenced by imiquimod in vivo are still unknown,
our results indicate that this compound clearly possesses
pharmacological properties that warrant further study and
characterization in the development of specific therapeutic
modalities for the treatment and/or prevention of
virus-induced asthma.
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