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Imiquimod is an oral inducer of interferon (IFN) and several other proinflammatory cytokines and has been
successfully used topically as an antiviral agent for the treatment of genital warts. We have investigated the
molecular mechanisms by which imiquimod induces the expression of IFNs, IFN-stimulated genes (ISGs), and
proinflammatory cytokines in vivo, using mice deficient in various components of the IFN signaling system.
Mice deficient in the transcription factor interferon regulatory factor 1 (IRF-1) or in the serine/threonine
protein kinase PKR responded normally to imiquimod, producing high levels of circulating IFN and induction
of several ISGs. On the other hand, when mice deficient in STAT-1 were treated, a 32-fold reduction in the level
of circulating IFN was observed, together with a lack of induction of 2-5 oligo adenylate synthetase (2-5 OAS)
and IRF-1 genes. Interestingly, there was also a lack of induction of interleukin-6 (IL-6) gene expression,
although tumor necrosis factor was induced and readily detected in serum. In mice deficient in the type I IFN
receptor, imiquimod induced levels of IFN similar to those in control mice, but again, neither 2-5 OAS, IRF-1,
nor IL-6 genes were induced in mutant mice. Our results suggest that STAT-1 plays a critical role in the
mechanism of gene activation by imiquimod. Moreover, induction of IL-6 gene expression appears to be
dependent on components of the IFN signaling cascade.

Interferons (IFNs) belong to a family of proteins involved in
the regulation and function of the immune system and are
important in both innate and specific immune responses
against viruses, bacteria, and some parasites (43). Whereas
type I IFNs are necessary for resistance to many viral infec-
tions, type II IFN, or IFN-g, plays a key role in the innate
immune response as well as in the development of some as-
pects of the cellular immune response (42). Animals deficient
in type I IFN show an extremely high sensitivity to viral infec-
tion, with as much as a 1,000,000-fold reduction in the 50%
lethal dose in the case of vesicular stomatitis virus (25). Mice
that do not respond to IFN-g have a defect in some macro-
phage functions (16–18), are more susceptible to some intra-
cellular parasites (40, 41), have an impaired granulomatous
reaction (30), and show some alterations in the balance be-
tween Th1- and Th2-type responses of T cells (44).

Drugs that modulate the expression of IFNs and other
proinflammatory cytokines might be beneficial clinically by en-
hancing the immune response and could be used for the treat-
ment of infectious diseases and cancer. Indeed, several reports
describe the use of Mycobacterium bovis BCG as a means of
boosting the immune response in order to treat neoplastic
disorders and as a vaccine adjuvant (12).

Imiquimod is a low-molecular-weight compound that was
originally described as a potent inducer of IFN when given

orally to humans and mice (33). Applied topically, imiquimod
is used for the treatment of genital warts caused by human
papillomavirus, particularly in the female population (2, 3).

Little is known concerning the mechanism by which imi-
quimod can reverse the clinical manifestation of genital warts.
Imiquimod is a very potent inducer of IFNs, and levels of
circulating IFN activity as high as 2,000 U/ml have been de-
tected in the sera of treated mice (14). Imiquimod can also
induce the expression of a variety of other proinflammatory
cytokines, such as interleukin-1 (IL-1), -6, and -12, tumor ne-
crosis factor (TNF), etc., in vivo (23). It is not clear whether
imiquimod’s antiviral action is due solely to the induction of
IFNs and other cytokines known to have antiviral actions, such
as TNF (28) and IL-12 (26, 34) or whether the induction of the
IFN-stimulated genes (ISGs) necessary for inhibiting viral rep-
lication can be triggered directly by the drug. While it is likely
that IFN is important for the beneficial effects of imiquimod in
the case of genital warts, it is conceivable that IFN induction is
only partially responsible for the actions ascribed to this drug.
Moreover, such a broad induction of several mediators of the
inflammatory response may also account for some of the un-
desirable effects observed in cancer patients who are treated
orally with the drug.

Recently, a considerable amount of information concerning
signaling within the IFN system has become available (36).
Since high levels of both IFN-b and IFN-a mRNAs can be
observed when cells are stimulated in the presence of protein
synthesis inhibitors, it appears that activation of some latent
transcription factors is necessary and sufficient for the induc-
tion of type I IFN gene expression (43). However, under some
circumstances, induction of de novo protein synthesis of the
transcription factor interferon regulatory factor 1 (IRF-1)
might also be required for full induction of both IFN-b and
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IFN-a gene expression (11, 24, 27). Type I IFN signaling is
mediated primarily via the activation of the trimeric ISGF-3
complex, assembled from inactive forms of STAT-1, STAT-2,
and the DNA-binding protein p48 (39). Formation of ISGF-3
requires phosphorylation of STAT-1 and STAT-2 by JAK-1
and TYK-2 tyrosine kinases (35). A homodimer of phosphor-
ylated STAT-1 appears to be the major signaling molecule in
the IFN-g pathway and utilizes the JAK-1 and JAK-2 tyrosine
kinases (37). IRF-1 also contributes to IFN signaling, and it has
been demonstrated that induction of some ISGs, especially by
IFN-g, requires IRF-1 (5, 20). In addition, IRF-1-deficient
mouse embryonic fibroblasts are less sensitive to the antiviral
action of both type I IFN and IFN-g (20). Since IRF-1 is
induced by a variety of other proinflammatory cytokines, such
as TNF, IL-1 (11), IL-6 (15), and others, it has been proposed
that it might play an important role in connecting the cytokine
network (27).

In order to better understand the mechanism of gene acti-
vation triggered by imiquimod, we have investigated the induc-
tion of IFN and ISGs, as well as the induction of some cyto-
kines, in mice deficient in several components of the IFN
system, upon oral treatment with the drug. Our results suggest
that imiquimod uses STAT-1 as a key signaling molecule.
Moreover, we show, for the first time, that a component of the
IFN signaling cascade, likely to be STAT-1, plays an important
role in the induction of IL-6 by imiquimod.

MATERIALS AND METHODS

Mice. All mouse lineages were on a pure 129/SV background, and their
primary characterization has been described earlier (IRF-10/0 [29], PKR0/0 [45],
STAT-10/0 [9], and type I IFN receptor0/0 [IFNR0/0] [25]). Animals were housed
and maintained in animal facilities according to institutional regulations and
used between the ages of 4 and 6 weeks.

Imiquimod and treatment of mice. The compound imiquimod {S-26463/-3;
1-(2-methyl-propyl)-1H-imidazo[4,5-c]quinoline-4-amine} was provided by 3M
Pharmaceuticals (St. Paul, Minn.). The drug was diluted in water to a concen-
tration of 1 mg/ml, and mice were treated orally with 1 mg/kg of body weight or
20 ml of stock solution (1 mg/ml) (average weight of mice, 20 g). Animals were
sacrificed at different times, and blood and organs were collected. Sera were
stored at 220°C, and organs were stored at 270°C until use.

IFN titration. To determine the levels of IFN in the serum, antiviral activity
was measured by inhibition of cytopathic effect in immortalized mouse embry-
onic fibroblasts deficient in either the IFN-g receptor (4) or the type I IFN
receptor (24a). The former cell line allows for the detection of type I IFN activity
only, whereas the latter allows for the detection of IFN-g activity. Cells were
seeded into 96-well plates and incubated for 24 h in the presence of twofold serial
dilutions of serum and were then challenged with encephalomyocarditis virus.
For the challenge, cells were infected with the highest dilution of the stock of
virus that killed 100% of cells in 100% of wells in 36 h. The reciprocal of the
highest dilution of serum showing protection of 50% of the cells compared to the
controls was considered to be 1 U of IFN.

Cytokine detection in sera. The levels of IL-6, TNF, and IL-12 in the sera of
control or treated mice was determined by enzyme-linked immunosorbent assay
(ELISA) according to the recommendations of the manufacturer (R&D Sys-
tems, Minneapolis, Minn.). The data presented are from one representative
experiment with three independent titrations.

RNA extraction and Northern blot analysis. For RNA extraction, frozen
organs were homogenized in a solution containing guanidinium thiocyanate (7).
Total RNA was fractionated on 1% denaturing agarose gels and transferred to
a Hybond membrane (Amersham). Hybridization was carried out with
[a-32P]dCTP-labeled probes prepared by the random primer procedure (Re-
diPrime; Amersham) (a reference for each probe is provided in the correspond-
ing figure legend). To normalize the amounts of RNA loaded, filters were
stripped and rehybridized with an [a-32P]dCTP-labeled glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) cDNA probe (10).

RESULTS

In order to investigate the mechanism by which imiquimod
can induce the expression of the IFN genes, we treated mice
deficient in several components of the IFN system with imi-
quimod and compared the levels of circulating IFN with those
in treated wild-type mice. The only difference beyond the limit

of sensitivity of the assay was observed in STAT-1-deficient
mice, which showed a reduction of more than 32-fold in the
level of circulating IFN. This reduction was observed in three
independent experiments, one of which is shown in Table 1.
When the titration of the antiviral activity present in the sera of
treated mice was performed in cell lines derived from mouse
embryonic fibroblasts deficient in the type I IFN receptor, no
detectable antiviral activity was observed, suggesting that, if
any, imiquimod induces less than 20 U of IFN-g/ml, at least
under our experimental conditions (data not shown).

We next investigated the induction of some ISGs in imi-
quimod-treated mice. It has been speculated that IRF-1 might
have some positive effect in regulating transcription of the 2-5
oligo adenylate synthetase (2-5 OAS) genes (27, 31). To inves-
tigate whether IRF-1 would be necessary for the induction of
the 2-5 OAS genes by imiquimod, we determined the levels of
2-5 OAS in wild-type and IRF-1-deficient mice. Figure 1 shows
the steady-state mRNA levels of 2-5 OAS in various organs of
wild-type or IRF-10/0 mice treated for 4 h with imiquimod.
Whereas very low constitutive expression of 2-5 OAS was ob-

FIG. 1. Levels of 2-5 OAS mRNA in organs of imiquimod-treated mice.
Wild-type or IRF-10/0 mice were treated orally with imiquimod (1 mg/kg) for 4 h,
and total RNAs from the organs indicated were collected and fractionated on a
1% agarose-formaldehyde gel. RNA was transferred to a nylon membrane and
hybridized with a 2-5 OAS cDNA probe (31) labeled with [a-32P]dCTP by
random priming (RediPrime; Amersham). After autoradiography, filters were
stripped and hybridized with a 32P-labeled GAPDH cDNA probe (10) to control
for RNA loading.

TABLE 1. IFN levels in sera of imiquimod-treated micea

IFN system
component

IFN level (U/ml) in serum of:

FRbMutant Wild type

Mouse
1

Mouse
2 Mean Mouse

1
Mouse

2 Mean

IRF-1 640 320 480 320 320 320 0.66
PKR 320 320 320 640 640 640 2
STAT-1 ,20 ,20 ,20 960 320 640 .32
Type I IFNR 320 640 480 640 1,280 960 2

a Imiquimod was administered orally (1 mg/kg), and mice were killed 2 or 8 h
after treatment.

b FR, fold reduction, calculated as the mean from the wild-type group divided
by the mean from the mutant group.
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served in both wild-type and mutant mice, its expression was
readily induced by imiquimod, with comparable levels of
mRNA observed in both groups of mice.

We also determined the levels of mRNAs for the interferon-
stimulated IRF-1, PKR, 1-8, and IRF-2 genes in the spleens,
lungs, thymuses, livers, and hearts of wild-type, IRF-10/0, and
PKR0/0 mice after treatment with imiquimod for 2 or 8 h.
Whereas differences in the basal levels of mRNAs among or-
gans were observed, induction of these genes in wild-type mice
was comparable with that in both IRF-1 and PKR mutant mice
(data not shown).

In contrast, induction of ISGs was severely impaired in
STAT-10/0 mice. Induction of 2-5 OAS mRNA (Fig. 2A) or
IRF-1 mRNA (Fig. 2B) was not detected in mutant mice,
whereas increased levels of both mRNAs were observed in
wild-type mice treated for 2 or 8 h with imiquimod. In mice
deficient in the type I IFN receptor, there was also no induc-
tion of 2-5 OAS gene expression, and a modest augmentation
of IRF-1 mRNA was detected, albeit not as high as in the
wild-type counterparts (Fig. 3).

Induction of the IL-6 gene is thought to be achieved
primarily by activation of the transcription factors NF-kB
and NF-IL6 (8, 21), which act cooperatively to regulate gene
expression. To date, there is no evidence suggesting that any
component of the IFN signaling cascade would play a role in
regulating the expression of the IL-6 gene. Since IL-6 is one
of the proinflammatory cytokines that are up-regulated
upon treatment with imiquimod (23), we investigated the
levels of IL-6 mRNA as a possible positive control for a
normal response to imiquimod in STAT-10/0 mice. However,
imiquimod failed to increase the levels of IL-6 mRNA in this
group of mutant mice, in contrast to a clear induction in
wild-type mice treated for 2 h (Fig. 4A). A possible role of
some component(s) of the IFN system in induction of the
IL-6 gene expression was further substantiated by the ob-
servation that mice deficient in the type I IFN receptor also
failed to exhibit increased levels of IL-6 mRNA in response
to imiquimod (Fig. 4B). Moreover, there was a clear corre-
lation between the level of IL-6 mRNA and the amount of
circulating protein, as revealed by an ELISA using sera from
wild-type or STAT-10/0 treated mice. Figure 5A shows the
levels of circulating IL-6 in all individual mice. Again, there
is a dramatic difference in the levels of IL-6 between wild-
type and mutant mice treated with imiquimod for 2 h. In-
terestingly, TNF was elevated in treated mutant mice, al-
though not to the same extent as in wild-type treated mice
(Fig. 5B). Finally, IL-12 was induced equally in wild-type

and mutant mice, suggesting that STAT-1 does not play a
role in its induction by imiquimod (Fig. 5C).

DISCUSSION

Induction of the IFN genes and other proinflammatory cy-
tokines is a necessary step in the process of resolving an infec-
tion by a virus or another pathogen. We have investigated the
mechanism by which imiquimod, a potent immune response
modifier, can trigger the expression of the IFN genes, ISGs,
and other proinflammatory cytokines. Using animals deficient
in various components of the IFN signaling pathway, we eval-
uated the contributions of such molecules in mediating imi-
quimod’s activity in vivo.

Induction of the type I IFN genes can be observed in vivo
during viral infection or by treatment with the synthetic dou-
ble-stranded RNA poly(I) z poly(C). These two inducers ap-
parently use different mechanisms, which are independent of
IRF-1 (29, 45), for IFN gene activation (29). We observed that
induction of type I IFN genes by imiquimod, like that by

FIG. 2. Levels of 2-5 OAS (A) and IRF-1 (B) mRNAs in the livers of imiquimod-treated mice. Wild-type or STAT-10/0 mice were treated orally with imiquimod
(1 mg/kg) for 2 or 8 h, total RNAs were collected and fractionated on a 1% agarose-formaldehyde gel, and RNA was transferred to a nylon membrane. (A) The filter
was hybridized with a 2-5 OAS cDNA probe (31). (B) The filter was hybridized with an IRF-1 cDNA probe (32) labeled with [a-32P]dCTP by random priming
(RediPrime; Amersham). After autoradiography, filters were stripped and hybridized with a 32P-labeled GAPDH cDNA probe (10) to control for RNA loading.

FIG. 3. Levels of 2-5 OAS and IRF-1 mRNAs in the spleens of imiquimod-
treated mice. Wild-type or IFNR0/0 mice were treated orally with imiquimod (1
mg/kg) for 2 or 8 h. Total RNAs were collected from spleens and fractionated on
a 1% agarose-formaldehyde gel, and RNAs were transferred to a nylon mem-
brane. The filter was serially hybridized with [a-32P]dCTP-labeled cDNA probes
for 2-5 OAS (31), IRF-1 (32), and GAPDH (10) (to control for equal RNA
loading).
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viruses and poly(I) z poly(C), is independent of the transcrip-
tion factor IRF-1 and the double-stranded RNA-dependent
protein kinase PKR.

Viral induction of type I IFN genes requires some signaling
component(s) that is activated via the type I IFN receptor, as
demonstrated by the fact that IFN induction by viruses is
reduced in mice deficient in the type I IFN receptor (46). It has
been speculated that small amounts of IFN induced by a virus
function as a positive feedback mechanism, allowing full ex-
pression of the IFN genes. The observation that IFN facilitates
its own induction was described earlier as priming (1). In
agreement with these observations and with data observed by
Megyeri and coworkers (23) showing that IFN induction by
imiquimod and viruses requires tyrosine kinase activity, we
found that induction of type I IFN by imiquimod was abro-
gated in mice deficient in STAT-1 (Table 1). Since both
STAT-1 itself and ISGF-3, a STAT-1-containing complex, have
very low affinities for the type I IFN promoters (19), it is likely
that STAT-1 is involved in the induction of the type I IFN
genes by activating some intermediate factor, as, for example,
another IRF family member.

We have also observed that induction of type I IFN genes by
imiquimod was similarly efficient in wild-type mice and mice
deficient in the type I IFN receptor (Table 1). This observation
suggests that full activation of the type I IFN promoter can be
achieved even in the absence of a type I IFN response. Based
on these observations, we can conclude that, for full induction
of type I IFN genes, small amounts of type I IFN, which would
facilitate its own synthesis, can be replaced by some other
factor(s) whose expression is STAT-1 dependent and is in-
duced by imiquimod.

Induction of several ISGs (IRF-1, PKR, 2-5 OAS, and 1-8
genes) was not affected by lack of IRF-1 or PKR (data not
shown). It has been demonstrated that induction of the IRF-1
gene is driven by an IFN-responsive element, designated IR,
with which a STAT-1-containing complex interacts and also by
an NF-kB binding element (13, 38). Since NF-kB is a natural
substrate for PKR (45), we investigated whether induction of
IRF-1 by imiquimod requires PKR as an activator of NF-kB,
which, in turn, would mediate induction of IRF-1. The fact that
no differences in steady-state IRF-1 mRNA levels in the spleen
after imiquimod treatment were observed between wild-type
and PKR-deficient mice suggests that, at least for the induction
of IRF-1, imiquimod does not use PKR as a possible activator
of NF-kB.

The observation that IRF-1 mRNA was not detectable in
STAT-10/0 (Fig. 2B) mice but was elevated in imiquimod-

treated type I IFN receptor-deficient mice (Fig. 3) could be
explained either by direct activation of STAT-1 by imiquimod
or, alternatively, by induction of IFN-g, which in turn would
activate STAT-1. Although we failed to detect IFN-g in the
sera of treated mice (,20 U/ml), it is possible that IFN-g
activity below our detection limit is present in the organs of
treated mice. In fact, under some circumstances, IFN-g activity
can be demonstrated in mice treated with imiquimod (40a).
Finally, the fact that imiquimod failed to increase the levels of
2-5 OAS mRNA in mice deficient in the type I IFN receptor
(Fig. 3) suggests that assembly of ISGF-3 is dependent on type
I IFN induction.

To control for the induction of genes that are known to be
regulated by factors other than those involved in the IFN
system, we investigated the levels of IL-6, TNF, and IL-12 in
mice deficient in STAT-1. To our surprise, there was no in-
duction of IL-6 in STAT-1-deficient mice, in contrast to a
sharp increase in IL-6 mRNA levels in wild-type mice, after
treatment with imiquimod for 2 h (Fig. 4A). This result was
confirmed by determination of the levels of circulating cyto-
kines in both mutant and wild-type mice. Furthermore, the
lack of IL-6 induction by imiquimod in type I IFN receptor-
deficient mice also corroborates the idea that the induced
expression of the IL-6 gene in imiquimod-treated mice re-
quires a component(s) of the IFN signaling cascade.

It has been demonstrated by several groups that regulation
of IL-6 gene expression is mediated primarily by NF-kB and
NF-IL6 (8). In addition, TNF was one of the first inducers of
IL-6 to be identified (22). Since we observed an increase in
TNF levels upon treatment of STAT-1-deficient mice with
imiquimod, and since there is no evidence for the activation
of STAT-dependent pathways by TNF, one would predict
that induction of IL-6 should not be affected by the lack of
STAT-1.

Since we detected a lack of induction of IL-6 in STAT-1-
deficient mice, we decided to measure the levels of IL-6
mRNA in type I IFN receptor-deficient mice treated with
imiquimod. Again, there were only traces of induction of IL-6
mRNA in the spleens of mutant mice, but in wild-type animals,
imiquimod treatment led to an increase in IL-6 mRNA levels
(Fig. 4B).

Based on these results, we suggest that, in addition to NF-kB
and NF-IL6, some alternative signaling pathway might contrib-
ute to the regulated expression of the IL-6 gene and that, at
least under the conditions we tested, such a pathway is indis-
pensable for the transcription activation of the IL-6 gene. Since
elevated levels of TNF could be detected in STAT-1-deficient

FIG. 4. Levels of IL-6 mRNA in the spleens of imiquimod-treated mice. Wild-type, STAT-10/0 (A), or IFNR0/0 (B) mice were treated orally with imiquimod (1
mg/kg) for 2 or 8 h, total RNAs were collected and fractionated on a 1% agarose-formaldehyde gel, and RNAs were transferred to a nylon membrane. Filters were
hybridized with an IL-6 cDNA probe (6) labeled with [a-32P]dCTP by random priming (RediPrime; Amersham). After autoradiography, filters were stripped and
hybridized with a 32P-labeled GAPDH cDNA probe (10) to control for RNA loading.
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mice yet no induction of IL-6 could be demonstrated, we could
also speculate that, in this system, STAT-1 might be important
for full responsiveness to TNF.
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