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A B S T R A C T   

The Toll-like receptor 7 (TLR7) agonist imiquimod is an antitumor and antiviral drug used for the treatment of 
skin indications such as basal cell carcinoma, squamous cell carcinoma, and genital warts caused by the human 
papilloma virus. We show that imiquimod has TLR7-independent activity in which it directly inhibits phos
phodiesterase (PDE), leading to cAMP increase, PKA-mediated CREB phosphorylation and subsequent CRE-de
pendent reporter transcription. The activation of the cAMP pathway by imiquimod is synergistically amplified by 
the β-adrenergic receptor agonist, isoproterenol. PDE inhibition is implied from cAMP measurements and CRE- 
reporter assays in intact RAW264.7 macrophages and HEK293T cells, and also directly demonstrated in-vitro 
using macrophages lysate. Moreover, molecular docking simulated the binding of imiquimod in the active site of 
PDE4B, enabled by the high molecular similarity between imiquimod and the adenine moiety of cAMP. As 
expected from the known anti-inflammatory role of cAMP inducers in stimulated macrophages, PDE inhibition 
by imiquimod results in reduced expression of the key pro-inflammatory cytokine TNFα, and enhanced ex
pression of the key anti-inflammatory cytokine IL-10, compared to a different TLR7 agonist, loxoribine, as well 
as to the TLR4 agonist LPS. To conclude, our results indicate that the widely used inflammatory drug, imi
quimod, is not only a TLR7 agonist, but also harbors a novel anti-inflammatory function as a PDE inhibitor. This 
off-target affects the desired therapeutic inflammatory activity of imiquimod and may be accountable for ad
verse side effects.   

1. Introduction 

Cyclic-AMP is a well-studied second messenger, known to modulate 
key inflammatory processes in macrophages, such as cytokine expres
sion [1,2]. The rapid inflammatory response to infection initiates with 
the secretion of the key pro-inflammatory cytokine, TNFα, and is later 
followed by the highly essential anti-inflammatory process, in which IL- 
10 is a key mediator, destined to restore tissue homeostasis, as dis
proportional response of the immune system may cause excessive da
mage to the host. Co-stimulation of macrophages with an inflammatory 
trigger, such as the Toll-like receptor 4 (TLR4) ligand LPS, and a cAMP 
inducing agent, results in a prompt synergistic production of IL-10  
[3–5] in parallel to acute suppression of TNFα production [6–8]. Mul
tiple endogenous cAMP inducers were described to affect macrophages 
in such an anti-inflammatory direction, including adrenaline and nor
adrenaline [9,10], prostaglandins E2 and I2 (PGE2 and PGI2) [1,11] 
adrenocorticotropic hormone (ACTH) and corticotropin-releasing hor
mone (CRH) [12], α-melanocyte stimulating hormone (α-MSH) [13], 
and vasoactive Intestinal Peptide (VIP) and pituitary adenylate cyclase- 

activating polypeptide (PACAP) [14,15]. The canonical cascade of 
cAMP involves its production by adenylyl cyclase whose enzymatic 
activity is turned on by a stimulated GPCR and the coupled Gs protein, 
PKA activation through cAMP binding to the regulatory unit and the 
release of the catalytic unit, which in turn phosphorylates CREB on 
serine residue 133, an event which is prerequisite to CREB-induced 
gene transcription via a CRE site [16,17]. We and others have shown 
that while several stimuli can lead to phosphorylation of CREB on 
Ser133 via different kinases, only phosphorylation by PKA induces 
CREB-mediated transcription activation [8,18–20]. These reports have 
clarified that CREB phosphorylation on Ser133 is required but not 
sufficient for its activation. For example, in macrophages, LPS stimu
lates CREB phosphorylation on Ser133, however via the kinase MSK1 
rather than via the canonical cAMP-activated kinase PKA [21,22], and 
thus LPS is unable to stimulate CREB-dependent transcription [8]. This 
finding unraveled a common misconception regarding LPS signaling in 
macrophages [8]. Mechanistically, CREB phosphorylation on Ser133 in 
macrophages must be accompanied by cAMP- and PKA-mediated 
phosphorylation of the coactivator CRTC3 in order to enable 
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transcription via CRE sites [23]. Thus, cAMP inducers act via PKA to 
phosphorylate both CREB and CRTC3, thereby stimulating transcription 
of CREB-regulated genes, whereas LPS stimulates only phosphorylation 
of CREB which remains inactive due to the lack of concurrent CRTC3 
phosphorylation. This signaling discrimination at the level of CREB 
explains how cAMP inducers can suppress TNFα and induce IL-10 in 
LPS-stimulated macrophages in a CREB-dependent manner although 
CREB phosphorylation on Ser133 is achieved also by LPS alone [8]. 

The inability of LPS to activate CREB was demonstrated in a short 
exposure (3 h) of RAW264.7 macrophages [8]. In contrast, a long (36 h) 
exposure of RAW264.7 macrophages to either of the two pathogen-as
sociated molecular pattern (PAMP) molecules, LPS or peptidoglycan, 
results in phosphorylation as well as transcriptional activation of CREB  
[24]. However, the activation of CREB in such a long incubation is 
likely to be indirect. Therefore, we sought to determine whether various 
inflammatory stimuli can directly activate rapid CREB-dependent 
transcription. To that end, we exposed RAW264.7 macrophages for a 
short period of time (3 h) to inflammatory stimuli that activate a variety 
of pattern recognition receptors (PRRs): LPS (Gram-negative bacteria 
component; TLR4 agonist [25]); peptidoglycan (Gram-positive bacteria 
component; agonist of Nod2, an intracellular receptor that acts in sy
nergism with stimulated TLR2 [26–29]); zymosan (yeast component; 
agonist of TLR2 and dectin-1 [30]); and imiquimod (a synthetic TLR7 
agonist; [31]). The only stimulus that activated CREB-dependent tran
scription, both alone and in synergism with a cAMP inducer, was the 
TLR7 agonist imiquimod. This novel activity was specific to imiquimod 
and was not observed for a different TLR7 agonist, suggesting a TLR7- 
independent mechanism. Eventually, we found that imiquimod is a 
direct inhibitor of the cAMP hydrolyzing enzyme PDE, and that this 
activity partially counterbalances the TLR7-mediated inflammatory 
response to imiquimod in macrophages. These findings have a potential 
clinical implication due to the usage of imiquimod as a skin che
motherapy drug. 

2. Materials and methods 

2.1. Reagents 

Imiquimod, lipopolysaccharide (LPS; Escherichia coli serotype 
055:B5), loxoribine and isoproterenol were purchased from Sigma- 
Aldrich (St. Louis, MO). L-glutamine and penicillin–streptomycin-nys
tatin were purchased from Biological Industries (Beit Haemek, Israel). 
DMEM, OptiMEM and FBS were purchased from Gibco. Rolipram was 
purchased from Spectrum Chemical (New Brunswick, NJ). ELISA re
agents sets for IL-10 and TNFα were purchased from R&D Systems 
(Minneapolis, MN). The antibody against general CREB (#7540) was 
purchased from Abcam (Cambridge, UK). The antibodies against 
phospho-Ser133 CREB (#9198) and PKA-Cα (#4782) were purchased 
from Cell signaling (Danvers, MA). Antibodies against PKA-Cβ (#904) 
and c-Jun (#45X) were purchased from Santa Cruz Biotechnology 
(Santa Cruz, CA). A CRE-containing EVX-1 promoter luciferase reporter 
construct [32] and a dominant negative Ser133Ala CREB construct [17] 
were a kind gift from Dr. M.R. Montminy. The CREx4 reporter con
struct, containing four copies of the consensus CRE sequence upstream 
to a luciferase reporter gene, was previously reported [5]. Vectors were 
amplified using DH10B bacteria (Invitrogen, Carlsbad, CA) and purified 
using Endofree Plasmid Maxi Kit (Qiagen, Hamburg, Germany). HD- 
fugene and TransIT2020 transfection reagents were purchased from 
Roche (Mannheim, Germany) and Mirus Bio (Madison, WI), respec
tively. Dual-luciferase reporter assay kit was from Promega (Fitchburg, 
WI). The HTRF-cAMP assay kit was from Cisbio (Codolet, France). 

2.2. Cell culture 

Mouse RAW264.7 macrophage cells and HEK293T cells were ob
tained from American Type Culture Collection (ATCC, Rockville, MD). 

The cells were grown to 80–90% confluence in DMEM medium sup
plemented with 8 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml 
streptomycin and 1250 U/ml nystatin (hereafter culture medium), and 
with 10% FBS, at 37 °C in a humidified incubator with 5% CO2. The 
passage number was kept below 20. 

2.3. Cytokine expression 

RAW264.7 macrophages were maintained for 48 hr prior to the 
experiment in 96-well plates, at 1.0·105 cells per well, in culture 
medium supplemented with 5% FBS, up to a confluence of 90%. The 
cells were stimulated with the indicated compound at 37 °C for 3–4 h. 
IL-10 and TNFα secretion to the medium was measured by ELISA, ac
cording to the manufacturer’s instructions, using a microplate reader 
(Bio-Tek, Winooski, Vermont). The samples were stored at −80 °C until 
used. 

2.4. Transfection of RAW264.7 cells 

RAW264.7 macrophages were grown for 24 h in 12-well plates, at 
3.0·105 cells per well, in culture medium supplemented with 10% FBS. 
The cells were then transfected for 24 h with 0.6 µg of CRE-reporter 
plasmid, 0.2 µg of TK-renilla luciferase (for normalization), and where 
indicated – with an expression plasmid for the dominant negative (DN) 
CREB mutant Ser133Ala or with an empty vector. The plasmids were 
initially incubated with TransIT2020 transfection reagent in OptiMEM 
for 15 min at room temperature. 

2.5. Transfection of HEK293T cells 

HEK293T cells were grown for 24 h in 48-well plates, at 0.7·105 cells 
per well, in culture medium supplemented with 10% FBS. The cells 
were then transfected for 24 h with 25 ng of CRE-reporter plasmid and 
with 10 ng of TK-renilla luciferase (for normalization). The plasmids 
were initially incubated with HD-Fugene transfection reagent in 
OptiMEM for 15 min at room temperature. 

2.6. Reporter gene assay 

Following transfection, the cells were washed and stimulated for 3 h 
at 37 °C, after which luciferase activity in cell extracts was determined 
following the manufacturer's instructions. Data were expressed as a 
ratio of CRE-reporter luciferase activity divided by the renilla luciferase 
activity and control cells. 

2.7. Whole cell cAMP measurements 

RAW264.7 macrophages or HEK293 cells were seeded in 48-well 
plates 48 h prior to the experiment. The cells were incubated with or 
without 1 mM IBMX for 15 min and then stimulated for 5 min. Lysis was 
accomplished by addition of 1% Triton X-100 in PBS containing 1 mM 
IBMX. Intracellular cAMP was measured using the HTRF cAMP kit, 
according to the manufacturer's instructions, in a white 384-well plate, 
using a Synergy 2 multi-mode microplate reader (BioTek, Winooski, 
Vermont). 

2.8. PDE activity assay 

RAW264.7 cells lysate (500 ng protein) was allowed to hydrolyze 
cAMP (10 nM) for 0–60 min in the presence or absence of 0–250 μM 
imiquimod, 100 μM rolipram or 1 mM IBMX. The assay was stopped by 
addition of 1 mM IBMX, and the remaining cAMP level was measured 
using the HTRF-cAMP kit as described above. 
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2.9. CREB phosphorylation assay 

RAW264.7 macrophages were maintained for 24 h prior to the ex
periment in 12-well plates, at 5·105 cells per well, in culture medium 
supplemented with 0.1% FBS. The cells were stimulated with 50 μM 
imiquimod and/or 1 μM isoproterenol at 37 °C for 0–60 min. The cells 
were then washed twice with cold PBS and lysed for 15 min at 4 °C with 
Tris buffer pH 8.0 (50 mM) containing Triton X-100 (1%), NaCl 
(100 mM), β-glycerophosphate (50 mM), sodium orthovanadate 
(1 mM), EDTA (1 mM), EGTA (1 mM), glycerol (30%), PMSF (1 mM) 
and a complete protease inhibitor mixture diluted according to the 
manufacturer instructions. Cell extracts were centrifuged (14,000 × g, 
15 min at 4 °C) and the supernatants were stored at −80 °C. 

2.10. Western blotting 

Cell extracts (30 μg protein) were boiled for 5 min in SDS-PAGE 
buffer, subjected to 10% SDS-PAGE, and proteins were transferred to 
PVDF membrane. An antibody raised against phospho-Ser133 CREB 
was used together with an antibody against α-tubulin. Two-color ima
ging and quantitative analysis of western blots was performed using the 
Odyssey infrared imaging system (Li-Cor Biosciences), according to the 
manufacturer's instructions. 

2.11. Protein determination 

Protein was determined by a modification of the Bradford proce
dure, which yields linear and thus more accurate results, increased 
sensitivity, and reduced detergent interference, as previously described 
by us [33,34]. BSA served as standard. 

2.12. Molecular modeling 

In order to understand the chemical nature of the interaction be
tween imiquimod and PDE4B, we performed a docking simulation, 
using PatchDock [35] for geometrical fitting, followed by side chain 
refinement with Firedock [36]. The structure of imiquimod was taken 
from a co-crystal with human quinone reductase 2 (PDB ID: 5LBT). 
Polar hydrogens were added to imiquimod using PyMol. Imiquimod 
was docked into a ligand-free PDE4B, derived from an AMP-bound 
structure (PDB ID: 1TB5) from which the AMP molecule was removed 
using PyMol. The model with the highest score was chosen for analysis. 

2.13. Statistical analysis 

Data were analyzed using one- or two-ways ANOVA with the ap
propriate multiple comparison test wherever applicable, or Student's t- 
test, as indicated in the figure legend. In all cases, differences of 
p  <  0.05 were considered to be significant. All experiments were re
peated as least twice with similar results. 

3. Results 

3.1. Imiquimod induces TLR7-independent CRE transcriptional activity 

We have previously unraveled a common misconception regarding 
LPS signaling in macrophages, by demonstrating that phosphorylation 
of CREB following a short (3 hr) exposure is not an indication for its 
activation [8]. Now, we sought to test whether additional inflammatory 
stimuli, some of which were reported to stimulate CREB phosphoryla
tion, can activate CREB-dependent transcription. To that end, 
RAW264.7 macrophages were transiently transfected with a construct 
coding for the firefly luciferase reporter gene downstream to the EVX-1 
promoter which is regulated by a strong cAMP responsive element 
(CRE) [32]. The macrophages were stimulated for a short period of time 
(3 hr) with various inflammatory stimuli: LPS, imiquimod, 

peptidoglycan, and zymosan, in the presence or absence of the cAMP 
inducer isoproterenol (β-adrenergic receptor (β-AR) agonist). Fig. 1A 
shows that imiquimod was the only PRR agonist that induced CRE- 
dependent luciferase activity. At 100 μM imiquimod alone induces a 7- 
fold increase in CRE-reporter activity, similarly to the induction by the 
β-adrenergic receptor agonist, isoproterenol, alone. Strikingly, imi
quimod and isoproterenol synergistically stimulated CRE-reporter ac
tivity 55-fold compared to resting cells. In contrast, while LPS, zymosan 
and peptidoglycan rapidly stimulate phosphorylation of CREB at a re
levant peak time point of 0.5 hr [8,24,37], they all failed to induce CRE- 
dependent luciferase activity or to intensify the effect of isoproterenol. 
These results suggest that imiquimod is unique among the in
flammatory stimuli in its ability to activate CREB, and that the acti
vation mechanism is different that isoproterenol that acts via a GPCR to 
induce cAMP formation. 

We continued by testing the effect of imiquimod on CRE-reporter 
activity in HEK293T cells, which do not express TLR7 [38], the estab
lished receptor for imiquimod. In this experiment we used a construct 

Fig. 1. Imiquimod stimulates CRE-reporter activity in a TLR-independent me
chanism. RAW264.7 macrophages (A) and HEK293T cells (B) were transfected 
with a CRE-reporter construct which codes for firefly luciferase downstream to 
the EVX-1 promoter regulated by a strong CRE sequence (A), or to four copies of 
the consensus CRE sequence (B). The cells were treated for 3 hr with various 
inflammatory stimuli at the indicated concentration (A) or with either of two 
alternative TLR7 agonists – imiquimod (50 μM) or loxoribine (500 μM) (B), with 
or without isoproterenol (1 μM). PGN = peptidoglycan. Luciferase reporter data 
represent two (A) or three (B) independent experiments and are expressed as 
mean  ±  SD of values normalized against renilla luciferase activity, divided by 
unstimulated control cells. (A) **p  <  0.01 for cells transfected with iso
proterenol compared to vehicle (Student's t-test). (B) *p = 0.0366, 
**p = 0.008, ***p = 0.0001, ****p  <  0.0001 (two-way ANOVA followed by 
Tukey's multiple comparison test). 

O. Ernst, et al.   Biochemical Pharmacology 182 (2020) 114206

3



coding for luciferase under the regulation of four copies of the con
sensus CRE sequence. As can be seen in Fig. 1B, imiquimod induced 
CRE activity by nearly 5-fold, higher than the effect observed for iso
proterenol. Together, imiquimod and isoproterenol synergized to in
duce a 20-fold increase in activity. For comparison, we have used an
other TLR7 agonist, loxoribine, which was unable alone to stimulate 
CRE-reporter activity, and demonstrated only low activity in combi
nation with isoproterenol. These data strongly suggest that imiquimod 
regulates CRE transcriptional activity in a TLR7-independent manner. 

3.2. Imiquimod stimulates CREB phosphorylation and transcriptional 
activity 

We set to determine whether the transcription factor CREB mediates 
imiquimod-stimulated CRE activity by over-expression of a dominant 
negative CREB as well as by shRNA-mediated CREB silencing. Both 
approaches resulted in elimination of the transcriptional activity, in
dicating that CREB mediates the activation of CRE in response to imi
quimod (Fig. 2A-B). Next we examined CREB phosphorylation on 
Ser133 in response to imiquimod, in the presence and absence of 

isoproterenol (Fig. 2C). Interestingly, imiquimod induced CREB phos
phorylation comparably to isoproterenol, but with significantly slower 
kinetics, and in a prolonged and accumulative, rather than transient, 
manner. Together, the two stimuli induced a synergistic response at the 
later time point. These observations are consistent with a mechanism of 
phosphodiesterase (PDE) inhibition for imiquimod vs. the established 
GPCR-mediated adenylyl cyclase activation for isoproterenol, as also 
inferred from the synergistic CRE-reporter activation (Fig. 1A-B). 

3.3. Imiquimod and isoproterenol synergistically induce cAMP formation 

Following our discovery that imiquimod stimulates CRE-reporter 
activity via CREB, we sought to determine whether imiquimod can 
stimulate the production of cAMP in macrophages, under two settings – 
in the absence or presence of the pan PDE inhibitor IBMX, commonly 
used to block cAMP degradation and thus to enable detection of low 
transient cAMP elevation. As shown in Fig. 3A, isoproterenol elevated 
cAMP level in macrophages 2.5-fold, whereas neither imiquimod, nor 
the PDE4 inhibitor rolipram or the pan PDE inhibitor IBMX, affected 
cAMP on their own. However, imiquimod amplified isoproterenol- 

Fig. 2. Imiquimod stimulates CRE-reporter 
via CREB. (A) RAW264.7 macrophages were 
transiently transfected with a CRE-reporter 
construct which codes for firefly luciferase 
under regulation of the CRE-containing 
EVX-1 promoter, and with either a domi
nant negative construct expressing 
Ser133Ala CREB (DN-CREB) or a control 
vector. The cells were treated with the in
dicated concentration of imiquimod for 3 hr. 
(B) RAW264.7 macrophages stably expres
sing shCREB or shControl were transiently 
transfected with the consensus CREx4 re
porter (see legend of Fig. 1B) and then 
treated with imiquimod (50 μM) for 3 hr. 
The expression of CREB (and of c-Jun – for 
normalization) in shCREB and shControl 
cells is shown. (A-B) Luciferase reporter 
data represent two (A) or three (B) in
dependent experiments and are expressed as 
mean  ±  SD of values normalized against 
renilla luciferase activity, divided by un
stimulated control cells. (A) **p = 0.002, 
**p = 0.0004 (Student's t-test). (B) 
****p  <  0.0001 (two-way ANOVA fol
lowed by Sidak's post-test). (C) RAW264.7 
macrophages were treated with imiquimod 
(50 μM) and/or isoproterenol (Iso; 1 μM) for 
the indicated time. Cells lysates (30 μg) 
were subjected to SDS-PAGE and blotted 
with antibodies raised against phospho- 
Ser133 CREB and the general CREB. Quan
titative western blot analysis is shown as the 
ratio of intensities of the phosphorylated 
and total CREB, relative to unstimulated 
cells. The results are representative of two 
experiments. 
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induced cAMP 4-fold, and thus cAMP level was increased 11-fold by the 
combination of imiquimod and isoproterenol. For comparison, rolipram 
presented a quantitatively-similar effect to imiquimod, whereas IBMX 
dramatically amplified isoproterenol-induced cAMP 15-fold, and thus 
cAMP level was increased 45-fold by the combination of IBMX and 
isoproterenol. Importantly, in the presence of IBMX, imiquimod cannot 
further amplify isoproterenol-induced cAMP level (Fig. 3A). A similar 
trend was observed in HEK293T cells, where the effect of imiquimod 
was slightly lower compared to RAW264.7 cells, while the effect of 
IBMX was even stronger than in RAW264.7 cells (Fig. 3B). Taken to
gether, these data suggest that imiquimod acts as a selective PDE in
hibitor. 

3.4. Imiquimod inhibits PDE activity in-vitro 

In order to directly test the hypothesis that imiquimod inhibits PDE, 
we measured its effect on degradation of exogenous cAMP by PDE ac
tivity present in RAW264.7 macrophage cells extract. Fig. 4A shows 
that while cAMP was rapidly degraded in untreated cells extract, the 
pan PDE inhibitor IBMX completely blocked cAMP degradation, and 
imiquimod partially prevented cAMP hydrolysis in a time-dependent 
manner, similarly to the selective PDE4 inhibitor rolipram. Fig. 4B 
presents a dose response for imiquimod in the cell-free assay for cAMP 

hydrolysis inhibition, in which the IC50 was determined to be 11 μM. 
These experiments demonstrate that imiquimod is indeed a selective 
PDE inhibitor. 

3.5. Imiquimod binds to PDE4B in-silico 

The ability of imiquimod to inhibit cAMP degradation by PDE is not 
surprising, considering the very high chemical similarity between imi
quimod and the adenine moiety of cAMP (Fig. 5A). To further ratio
nalize our experimental data in structural terms, a model of the com
plex between imiquimod and PDE4B was derived, based on the crystal 
structure of PDE4B bound to its product, AMP [39]. In-silico, the AMP 
was removed from the active site and PDE4B-imiquimod binding was 
initially simulated using PatchDock, a molecular docking algorithm 
based on shape complementarity principles [35]. Subsequently, the 
models were refined and rescored using FireDock, a molecular docking 
algorithm based on energy minimization considerations [36]. As ex
pected, the highest score model derived from PatchDock demonstrates 
docking of imiquimod into the active site of PDE4B (Fig. 5B). The 
planar adenine-like moiety of imiquimod is rotated in the model by 60˚ 
relative to the adenine moiety of AMP in the crystal structure [39] 
(Fig. 5B&C, respectively). This rotation is likely due to the presence of 

Fig. 3. Imiquimod synergizes with isoproterenol to induce cAMP accumulation. 
(A) RAW264.7 cells (A) and HEK293T cells (B) were pre-incubated for 10 min 
with imiquimod (50 μM), the specific PDE4 inhibitor rolipram (20 μM), or the 
pan PDE inhibitor IBMX (1 mM), prior to the addition of isoproterenol (Iso, 
1 μM) for 5 min. Cells were lysed using 1% Triton X-100 in the presence of 
1 mM IBMX and cAMP levels were measured using an HTRF-cAMP assay. Data 
expressed as mean  ±  SD (n = 3). (A) **p = 0.0057, ***p = 0.0002 (two-way 
ANOVA followed by Sidak's post-test); (B) ***p = 0.0007, ****p  <  0.0001 
(one-way ANOVA followed by Tukey's post-test). 

Fig. 4. Imiquimod inhibits macrophages PDE activity in a cell-free system. 
RAW264.7 cells were lysed and cAMP (10 nM) was added for the indicated time 
(A) or for 60 min (B) in the presence of rolipram (100 μM), IBMX (1 mM), or 
imiquimod – at 250 μM (A) or as indicated (B). The reaction was terminated 
with the addition of IBMX (1 mM) and cAMP was measured using an HTRF- 
cAMP assay. Data expressed as mean  ±  SD (n = 6). (A) *p = 0.013, 
**p = 0.0026, ****p  <  0.0001 (one-way ANOVA followed by Tukey's post- 
test). 
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the additional aromatic hydrocarbon ring of imiquimod and the optimal 
stacking interaction observed in the model between Phe446 and this 
particular ring, which is distinct from the interaction between Phe446 
and the adenine-like ring observed in the AMP-bound structure. The 
most important predicted interactions calculated by FireDock include 
those made by Asn395, Phe446, Tyr233 (Fig. 5D), which also make key 
interactions in the AMP-bound structure [39,40] (Fig. 5E). In addition, 
the backbone carbonyl of Asp392 is predicted to hydrogen bond to the 
amine group of imiquimod (Fig. 5D). The in-silico molecular modeling 
thus strongly supports the conclusion derived from the in-vitro enzy
matic experiments together with the cell-based assays, namely that 
imiquimod directly binds PDE and inhibits cAMP degradation. 

3.6. cAMP induction by imiquimod synergizes with TLR-mediated IL-10 
expression in macrophages 

We have recently reported that the TLR4 agonist LPS and the cAMP 
inducer isoproterenol synergistically induce early secretion of the anti- 
inflammatory cytokine IL-10 in macrophages, whereas LPS alone de
monstrates only a modest effect in a short (3–4 hr) assay [4,5]. As 
imiquimod can activate the cAMP pathway by preventing cAMP de
gradation, we hypothesized that it can induce IL-10 secretion to a 
higher extent than a TLR7 agonist which does not target PDE. Indeed, as 
seen in Fig. 6A, treatment of RAW264.7 macrophages with imiquimod 
for 4 hr stimulated secretion of IL-10, in contrast to loxoribine which 

Fig. 5. Imiquimod docks into the active site of PDE4B. Molecular docking was performed by the sequential algorithms of PatchDock and FireDock, using the AMP- 
bound conformation of PDE4B [39]. (A) Chemical structures of imiquimod, cAMP, IBMX and the PDE4 inhibitor 1-Isobutylimidazo[1,2-a]quinoxaline-4-amine [79]. 
(B–E) Comparison of PDE4B binding by imiquimod (B&D, model) and by the AMP product (C&E, crystal structure). Key interacting amino acids are depicted by 
orange color on the gray enzyme surface; AMP and imiquimod are presented as sticks. The Mg2+ and Zn2+ ions are shown as green and purple spheres, respectively. 
Hydrogen bonds and stacking interactions are shown by dashed cyan lines and green lines, respectively. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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induces TLR7 signaling but does not inhibit PDE, as well as to rolipram 
which inhibits PDE but does not induce TLR signaling (Fig. 6A). This 
finding suggests that imiquimod can induce IL-10 only due to the 
combination of TLR7 activation and PDE inhibition. The minimal effect 
of loxoribine, compared to imiquimod and to LPS, suggests that TLR7 
signaling alone is significantly less effective than TLR4 signaling re
garding IL-10 induction in a short assay. As expected, rolipram sy
nergistically amplified LPS effect, due to CRE-dependent transcription 
at the IL-10 promoter [5]. Interestingly, imiquimod, but not loxoribine, 
also synergized with LPS (Fig. 6A), reinforcing our conclusion regarding 
a similar role for imiquimod and rolipram as PDE inhibitors. 

3.7. cAMP induction by imiquimod partially counterbalances TLR7- 
mediated TNFα expression in macrophages 

We [8,41] and others [2,6,7] have reported that cAMP inducers 
block transcription of the pro-inflammatory cytokine TNFα via PKA. We 
therefore hypothesized that imiquimod can suppress TNFα secretion to 
a larger extent than a TLR7 agonist which does not target PDE. Indeed, 
as shown in Fig. 6B, imiquimod can only induce 33% out of the LPS- 
induced TNFα level, whereas the other TLR7 agonist used in this study, 
loxoribine, induced considerably higher levels of TNFα, reaching 75% 
of the response to LPS. Interestingly, although both LPS and imiquimod 
independently induce TNFα via their respective TLRs, in co-stimulated 
macrophages imiquimod suppressed 50% of the TNFα induced by LPS 
alone (Fig. 6B). For comparison, the specific PDE4 inhibitor rolipram 
suppressed 89% of LPS-induced TNFα production, whereas the TLR7 
agonist loxoribine was unable to affect the induction of TNFα by LPS 
(Fig. 6B). These results suggest that both imiquimod and loxoribine 
effectively induce TNFα via TLR7, while in parallel, imiquimod (but not 
loxoribine) abrogates TNFα expression via PDE inhibition and the 
cAMP pathway, similarly to the established PDE4 inhibitor rolipram. 
Thus, our results suggest that imiquimod acts via PDE inhibition to 
divert TLR7 signaling to a reduced inflammatory state, by reciprocal 
modulation of TNFα and IL-10. This conclusion can be quantitatively 
demonstrated by the TNFα/IL-10 ratio, determined to be 200 for lox
oribine but only 25 for imiquimod – an 8-fold anti-inflammatory switch. 

3.8. Synergistic IL-10 induction by imiquimod is mediated by PKA 

To further demonstrate that activation of the cAMP pathway mod
ulates the TLR7-mediated inflammatory response to imiquimod, we 
determined IL-10 secretion in response to treatment with imiquimod 
and/or LPS for 3 hr in RAW264.7 macrophages in which both the α and 
β catalytic subunits of PKA were stably silenced by shRNA. As shown in  
Fig. 7, PKA down-regulation reduced imiquimod-induced IL-10 ex
pression by 70%, almost to the minimal level obtained in response to 

Fig. 6. The TLR7-mediated pro-inflammatory response 
to imiquimod is diverted by an anti-inflammatory 
pathway. (A) RAW264.7 cells were treated for 4 hr with 
imiquimod (50 μM), rolipram (20 μM) or loxoribine 
(500 μM), in the presence or absence of LPS (100 ng/ 
ml). IL-10 (A) and TNFα (B) were measured by ELISA. 
Data expressed as mean  ±  SD (n = 6). ***p = 0.0004, 
****p  <  0.0001 (two-way ANOVA followed by Tukey's 
post-test). 

Fig. 7. Imiquimod-induced IL-10 expression is PKA-dependent. (A) RAW264.7 
cells stably expressing shRNA against the α and β catalytic subunits of PKA, or 
shControl, were treated for 3 hr with imiquimod (50 μM) and/or LPS (100 ng/ 
ml), or with loxoribine (500 μM). IL-10 was measured by ELISA. Data expressed 
as mean  ±  SD (n = 6). ****p  <  0.0001 for cells transfected with shPKA 
compared to cells transfected with shControl (two-way ANOVA followed by 
Sidak's post-test). (B) The expression of PKA-Cα and PKA-Cβ is shown in cells 
transfected with shControl (lane 1), shPKA-Cα (lane 2), shPKA-Cβ (lane 3), 
shPKA-Cα and shPKA-Cβ (lane 4). Ponceau staining of the blot probed with the 
anti-PKA-Cα antibody is shown to confirm equal loading (right panel). 
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the TLR7 agonist loxoribine. Moreover, imiquimod amplified LPS-sti
mulated IL-10 expression by 8-fold in shControl cells, while PKA down- 
regulation reduced the synergistic IL-10 production in response to 
imiquimod and LPS by 70% (Fig. 7). These observations suggest that 
PKA is essential for induction of IL-10 by imiquimod, both in the ab
sence and in the presence of LPS. 

4. Discussion 

Phosphorylation of CREB on Ser133 is essential for its interaction 
with the transcriptional coactivator CBP [42,43] and therefore for its 
activation [16,17], but it is not sufficient [8,18–20]. Although several 
kinases can carry out this phosphorylation event, only PKA can mediate 
CREB activation as it also phosphorylates an essential coactivator, 
CRTC3 [23]. In macrophages, we [5,8] and others [23] have previously 
exemplified this misconception for LPS which stimulates phosphoryla
tion, but not activation of CREB and its essential involvement in IL-10 
induction. In this study we turned to test whether other PRR agonists 
can activate CREB. Similarly to LPS, we found that peptidoglycan and 
zymosan failed to induce transcriptional activation of CREB in macro
phages at 3 hr, although they were both reported to rapidly stimulate 
CREB phosphorylation, and to induce CREB-dependent transcription  
[24,37]. Our results suggest that like LPS, neither peptidoglycan nor 
zymosan can directly induce CREB activation in macrophages. The re
ported activation of CREB by these PAMPs [24,37] is therefore likely to 
be indirect and mediated by an autocrine cAMP inducer, such as PGE2  

[44,45], in particular with regards to peptidoglycan which activated 
CREB only at a late time point of 36 hr [24]. 

We found that in contrast to peptidoglycan and zymosan, the TLR7 
agonist imiquimod does activate CREB-dependent transcription, and we 
deciphered the mechanism to be PDE inhibition leading to cAMP ele
vation. Consistently, a study performed with airway smooth muscle 
cells stimulated with agonists of two TLRs that sense viral PAMPs, 
showed that imiquimod, but not the TLR3 agonist poly I:C, stimulated 
cAMP increase by 3-fold, yet the mechanism was assumed to be TLR7 
activation and was not further explored [46]. As expected, we also 
found that activation of the cAMP pathway by imiquimod is synergis
tically amplified by the β-AR agonist isoproterenol. Importantly, PDE 
inhibition markedly changes the outcome of TLR7 activation by imi
quimod. Simulation of a TLR in macrophages initiates inflammation, 
propagated by a burst of pro-inflammatory cytokines, among which 
TNFα is prominent [47,48]. Timely resolution is ensured by the delayed 
kinetics of expression and secretion of the key anti-inflammatory cy
tokine IL-10 – low at the early phase and gradually increasing at the late 
phase due to autocrine/paracrine type I IFN activity [49–54]. Co-sti
mulation of macrophages by a cAMP inducer promotes vast IL-10 ex
pression already at the early phase due to synergism of the cAMP 
pathway via CREB with the TLR-MyD88 pathway [4,5]. In addition, the 
cAMP pathway suppresses TNFα expression [4], and thus by reciprocal 
regulation of TNFα and IL-10 expression, the cAMP pathway restricts 
inflammation at its onset. Accordingly, in the present study we show 
that by inhibiting PDE and elevating cAMP level, imiquimod re
ciprocally regulates the expression of TNFα and IL-10 which is gov
erned by its own activation of TLR7. For comparison, loxoribine, an 
unrelated TLR7 agonist that does not induce cAMP, is considerably 
more effective than imiquimod at TNFα expression, and in contrast it 
hardly stimulates IL-10 expression at the early phase. We calculated the 
TNFα/IL-10 ratio to be 8-fold higher for loxoribine relative to imi
quimod. The extremely low IL-10 expression by loxoribine-activated 
TLR7, compared to LPS-activated TLR4 (Fig. 6A), which is also unable 
to stimulate cAMP signaling, may be because both MyD88 and TRIF 
contribute to IL-10 expression downstream to TLR4, whereas TLR7 is 
able to activate only MyD88 and not TRIF [47,48]. The ability of imi
quimod to activate both the TLR7-MyD88 pathway and the cAMP-CREB 
pathway is therefore crucial for IL-10 expression at the early phase, as 
neither of these pathways alone is sufficient (Fig. 6A). Overall, the 

inflammatory capacity of imiquimod as a TLR7 agonist is considerably 
curbed by being also a PDE inhibitor. The two contrasting effects occur 
as a similar concentrations range: CREB signaling is affected by imi
quimod at the 10–100 μM range, and TNFα is induced by imiquimod 
with an EC50 of 30 μM, as we previously reported [4]. 

Imiquimod is an immunoregulatory molecule that mimics single 
stranded RNA, a viral PAMP, by binding to TLR7 on antigen-presenting 
cells, such as tissue macrophages, monocytes and dendritic cells. These 
imiquimod-stimulated cells secrete pro-inflammatory cytokines that 
promote Th1 immunity [55]. In this capacity imiquimod is widely used 
as an antitumor and antiviral topical medication in skin cancers such as 
basal cell carcinoma and squamous cell carcinoma, infectious skin 
diseases such as molluscum contagiosum, and genital and anal warts 
caused by the human papilloma virus [55,56]. In light of the high ef
ficacy, additional indications for topical imiquimod, such as melanoma 
in situ and also cutaneous melanoma metastases are often tested [55]. 

In this study we show that imiquimod has an additional un
appreciated function, i.e. cAMP induction via PDE inhibition, which 
may have positive and negative implications on the effectiveness of 
treatment. First, PDE inhibition and activation of the cAMP pathway in 
tissue macrophages and other antigen-presenting cells, is expected to 
negatively impact the magnitude of the inflammatory response. As we 
have shown here, due to the suppressive role cAMP plays in macro
phages, imiquimod acts simultaneously as a pro-inflammatory agent via 
TLR7, and as an anti-inflammatory agent via PDE inhibition. To fully 
appreciate the obstacle presented for imiquimod therapy by PDE in
hibition, these imiquimod-treated skin pathologies should be compared 
to psoriasis and atopic dermatitis, which are skin pathologies treated by 
PDE4 inhibitor drugs. UV light induces immunosuppression which 
promotes the pathology of basal cell carcinoma and squamous cell 
carcinoma, and therefore stimulation of inflammation by the TLR7 
agonist imiquimod is an approved clinical strategy [55]. Indeed, the 
local inflammatory response to imiquimod is well correlated with 
therapy success [55,57]. In contrast, psoriasis is a chronic inflammatory 
autoimmune skin disease, that can be initiated by excessive activation 
of endosomal TLRs, including TLR7 [58], and therefore the anti-in
flammatory activity of the selective PDE4 inhibitor apremilast is an 
approved clinical strategy [59,60]. Similarly, atopic dermatitis is an
other inflammatory skin pathology treated by a selective PDE4 in
hibitor, crisaborole [60]. Therefore, if considering the effect of PDE4 
inhibition only on the inflammatory response, this off-target of imi
quimod may reduce therapy success compared to alternative TLR7 
agonists which do not inhibit PDE4. 

In addition to the central role of TNFα in inflammation, type I IFN 
are of particular importance in the imiquimod-stimulated immune re
sponse during treatment of skin tumors [55]. We have recently shown 
that cAMP negatively regulates LPS-stimulated secretion of type I IFN 
from macrophages [4], and therefore it is likely that PDE inhibition by 
imiquimod interferes with the expression of type I IFN, as it does with 
TNFα expression. IL-10 which is synergistically elevated by TLR7 ac
tivation and PDE inhibition, down-regulates inflammation, for example 
by inhibiting TNFα expression [61], and in addition it aids cancer cells 
to escape immune surveillance and is also anti-angiogenic [55]. 
Therefore, the reciprocal effect of PDE inhibition in the macrophages on 
secretion of pro- and anti-inflammatory cytokines seems to have a ne
gative impact on the effectiveness of treatment with imiquimod. 

Apart from its effect on immune cells and inflammation, clinical 
application of imiquimod in skin disorders is expected to directly affect 
via PDE inhibition also non-immune cell types, such as epidermal cells 
that express various PDE4 isoforms [62]. This may actually represent an 
advantage for the usage of imiquimod in skin cancers, as cAMP sig
naling was reported to have multiple antitumor effects in a variety of 
cancer cell types, including inhibition of cell growth and stimulation of 
apoptosis, inhibition of migration, induction of mesenchymal-to-epi
thelial transition, and sensitization to chemotherapy [63]. Most re
levantly, PDE4 is up-regulated in the highly malignant squamous cell 
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carcinoma cell line CarB, and a selective PDE4 inhibitor stimulated 
their apoptosis [64]. Furthermore, imiquimod stimulates p53-depen
dent apoptosis in a human basal cell carcinoma cell line via a TLR7- 
independent mechanism [65]. Finally, imiquimod inhibits hedgehog 
signaling, which drives basal cell carcinoma malignancy, in a TLR7- 
independent manner via PKA. The mechanism of PKA activation by 
imiquimod has been only partially attributed to adenosine receptors, 
and remained partially unknown [66,67]. Considering these reports 
regarding the antitumor effects of cAMP signaling, in particular in the 
relevant skin cancers [64–67], together with our discovery of PDE as an 
imiquimod target, it is conceivable that imiquimod is effective in 
treating skin carcinomas due to both TLR7-mediated inflammation 
which elicits anti-tumor Th1 immunity, and PDE inhibition in the 
cancer cells which inhibits growth and promotes apoptosis. It is thus 
plausible that the net result of PDE inhibition on top of TLR7 activation 
is positive for the antitumor indications of imiquimod, but negative for 
its antiviral indications. 

Drug off-targets are considered a potential cause for side effects. 
Imiquimod is only administrated topically at the skin lesion, and is 
currently considered the safest drug for the given indications [55]. The 
most common adverse side effects associated with imiquimod in two 
phase III clinical trials of superficial basal cell carcinoma treatment 
included application site itching, burning and pain [68,57]. Other local 
skin reactions, e.g. erythema, edema and crusting, were highly corre
lated with therapy success (as assessed by histological clearance rate) 
and are apparently TLR7-derived [57]. Imiquimod-elicited itching was 
suggested to be a TLR7-independet side effect, possibly mediated by an 
IP3 receptor-dependent Ca2+ release in DRG sensory neurons [38]. Yet, 
we note that itching may be mediated by histamine [69], and inter
estingly, non-selective PDE inhibitors (but not the selective PDE4 in
hibitor rolipram) blocked histamine secretion from human skin mast 
cells [69,70]. Further research is warranted to identify the mechanisms 
of imiquimod's side effects and to determine whether these are TLR7- 
dependent, or perhaps mediated by PDE inhibition. Interestingly, ap
pearance of psoriatic lesions was reported to be a side effect of imi
quimod during therapy of a skin cancer [71], and subsequently, an 
imiquimod-induced mouse psoriasis model has been established [72]. It 
can therefore be assumed that a TLR7 agonist that does not inhibit PDE, 
and hence causes a stronger inflammatory response, bears a higher risk 
of inducing psoriasis as an adverse effect. 

We show here that imiquimod and the selective PDE4 inhibitor 
rolipram similarly amplify isoproterenol-induced cAMP level in 
RAW264.7 macrophages, while the pan PDE inhibitor IBMX is roughly 
5-fold more effective. This finding therefore implies that imiquimod 
displays selectivity towards PDE isoforms. Furthermore, it insinuates 
that imiquimod, like rolipram, is a PDE4 inhibitor, and the molecular 
modeling of imiquimod in the active site of PDE4B supports this sug
gestion. Notably, PDE4B is specifically induced by LPS in primary 
macrophages, and it is solely accountable for the modulation of LPS- 
stimulated TNFα expression in primary monocytes and macrophages 
and in-vivo, even though macrophages express additional isoforms of 
PDE in general, and PDE4 in particular [73,74]. It was therefore sug
gested that TNFα expression can be suppressed in LPS-stimulated 
macrophages strictly by physical sequestration of PDE4B and formation 
of a minor pool of cAMP, rather than by a global change in cellular 
cAMP level [73,74]. Yet, it should be noted that this central and nearly 
exclusive role of PDE4B may be relevant for TNFα induction by TLR4, 
and not necessarily by TLR7. Moreover, RAW264.7 macrophages may 
express and/or use different PDE isoforms than the primary macro
phages. For example, it was suggested that PDE3 inhibition partially 
inhibits LPS-stimulated TNFα expression in J774.1 macrophages [75]. 
Finally, the potential inhibition of other PDE isoforms by imiquimod 
can affect processes other than TNFα suppression (e.g. IL-10 induction) 
in the same macrophage cell, as well as in other cell types. The se
lectivity of imiquimod for PDE isoforms should be explored in the fu
ture using purified recombinant PDE enzymes. 

Imiquimod shares a strikingly similar dinuclear heteroaromatic 
structure with the adenine moiety of cAMP (Fig. 5A). In fact, the single 
difference in the shared part between the two molecules is the sub
stitution of 3-N in adenine to a carbon in imiquimod. Additionally, 
imiquimod contains a third aromatic hydrocarbon ring fused to the 
adenine-like moiety, and atom 9-N has a bond to a phospho-ribose vs. 
an isobutyl in cAMP and imiquimod, respectively (Fig. 5A). We in
tentionally chose to dock imiquimod into PDE4B, in light of the central 
and unique role this isoform plays in cAMP-regulated TNFα expression 
in macrophages [73,74]. The molecular docking illustrates how the 
highly similar core structure enables imiquimod to mimic cAMP by 
binding to the active site of PDE, thereby inhibiting cAMP degradation. 
Imiquimod appears to interact with the side chains of Asn395, Phe446, 
Tyr233 and the backbone carbonyl of Asp392 (Fig. 5D). Asn395 is 
conserved in all cAMP-selective PDEs; its side chain forms bidentate 
hydrogen bonds with the 6-NH2 and 7-N of the adenine, and is therefore 
considered to be a key switch residue in dictating nucleotide selectivity 
between cAMP and cGMP [39,40]. In the PDE4B-imiquimod model we 
observed hydrogen bonds between the backbone NH of Asn395 and 
both 6-NH2 and 1-N of imiquimod. Phe446 and Tyr233, highly con
served in all PDEs, are located at opposite sides of the hydrophobic 
pocket. Phe446 makes a pi stacking interaction with the adenine base of 
AMP which accommodates the pocket [39,40], while in the model, we 
rather observed a strong pi stacking interaction of Phe446 with the 
third aromatic hydrocarbon ring of imiquimod. The different ring with 
which Phe446 interacts also dictates its orientation: Phe446 is parallel 
to the adenine of AMP whereas it appears to be in a 60˚ angle to the 
aromatic hydrocarbon ring of imiquimod. These different orientations 
are consistent with the stacking interaction modes considered optimal 
for pairing an aromatic hydrocarbon ring (as in phenylalanine) with an 
aromatic heterocyclic structure (containing two nitrogen atoms, as in 
AMP) vs. another aromatic hydrocarbon structure (as in imiquimod)  
[76–78]. In the PDE4B-AMP structure, Tyr233 hydrogen bonds to 
Asn395, thereby stabilizing it in the conformation that interacts with 
both 6-NH2 and 7-N of the adenine [39,40]. The hydroxyl group of 
Tyr233 appears to hydrogen bond with 7-N of imiquimod, suggesting a 
more direct role for this residue in the modeled interaction of the en
zyme with imiquimod compared to its structure with AMP. An addi
tional hydrogen bond is observed in the model between the backbone 
carbonyl of Asp392 and the 6-NH2 group of imiquimod. Together, these 
modeled interactions are suggested to enable the specific binding of 
imiquimod to the PDE active site. 

Interestingly, the tri-aromatic structure present in imiquimod also 
exists in a series of imidazo[1,2–a]quinoxalines, previously developed 
as PDE4 inhibitors [79]. In fact, compound 7a (1-Isobutylimidazo[1,2- 
a]quinoxaline-4-amine) in that report [79] is identical to imiquimod, 
with the exception of a single shift in the location of one of the two 
nitrogen atoms of the imidazole ring (Fig. 5A). These high chemical 
similarities between imiquimod and a previously reported PDE4 in
hibitor, as well as the PDE substrate cAMP, together with the molecule 
modeling simulation, strongly support our suggestion that imiquimod 
directly binds to and inhibits PDE4. The other TLR7 agonist used in this 
study, loxoribine, is a guanosine analog so it is less suited to bind a 
cAMP-selective PDE. Yet, it may bind weakly due to additional inter
actions made by the ribose which is present in cAMP and loxoribine, 
but not in imiquimod. This may explain the slightly higher CRE reporter 
activity in response to a co-stimulus of loxoribine and isoproterenol, 
compared to isoproterenol alone (Fig. 1B). 

The identification of PDE as an imiquimod target paves the way to 
revisit previous reports where imiquimod effects were considered to be 
TLR7-independent. For example, intravenous administration of imi
quimod causes rapid bronchodilation via an unidentified TLR7-in
dependent mechanism [80]. It can now be understood that the me
chanism in question is most likely PDE4 inhibition, as PDE4 inhibitors 
are strong bronchodilators [81], and accordingly the selective PDE4 
inhibitor roflumilast is an approved drug for the treatment of chronic 
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obstructive pulmonary disease (COPD) [60,82]. Consistently, imi
quimod elevates cAMP level in airway smooth muscle cells [46]. In 
another respiration-related example, imiquimod reduced chronic in
flammation, airway hypersensitivity and airway deformation in a 
mouse model of chronic asthma [83]. We speculate that these outcomes 
are due to the anti-inflammatory effect of PDE inhibition on the highly 
inflamed airway tissue in the ovalbumin (OVA)-sensitized mice. 

Obviously not all TLR7-independent effects of imiquimod should 
necessarily be attributed to PDE inhibition. It was previously demon
strated that imiquimod can also bind and antagonize the activity of the 
human A1, A2A and A3 (but not significantly A2B) adenosine receptors  
[84]. The A1 and A3 receptors preferentially couple to Gs and therefore 
stimulate cAMP production, whereas the A2A and A2B receptors pre
ferentially couple to Gi/o and therefore inhibit cAMP production [85]. 
The potential effect of imiquimod as an adenosine receptor antagonist 
on cAMP level is therefore complex and depends on the expression 
pattern of the receptors. RAW264.7 macrophages express the A1 and A3 

receptors, through which adenosine was reported to inhibit LPS-in
duced TNFα expression [86,87], as well as the A2B receptor, through 
which adenosine was reported to augment LPS-stimulated IL-10 ex
pression [88]. In contrast, RAW264.7 cells do not significantly express 
the A2A receptor [86,88] which was however shown to mediate IL-10 
elevation by adenosine in LPS-stimulated peritoneal macrophages [89]. 
Taken together, the induction of cAMP by imiquimod via PDE inhibi
tion may be offset in RAW264.7 macrophages by inhibition of cAMP 
formation via antagonism of A1 and A3 receptors that are activated by 
autocrine/paracrine adenosine. Yet, in primary macrophages imi
quimod may elevate cAMP via both PDE inhibition and A2A receptor 
antagonism. The binding of imiquimod to adenosine receptors is not 
surprising considering the finding presented here that imiquimod in
hibits PDE due to its high chemical similarity to the adenine base 
present in both cAMP and adenosine. Moreover, the pan PDE inhibitor 
IBMX is also an antagonist of adenosine receptors [90,91], giving fur
ther support to our suggestion that the core adenine-like moiety present 
in both imiquimod and IBMX enable these molecules to bind PDE as 
well as adenosine receptors. 

To conclude, we found that the TLR7 agonist imiquimod functions 
also as a PDE inhibitor and therefore TLR7-mediated inflammatory 
responses in macrophages are strongly skewed. Molecular modeling 
suggests that due to a strong chemical similarity, imiquimod mimics the 
adenine portion of cAMP in the active site of PDE4B, thereby curbing 
the inflammatory response. These findings may have therapeutic con
siderations regarding the usage of imiquimod as an antitumor and an
tiviral drug in certain pathological skin conditions. The present iden
tification of a new off-target for imiquimod may facilitate development 
of novel anti-tumor and anti-viral skin drugs with improved efficacy 
and reduced side effects. 
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