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Abstract
Background—The pathogenesis of inflammatory bowel disease (IBD) is associated with a
dysregulated mucosal immune response. Certain stimulators of innate immunity (CpG DNA or
GM-CSF) are reported to be anti-inflammatory in IBD. Toll-like receptor-7 (TLR7) is an
important regulator of innate immunity and its activation plays a key role in induction of type I
IFN. The present study tests the hypothesis that TLR7 agonists, Imiquimod have therapeutic
efficacy in IBD.

Methods—Acute colitis was induced in Balb/c mice by giving 5% DSS in drinking water for 7
days. Mice were treated with Imiquimod either orally or topically, and its therapeutic effects on
diseases activity were examined. Isolated mouse CD11c+ dendritic cells and human intestinal
epithelial cells (HT29 & HCT116) were treated with Imiquimod (10 μg/ml) and their
susceptibility to intracellular Salmonella typhimurium infection was assessed by gentamicin
protection assay.

Results—Oral administration of Imiquimod induced type I IFN expression in the gastrointestinal
mucosa and ameliorated DSS-induced acute colitis as assessed by clinical parameters, histology
and mRNA expression of proinflammatory cytokines. Topical administration of Imiquimod also
ameliorated DSS-colitis by inducing the expression of type I IFN in the colonic mucosa. However,
no evidences for a systemic IFN response were observed. Imiquimod treatments to both CD11c+
and intestinal epithelial cells significantly increased expression of antimicrobial peptides (AMPs)
and reduced survival of intracellular Salmonella typhimurium.

Conclusions—Imiquimod induces type I IFN and AMP to ameliorate DSS-induced acute colitis
and prevents Salmonella survival. Therefore, Imiquimod treatments provide a new therapeutic
approach for IBD patients.
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Introduction
Crohn’s disease (CD) and ulcerative colitis (UC) are inflammatory bowel diseases in human
gastrointestinal tract (GI). The etiology of IBD is thought to be multifactorial.1 Individuals
who suffer from the disease use medications to ameliorate the symptoms. Current available
treatments for IBD are empiric, nonspecific and mostly involve steroids, 5-aminosalacylic
acid derivative, immunosuppressants, and antibodies against TNF-α.2, 3

Recent studies suggest that defects in mucosal immune function play a critical role in IBD
pathogenesis.4 Members of the Toll-like receptor (TLR) family play a fundamental role in
pathogen recognition and activation of innate immunity because they recognize pathogen-
associated molecular patterns. These pathways rapidly direct the production of cytokines
necessary for the development of downstream humoral and cell-mediated immunity. The
various TLRs exhibit different patterns of expression: TLR9 is mainly expressed in
plasmacytoid dendritic cells (PDCs) and responds to CpG DNA by directing the production
of type I IFN. Studies have reported that CpG DNA has protective effects in experimental
colitis.5-7 Similarly, TLR7 is highly expressed in PDCs and responds to stimulation, which
is critical for an effective response to many viruses or other pathogens.8 Apart from PDCs,
other cells also may express TLR7 with direct IFN expression. The imidazoquinolines,
typified by Imiquimod and Resiquimod, are purine analogs and function as potent TLR7
activators. Imiquimod (1-[2-methylpropyl] -1H-imadazo[4,5c] quinoline-4-amine) is a low
molecular weight compound that acts as a topical immune response modifier and shows
antiviral and antitumor effects.9-13 Imiquimod is a topically applied drug used for the
treatment of external genital and perianal warts, acitinic keratosis and superficial basal cell
carcinoma14, 15 and has been shown to exert its effects through TLR7 stimulation, leading to
release of IFN-α, TNF-α, IL6, IL12 and others.16-18 Imiquimod may also stimulate B cell
proliferation, which may be mediated directly by TLR7 activation.19 These studies support a
potential role of TLR7 in the regulation of the mucosal immune response. In this study, we
examined the therapeutic effects of Imiquimod administered both orally and topically in a
murine model of dextran sulfate sodium (DSS)-induced acute colitis. Imiquimod induced
type I IFN and antimicrobial peptides (AMPs) resulting in the amelioration of DSS-induced
colitis and reduced the survival of intracellular Salmonella typhimurium.

Materials and Methods
Animals

Pathogen-free 6-8 weeks old Balb/c female mice (Frederick Cancer Research and
Development Center, Frederick, MD) were maintained on light/dark cycles of 12 hours. The
Washington University Animal Studies Committee approved all experimental procedures.

Dextran Sulfate Sodium (DSS)-induced acute colitis
To induce colitis in mice, 5% DSS (USB Corporation, Cleveland, OH) was provided in
drinking water for 7 days ad libitum. During the study period, daily oral gavage was
performed for control, DSS treated mice with PBS and a group of DSS treated mice received
Imiquimod (Invivogen, San Diego, CA; dose: 30 mg/kg body wt) diluted in PBS. Mice were
monitored for weight loss, stool consistency and rectal bleeding (Seracult kit, Propper
Manufacturing, Long Island city, NY) to assess the disease activity index (DAI).20 At day 7,
mice were sacrificed following isoflurane (Aerrane, Baxter, IL) inhalation and cervical
dislocation. Spleens were removed and weighed. Colons were excised from the cecum to the
pelvic brim and their lengths were measured in centimeters. Sections from different parts of
colon were snap-frozen and later used for myeloperoxidase assay, real-time reverse
transcription polymerase chain reaction (RT-PCR) and histological analyses. In another
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experimental groups, daily topical administration of enema (0.5% carboxymethyl celllose,
0.4% polysorbate 80, 0.92% NaCl) was given with Imiquimod (30mg/kg body wt). Control
and DSS treated mice received enema only. Clinical parameters and tissue collections were
done as mentioned above.

Myeloperoxidase (MPO) Assay
Sections from distal colons of experimental mice were homogenized in 0.5%
hexadecyltrimethyl-ammonium bromide (HTAB) in 10 mM 3-(N-Morpholino) propane
sulfonic acid (MOPS) buffer. The homogenate was sonicated, freeze-thawed and centrifuged
at 12000-15000 rpm for 15 minutes to collect supernatant. Myeloperoxidase activity was
determined by previously described method.21

Real-time RT-PCR
Total RNA isolated from the GI tissues was subjected to mRNA purification using Oligotex
mRNA mini kit (Qiagen, Valencia, CA). The purified mRNA was then reverse transcribed
using SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA) in the presence of
random hexamer primers (Invitrogen, Carlsbad, CA). The complimentary DNA (cDNA) was
used for real-time RT-PCR analyses using Jumpstart Taq DNA polymerase (Sigma-Aldrich,
St.Louis, MO) and SYBR green nucleic acid stain. Crossing threshold values for individual
genes were normalized to β-Actin expression. Mouse primers used in analyses are shown in
supplementary table I.

Microarray Analysis
Balb/c mice were orally treated with Imiquimod (30 mg/kg of body wt). After 6 and 18
hours, colons were removed and the total RNA was isolated. It was then purified using
RNAeasy kit (Qiagen, Valencia, CA) and subjected to Agilent whole genome mouse array
(Agilent Technologies, Santa Clara, CA).

CD11c Isolation, Stimulation and Bacterial Count
Pegylated murine recombinant GM-CSF produced by previously described methods was
intraperitoneally injected in Balb/c mice for 4 days (5 μg/mouse).22 Spleens were removed,
minced and treated with Collagenase type VIII (10,000 U/ml; Sigma-Aldrich, St.Louis, MO)
solution. It was then passed through a 70 μm cell strainer using plungers and cells were
counted. To obtain highly pure dendritic cells, Fc receptor blocking reagent (CD16/32
antibody: 1 μg/106, BD Pharmingen, San Jose, CA) was added to the cell suspension. Cells
were then incubated with CD11c micro beads (100 μl/108 cells; Miltenyi Biotech, Auburn,
CA) 15 minutes at 4-8 °C. Cells were washed and suspended with running buffer and passed
through magnetic LS columns (Miltenyi Biotech, Auburn, CA) as per manufacturer’s
instructions to isolate CD11c+ cells. These cells were seeded (5 × 106 cells / well) and
cultured onto six-well plates and treated with Imiquimod (10μg/ml) for 24 hours. At
termination, cell suspension was centrifuged, media supernatant was collected and the pellet
containing CD11c+ cells was subjected to mRNA isolation followed by real-time RT-PCR
analyses. The CD11c+ cells free media supernatant was inoculated with live S.typhimurium
(STK 1028) at a multiplicity of infection (MOI) of 10 for 1 hour at 37 °C. Different dilutions
of cell suspension were plated on Macconkey agar plates and after overnight incubation at
37 °C viable cell colonies were counted.

Intestinal epithelial cells stimulation and bacterial count
HT29 (ATCC: HTB-38) and HCT116 (ATCC: CCL-247) human epithelial cells were
cultured in on T-75 flask. At confluency, cells were treated with Imiquimod (10 μg/ml) and
TLR7 inhibitor chloroquine (100 μm) (Sigma Aldrich, St.Louis) for 24 hours. Cells were
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processed for RNA isolation followed by real-time RT-PCR analysis. Media supernatant
was subjected to ELISA to quantify secreted Defensins 2 & 3 (Alpha Diagnostics, San
Antonio, TX). Salmonella survival study was performed using media supernatant as shown
in previously described CD11c experiment.

Gentamicin Protection Assay
HT29 and HCT116 human epithelial cells (1 × 106/well) were cultured in 6-well plate.
Seven days after confluency, cells were treated with Imiquimod (10 μg/ml) for 12 hours.
Cultures were inoculated with S. typhimurium or E. Coli (as negative control) at MOI of 10
and incubated for 1 hour at 37°C. Cells were then washed with Hank’s solution and
incubated in a media containing 100 μg/ml Gentamicin (Sigma-Aldrich, St. Louis, MO) for
90 minutes to kill extracellular bacteria. Cells were lysed using 1% Triton-X, diluted with
Luria-Bertani medium, and plated on Macconkey agar plate or LB agar plate for culture of
S. typhimurium and E.coli, respectively. Following overnight incubation at 37°C viable
colonies were counted.

Statistical Analysis
All data were expressed as mean ± SEM. Statistical analysis of significance was determined
by Student’s ‘t’ test for unpaired data. P < .05 was considered significant.

Results
Oral Imiquimod Administration Induces Type I IFN Secretion in the gastrointestinal (GI)
tract

Imiquimod is a known inducer of type I IFN especially IFN-α and the IFN-β gene family, as
well as other proinflammatory cytokines.8, 23 In the present study, we examined specific
IFN-α genes expressed in the GI tract. Following real-time RT-PCR analyses, the mRNA
expression of IFN-α2, 9, 11, 12 & 14 was measured. IFN-α2 gene expression was selected
as a marker of type I alpha IFN expression on the basis of very low but detectable baseline
expression in the murine GI tract. In addition, the gene expression of IFN-β was also
measured.

To study the systemic effect of Imiquimod in the GI tract, Balb/c mice were orally
administered Imiquimod (30 mg/kg) by oral gavage. Gastrointestinal tissues were isolated at
2, 6 & 18 hours after Imiquimod administration. In stomach, there was no significant
induction of type I IFN expression. In the small intestine (jejunum), Imiquimod treatment
led to maximal increase in IFN-α2 (26 fold induction, P < 0.01) and IFN-β (8 fold, P < 0.05)
expression at 2 hours. In the proximal colon, maximal induction of IFN-α2 (39 fold) and
IFN-β (12 fold, P < 0.01) occured at 6 hours following Imiquimod administration. Similar
results were observed in the distal colon. The kinetics of type I IFN differed, as Imiquimod-
mediated increase in IFN-β expression was highest at 18 hours in the colon. In the spleen,
maximal induction of IFN-α2 (15 fold, P < 0.01) and IFN-β (11 fold, P < 0.01) were
observed at 18h after oral Imiquimod administration (Fig. 1). The mucosal expression of
type I interferon was supported by an increase in known downstream interferon responsive
gene biomarkers (Table 1). Increases in AMP gene expression were also observed (Table 1).
These results suggest that oral administration of a TLR7 agonist stimulates expression of
mucosal type I IFN and downstream genes in the small intestine, colon, and spleen.

Oral Administration of Imiquimod Ameliorates DSS-Induced Colitis
We next used murine model of DSS-induced acute colitis to evaluate the efficacy of oral
Imiquimod treatments. DSS-treated animals exhibited a weight loss with a maximum of
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17.1% at day 4 followed by 14.6%, 13.3%, 14.1% on days 5, 6 and 7 respectively (Fig. 2A
upper left). Following Imiquimod administration, DSS-induced weight loss was reduced
reaching 1.4%, 0.5%, 3.1%, and 6.9% on days 4,5, 6 and 7 respectively. Two additional
clinical parameters (e.g. stool consistency and rectal bleeding) were also scored, and the
total DAI was estimated in these mice. Imiquimod treatments resulted in a significant
reduction in DAI score (1.9 vs. 0.53; P < 0.01) of DSS-treated mice. During necroscopy,
colons were removed and their lengths were measured. Reduced colon length is an
indication of fibrosis and inflammation. DSS-treated mice exhibited a marked shortening of
the colon length (DSS: 7 cm vs. Control: 10 cm; P < 0.003). Imiquimod- treatment
significantly ameliorated colon shortening (Imiquimod: 9 cm vs. DSS: 7 cm; P < 0.008)
(Fig. 2A upper right). To quantify acute inflammation in the colon, polymorphic neutrophils
(PMN) infiltration was assessed by MPO assay. Imiquimod treatment (Imiquimod+DSS) led
to a significant decrease in MPO levels when compared to mice treated with DSS alone (Fig.
2A lower left). In addition, spleen size was also significantly increased with Imiquimod
treatments when compared to DSS-treated mice (Fig. 2A lower right). Oral administration of
Imiquimod expanded immune cell populations. This was analysed by flow-cytometry of the
spleen cells to examine changing immune cell populations. The number of myeloid DCs
(CD11c+/CD11b+/CD8-) in Imiquimod-treated mice exhibited a significant increase
compared to the vehicle-treated group. Furthermore, the number of lymphoid DCs (CD11c+/
CD11b-/CD8a+) and type I IFN producing plasmacytoid DCs (PDCA-1/ Ly6c) also
exhibited an increase, but did not achieve statistical significance compared to control mice
(Fig. 2B).

Following the experimental evidence of Imiquimod-mediated improvement in clinical
markers associated with DSS-induced colitis, we next evaluated histopathological
appearance of distal colon segments by H&E staining. In comparison to the control mice,
more histological damage was observed in DSS-treated mice. The colon exhibited overt
colitis with ulceration and acute inflammatory infiltrates. Imiquimod (DSS + Imiquimod)
treated mice exhibited significantly reduced inflammatory infiltrates, ulceration and crypt
damage (Fig. 2C) when compared to the DSS-treated controls.

We next examined proinflammatory cytokine expression by real-time RT-PCR analysis of
TNF-α and IL1-β genes, which are good biomarkers for inflammation in IBD. DSS-treated
mice exhibited significant increases in TNF-α (DSS: 4.6 fold vs. Control: 1.0; P < 0.001)
expression when compared to control mice. Imiquimod (DSS + Imiquimod) treatment
significantly reduced the TNF-α expression (Imiquimod; 2.4 fold vs. DSS; 4.6 P < 0.016)
when compared with DSS-treated mice. Similarly, DSS treatments led to significant
increases in IL1-β mRNA expression, while Imiquimod treatments (DSS + Imiquimod)
significantly decreased the expression (Imiquimod: 3.8 vs. DSS: 1.3 fold; P < 0.03) (Fig
2D). Protein array analysis (data not shown) confirmed corresponding decreases in TNF-α
and IL1-β protein expression. Similarly, antimicrobial peptides gene expression was
increased with Imiquimod treatment compared to DSS treated or control mice
(supplementary Fig.1). Taken together, these results suggest that oral administration of
Imiquimod significantly ameliorates acute colitis in DSS-treated mice.

Topical Administration of Imiquimod also Induces Type I IFN in the Colon
Systemic induction of type I IFN results in flu-like symptoms. We next examined if topical
treatment with Imiquimod could also induce colonic mucosal type I IFN expression. Balb/c
mice were administered Imiquimod (30 mg/kg) by enema. Control mice received vehicle-
enema only and groups were then sacrificed at 2, 6 & 18 hours. Total RNA isolated from
colon was subjected to real-time RT-PCR analysis to examine the expression of type I IFN.
Imiquimod treated mice exhibited a significant expression of IFN-α2 (16.2 fold P < 0.05) at
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18 hours time point compared to control mice. However, no changes were noted with IFN-β
expression at any time points. Spleen samples analyzed for type I IFN gene expression did
not show any increase at any of the time points examined. This confirmed that systemic
interferon response not induced by topical Imiquimod administration (Fig. 3). These results
demonstrate that topical administration of Imiquimod has the ability to induce the
expression of type I IFN in the colon at later time points.

Topical administration of Imiquimod Improves DSS-induced Colitis
In DSS-treated mice, Imiquimod was administered topically by enema for 7 days. In contrast
to oral administration, topical Imiquimod did not increase the spleen size, which confirmed
its minimal systemic absorption. Colon length measured at necroscopy demonstrated a
significantly less colonic shortening when compared to DSS-treated controls. MPO assay
level was significantly reduced in the distal colon of Imiquimod-treated mice (Fig. 4A).

Following histopathological analyses of distal colon sections by H&E staining, DSS-treated
mice exhibited epithelial loss, ulceration, inflammatory infiltrates and total crypt damage.
Imiquimod treatment reduced this damage and preserved normal crypt morphology (Fig.
4B). Following real-time RT-PCR analyses, mRNA expression of TNF-α (1.5 vs. 5.3; P <
0.017) and IL1-β (16.3 vs. 26) was decreased following Imiquimod treatment (Fig. 4C).
Imiquimod treatment did not confer marked improvement in the DAI of DSS-treated mice.
These results were expected as therapeutic effects were observed only in the colonic mucosa
by the topical enema.

Imiquimod induces AMPs in CD11c+ cells and Prevents Extracellular Salmonella Survival
Dendritic cells reside in close proximity to the epithelia in the intestine and play a major role
as sentinels of bacterial infection. Following microarray analysis, we observed Imiquimod-
mediated increases in the expression of AMPs in the colon (Table I). To follow this finding,
we next examined whether Imiquimod treatment induced AMPs in dendritic cells.

Imiquimod (10 μg/ml) treatments to CD11c+ cells led to a significant increases in the
expression of AMPs including Defensins a1 (3.1 fold), defensins-related cryptdin inluding 4
(1.8 fold); 6 (2.1 fold) & 20 (2.2 fold), Cathelicidin (3.1 fold) and s1008 a (2.5 fold) (Fig.
5A). To study the effects of AMPs, media supernatants collected from CD11c+ cells
inoculated with Salmonella typhimurium. Surviving colony forming units of Salmonella
were significantly reduced (56%) with Imiquimod treatments when compared to vehicle-
treated controls. Additional negative control included fresh serum free media (SFM)
containing Imiquimod, which did not exhibit its own antimicrobial activity (Fig. 5B). These
results suggest that Imiquimod treatment to CD11c+ cells results in the release of
antimicrobial factors that results in effective extracellular killing of Salmonella.

Imiquimod Induces AMPs and Protects Intestinal Epithelial Cells from Salmonella invasion
Intestinal epithelial cells express functional TLRs and are known to produce AMPs. 24

Seven day post-confluent HT29 cells were pretreated with Imiquimod (10 μg/ml) for 24
hours. To show that Imiquimod-mediated effects were due to TLR7 activation, we used
chloroquine (100 μm), a known inhibitor of endosomal-TLR signaling. It acts by preventing
endosomal acidification blocking TLR7 signaling. Intestinal epithelial cells treated with
Imiquimod exhibited a significant increase in epithelial AMPs expression especially
Defensins 3 (30.2 fold) and Defensins 2 (27.9 fold) and these effects were significantly
reduced by the treatments of chloroquine. These results were further confirmed by
performing ELISA to show respective changes in their protein levels (Figure 6A). A
significant increase in human IFN-α2 mRNA expression (6.9 fold) was also observed (data
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not shown). These data show that Imiquimod significantly induces the epithelial expression
of AMPs by TLR7 receptor activation.

To study the effects of AMPs, media supernatants collected from the HT29 cell culture were
inoculated with Salmonella typhimurium and then plated on Macconkey agar plates.
Following counting, surviving colony forming units were significantly reduced (75%) with
Imiquimod treated group when (Figure 6B Left panel) compared to controls. We next
performed a gentamicin protection assay to assess this increased AMP expression would be
expected to increase epithelial resistance to Salmonella infection. Cells treated with
Imiquimod exhibited a significant decrease in viable intracellular colony forming units when
compared to controls (310 vs. 41). As expected, this effect was significantly reversed
following chloroquine treatment (41 vs.116; Fig 6B Right panel). Similar results were
observed in HCT116 cells with Imiquimod treatments (supplementary Fig 2). These results
illustrate that Imiquimod-mediated protection to epithelial cells involves the expression of
type I IFN and AMPs.

Discussion
Although the etiology of IBD is not clearly understood, it is thought to be related to an
abnormal immune response in the GI tract. Studies have shown that hereditary and
environmental factors interact with the immune system to induce chronic intestinal
inflammation by dysregulating the mucosal immune response to commensal bacteria,
microbial products and microbial antigens.2, 4 Defective epithelial immunity in the GI tract
may allow bacteria or their products to trigger an immune reaction that results in prolonged
inflammation. Mutation of NOD2/CARD15 and TLRs plays a role in innate immune
dysfunction and may lead to the development of IBD.25-27 We previously reported a
stimulation of innate immunity following treatment of granulocyte macrophage colony-
stimulating factor (GM-CSF) in both human with Crohn’s disease and models of
experimental colitis.28, 29 A type I IFN-dependant mechanism is supported in models of
experimental colitis.29 In the present study, we found that oral administration of Imiquimod
induced type I IFN expression in the small and large intestine of normal mice. Imiquimod-
mediated increases in type I IFN expression occurred rapidly after the treatment. This result
was in accordance with earlier studies, where Imiquimod-mediated increases in serum
concentration of IFN-α and other cytokines were noted within 1-4 hours of treatments.8, 30

Plasmacytoid DCs (pDCs) are the main producers of type I IFN and strongly express TLR7
& 9.31 TLR9-mediated type I IFN production is also stimulated by bacterial products or
synthetically derived DNA motifs, specifically cytosine-phosphate-guanosine (CpG) motifs.
Administration of CpG immunostimulatory DNA has been shown to be effective in the
treatment of experimental colitis in animal models by production of type I IFN. 5, 32-34

Stimulation of TLR7 has potent effects on PDC populations and potentially could mimic the
effects of CpG or GM-CSF in colitis. In the present study, oral Imiquimod treatment led to
significant increases in DC populations and type I IFN production that could be responsible
for reduction in inflammation of DSS treated mice.

Therapeutic studies targeting proinflammatory cytokines like TNF-α and IL1-β have been
extensively investigated in CD patients.35, 36 Imiquimod treatment in humans induces pro-
inflammatory cytokines such as IFN-α, TNF-α, IL6 and other cytokines.19 Studies have
shown that TLR4 and TLR8 agonists increases TNF-α, IL1-β, IL6 levels, which are
associated with increased liver damage in HCV patients. Elevated levels of IL6 & TNF-α
are also associated with a lower response to IFN-α therapy. 37, 38 A study comparing
different TLR ligands in human peripheral blood mononuclear cells showed that TLR7
agonists did not induce proinflammatory cytokines significantly and recommended TLR7 as
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an attractive target for the development of new hepatitis C virus (HCV) therapies.39 The use
of TLR activators as immunotherapeutic agents has been associated with side effects related
to the release and systemic dispersion of proinflammatory cytokines. Clinical studies
concerning the treatment of asymptomatic human immunodeficiency virus and refractory
cancer have shown that Imiquimod treatments are effective, but limited by significant
systemic side effects.23, 40 To address these side effects, in some studies TLR7 agonists
were delivered as conjugates of macromolecules to confine the immunostimulatory activity
to the local mucosal environment.41, 42

Since Imiquimod is approved as a topical applicator for the treatment of anogenital and
perianal warts, we determined whether topical application of Imiquimod would revert
colitis. Colonic administration of Imiquimod in normal mice significantly induced type I
IFN expression. However, increases in type I IFN expression were observed in 18 hours
treatment groups only, which likely are due to the limited permeability of the colon. Topical
administration of Imiquimod in DSS-treated mice resulted in improvements in distal
segments of colon only. Reduced colon shortening, improved crypt morphology and
decreased level of proinflammatory cytokines were noted.

As IBD is thought to relate to an inappropriate response to gut bacteria, we examined
Imiquimod effects on the epithelial and dendritic cells response to bacteria. We observed
that Imiquimod-mediated increases in AMPs in dendritic cells and intestinal epithelial cells.
These AMPs had the potential to reduce the survival of Salmonella. AMPs are expressed in
the entire length of the GI tract, including the epithelium and paneth cells, and act as first-
line extracellular defense in the intestine.43 The importance of AMPs was recently
highlighted in mice with constitutive downregulated cryptdins associated with increased risk
to intestinal inflammation.44 This study identifies the importance of type I IFN-mediated
increases in AMP’s expression in setting of the antimicrobial activity in inflamed mucosa
and maintaining a balance interaction between healthy mucosa and intraluminal pathogens.

In summary, Imiquimod has a therapeutic effect on experimental mouse models of DSS-
induced acute colitis. The functional role of immune cells, especially DCs, establishes the
importance of type I IFN and AMPs in mucosal innate defense. The present study identifies
the TLR7 ligand, Imiquimod as a potent immunoregulator in the mucosa that holds promise
for the treatments of IBD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

TLR7 toll like receptor-7

IFN interferons

DSS dextran sulfate sodium

DC dendritic cells

Imiq Imiquimod

AMPs antimicrobial peptides
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Figure 1.
Imiquimod induces the expression of type I IFN in the gastrointestinal (GI) tract. Oral
administration of Imiquimod (30 mg/kg body wt) to Balb/c mice exhibited differential
induction in the expression of type I IFN (α, β) in various parts of the GI tract. In the
stomach, no significant changes in the expression type I IFN were noted. In the jejunum,
Imiquimod treatments led to significant increases in IFN-α2 and IFN-β expression at the 2
hours time point. In the proximal & distal colon treatments led to significant increases in
both IFN-α2 and IFN-β expression at 6 &18 hours time points. Similar type I IFN induction
was observed in spleen. N = 5; results represent the data from three individual experiments
and expressed as the mean ± SEM (* P < .05; ** P < .01).
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Figure 2.
Imiquimod treatments ameliorate DSS-induced colitis. 5% DSS in drinking water was given
to Balb/c mice for 7 days to induce acute colitis. Daily oral administration of Imiquimod (30
mg/kg body wt) during DSS treatment periods led to an improvement in clinical parameters
associated with acute colitis. (A) Clinical parameters are listed as reduced weight loss,
increased colon length, reduced MPO activity and increased spleen weight. (B) Following
flow-cytometric analysis of the dendritic cell (DC) populations in the spleen, Imiquimod
treatments significantly increased myeloid DC (CD11c+/CD11b+/CD 8-) population. (C)
Following histological analyses of H&E-stained distal colon sections, Imiquimod treatment
significantly reduced the crypt damage and inflammatory infiltrates in comparison to DSS-
treated control mice. All histological sections are presented at 200× magnification and some
specific areas of sections are magnified to show associated changes. (D) Following real-time
RT-PCR analysis, Imiquimod treatments led to significant decreases in proinflammatory
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cytokines, including TNF-α and IL1-β in the distal colons. N= 7; results are representative
of three individual experiments.
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Figure 3.
Topical administration of Imiquimod induces the expression of type I IFN in the colon. To
determine the topical therapeutic effect, a similar dose of Imiquimod (30 mg/kg body
weight) was administered rectally to Balb/c mice. Following real-time RT-PCR analysis,
Imiquimod treatment resulted in a significant increase in IFN-α2 expression at 18 hours in
the colon. No changes were noted with IFN-β expression. Increases in splenic type I IFN
were not observed, arguing against systemic response. N = 5; results represent the data from
two individual experiments and expressed as the mean ± SEM (* P < .05).
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Figure 4.
Topical administration of Imiquimod ameliorates DSS-induced colitis. (A) No significant
increase in spleen size was noted following Imiquimod administration by enema. Imiquimod
treatment reduced colonic shortening when compared to animals not treated with
Imiquimod. Imiquimod treatments significantly reduced MPO activity in the distal colon.
(B) Histological analysis of H&E-stained distal colon sections showed an Imiquimod-
mediated decrease in the number of inflammatory infiltrates and maintenance of normal
colonic morphology. (C) Imiquimod treatments led to significant decreases in
proinflammatory cytokines TNF-α and IL1-β in the colon as assessed by real-time RT-PCR.
Results suggest that topical administration of Imiquimod reduces DSS-induced colitis. N= 7;
results are representative of three individual experiments.
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Figure 5.
Imiquimod increases expression of AMPs in dendritic cells and reduces extracellular
survival of Salmonella. CD11c+ cells isolated from GM-CSF-treated mice were stimulated
with Imiquimod (10 μg/ml) for 24 hours. (A) Stimulated CD11c+ cells exhibited significant
increases in expression of AMPs, including Defensins a1, Defensins related cryptdins (4, 6
& 20), Cathelicidin and s1008 a. (B) Media supernatant collected from the cultures of
Imiquimod-treated CD11c+ cells were inoculated with Salmonella typhimurium for 1 hour.
Serially diluted media were plated on agar plates for colony counts. Significantly reduced
number of surviving Salmonella was observed with Imiquimod treatment. Results are
representative of three individual experiments (* P < .05).
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Figure 6.
Imiquimod induces AMPs and reduces the cells susceptibility to Salmonella invasion. HT29
cells were treated with Imiquimod (10 μg/ml) for 24 hours. (A) Imiquimod treatment
significantly induced mRNA expression of AMPs, including Defensins 3 and 2. These
effects were significantly reduced when chloroquine was added to the culture media prior to
Imiquimod treatment. Results were further confirmed by performing ELISA (B) Media
supernatant from Imiquimod-treated cells significantly reduced surviving colony forming
units (Left panel). Gentamicin protection assay performed in HT29 cells treated with
Imiquimod led to significant decreases in colony forming units of viable intracellular
Salmonella (Right panel). These effects were significantly reversed with chloroquine
treatment. Results are representative of three individual experiments

Sainathan et al. Page 18

Inflamm Bowel Dis. Author manuscript; available in PMC 2014 January 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Sainathan et al. Page 19

Table I

List of Imiquimod-induced IFN and AMPs genes in mice colons

Gene Name Accesion no. Gene Description 6 h 18 h

Oasl2 NM_011854 2’-5’ oligoadenylate synthetase-like 2 13.6 12.3

Oasl1 NM_145209 2’-5’ oligoadenylate synthetase-like 1 6.3 4.2

Oas3 NM_145226 2’-5’ oligoadenylate synthetase 3 2.4 3.4

Oas2 NM_145227 2’-5’ oligoadenylate synthetase 2 11.7 12.8

Oas1g NM_011852 2’-5’ oligoadenylate synthetase 1G 2.6 2.1

Oas1f NM_145153 2’-5’ oligoadenylate synthetase 1F 3.5 3.8

Oas1b NM_011853 2’-5’ oligoadenylate synthetase 1B 2.2 2.4

Oas1a NM_145211 2’-5’ oligoadenylate synthetase 1A 4.3 4.7

Isg20 NM_020583 interferon-stimulated protein 2.1 1.7

Isg20 NM_020583 interferon-stimulated protein 1.8 1.8

Irf7 NM_016850 interferon regulatory factor 7 2.7 5.0

Irf1 NM_008390 interferon regulatory factor 1 1.6 1.6

Ifrg15 NM_022329 interferon alpha responsive gene 2.1 1.9

Ifrg15 NM_022329 interferon alpha responsive gene 2.0 1.7

Ifitm7 NM_028968 interferon induced transmembrane protein 7 3.2 2.8

Ifitm3 NM_025378 interferon induced transmembrane protein 3 3.1 2.6

Ifit3 NM_010501 interferon-induced protein with tetratricopeptide repeats 3 5.2 3.5

Ifit2 NM_008332 interferon-induced protein with tetratricopeptide repeats 2 6.9 3.2

Ifit1 NM_008331 interferon-induced protein with tetratricopeptide repeats 1 37.0 12.4

Ifih1 NM_027835 interferon induced with helicase C domain 1 2.7 2.0

Ifi44 NM_133871 interferon-induced protein 44 15.8 16.4

Ifi205 NM_172648 interferon activated gene 205 3.2 1.6

Ifi204 NM_008329 interferon activated gene 204 3.8 2.2

Hamp2 NM_183257 hepcidin antimicrobial peptide 2 1.5 1.3

Hamp1 NM_032541 hepcidin antimicrobial peptide 1 2.5 1.2

Defcr6 NM_007852 defensin related cryptdin 6 0.6 3.1

Defcr4 NM_010039 defensin related cryptdin 4 0.5 3.9

Defcr3 NM_007850 defensin related cryptdin 3 0.6 3.7

Defcr23 NM_001012307 defensin-related cryptdin 23 0.6 3.7

Defcr22 NM_207658 defensin-related cryptdin 22 0.7 2.3

Defcr20 NM_183268 defensin related cryptdin 20 0.5 3.4

Defcr-rs7 NM_007848 defensin related cryptdin related sequence 7 0.5 4.4

Defcr-rs2 NM_007847 defensin related cryptdin related sequence 2 0.6 7.2

Defcr-rs12 NM_007846 defensin related cryptdin related sequence 12 0.5 4.3

Defcr-rs10 NM_007845 defensin related cryptdin related sequence 10 0.5 6.3

Defcr-rs1 NM_007844 defensin related sequence cryptdin peptide (paneth cells) 0.8 2.2

Defb1 NM_007843 defensin beta 1 1.9 0.8
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Gene Name Accesion no. Gene Description 6 h 18 h

Defa1 NM_010031 defensin alpha 1 0.6 3.4

Following microarray analysis, Imiquimod treatments increased a total of 116 gene expression in colon. A list of important IFN and AMPs genes
are included in the table. The fold differences are based on 2 array experiments
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