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Abbreviations 

IFN; interferons 

IL-1Rs; interleukin-1 receptor  

IRAK; IL-1R-associated kinase 

IRF3; interferon-regulatory factor 3 

IRM; immune response modifier 

LRR; leucine-rich repeat 

LC; Langerhans cells 

NF-κB; nuclear factor-κB 

PBMC; human peripheral blood mononuclear cell 

pDC; plasmacytoid dendritic cells 

TIR; Toll/IL-1R 

TLR; Toll-like receptors 

TNF; tumor-necrosis factor 

TRAF6; TNF-receptor-associated factor 6 
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Abstract  

The innate immune system governs the inter-connecting pathways of microbial 

recognition, inflammation, microbial clearance and cell death. A family of 

evolutionarily conserved receptors, known as the Toll-like receptors (TLRs), is crucial 

in early host defense against invading pathogens. Upon TLR-stimulation, NF-κB-

activation and the IRF3 pathway initiate production of pro-inflammatory cytokines, 

such as IL-1 and TNF-α, and production of type I interferons (IFN-α and IFN-β), 

respectively. The innate immunity thereby offers diverse targets for highly selective 

therapeutics, like small-molecular synthetic compounds that modify innate immune 

responses. The notion that activation of the innate immune system is a prerequisite 

for the induction of acquired immunity raised interest in these immune response 

modifiers as potential therapeutics for viral infections and various tumors. A scenario 

of dermal events following skin cancer treatment with imiquimod presumably 

comprise i) an initial low amount of pro-inflammatory cytokine secretion by 

macrophages and dermal DC’s, thereby ii) attracting an increasing number type I IFN 

producing pDC from the blood; iii) Langerhans cells migrate into draining lymph 

nodes, leading to an increased presentation of tumor antigen in the draining lymph 

node, and iv) consequently an increased generation of tumor specific T cells and 

finally v) an accumulation of tumoricidal effector cells in the treated skin area. The 

induction of predominately Th1-type cytokine profiles by TLR-agonists like imiquimod 

might have further benefits by shifting the dominant Th2-type response in atopic 

diseases like asthma and atopic dermatitis to a more potent Th1 response. 
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Introduction 

The immune system has traditionally been divided into innate and adaptive immunity. 

Both of these play different roles and functions in defending the organism against the 

invasion of microorganisms that are constantly present in the environment. Innate 

immunity could be considered as being the first line of defence against pathogens, 

such as bacteria or viruses. On the contrary, acquired immune responses are slower 

processes and are mediated by T and B cells. Both cell types express highly diverse 

antigen receptors that are generated through DNA rearrangement and are thereby 

able to respond to a wide range of potential antigens (1). Within the last two decades 

this highly developed system of antigen detection, which is found only in vertebrates, 

has been the subject of considerable research.  

 

However, rapidly growing information about the innate immune system, including the 

identification of cognate ligands of innate immune receptors and the elucidation of 

their downstream signaling pathways, has become available. The picture that innate 

immunity is a relatively nonspecific system, with its main roles being to destroy 

pathogens and to present antigen to the cells involved in acquired immunity, is no 

longer accurate. The innate immune system must be considered as a system that 

has a greater degree of specificity than previously thought and that it is highly 

developed in its ability to discriminate between self and foreign pathogens (2-5). This 

discrimination relies to a great extent on a family of evolutionarily conserved 

receptors, known as Toll-like receptors (TLRs), which play a crucial role in early host 

defense against invading pathogens (5). In addition, activation of the innate immune 

system leads, via the cytokine secretion from Monocytes/macrophages (interferon-α, 

interleukin-12, tumor-necrosis factor-α), to the induction of a predominant T helper 1 
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(Th1)-cell response of the acquired immunity that have been clinically used to treat 

viral infections and cancerous lesions of the skin (6, 7).  

 

In the past few years, our knowledge about the mode of action of immune response 

modifiers (IRMs) especially for the TLR7/8 specific ligand imiquimod has greatly 

increased. In this short review, we will discuss the IRMs, focusing on their receptors, 

signaling pathways and immunological effects. 

  

TLR superfamily: structure, function and their ligands 

TLRs comprise a family of cell-surface and endosomally expressed receptors that 

recognize conserved products unique to microorganisms, such as 

lipopolysaccharide, bacterial DNA or double-stranded RNA. The discovery of the TLR 

family began with the identification of Toll, a receptor that is expressed by insects (8). 

Subsequent studies revealed that toll plays an essential role in the insect innate 

immune response against fungal infections (9). So far, 13 TLRs, the mammalian 

homologues of the Drosophila protein Toll, have been identified, although only TLR1 

to TLR10 are expressed in humans.  

 

TLRs are transmembrane glycoproteins with a considerable homology in their 

cytoplasmic region, while the extracellular region of the TLRs differs markedly. All 

TLRs and interleukin-1 receptor (IL-1Rs) family members have a conserved region of 

~200 amino acids in their cytoplasmatic tails, which is known as Toll/IL-1R (TIR) 

domain (Figure 1). This domain contains three conserved regions that are crucial for 

assembly of downstream signaling complexes, as it mediates the interaction with 

adaptor protein MyD88 (10). The extracellular domain of TLRs contains 19-25 

tandem copies of leucine-rich repeat (LRR) motifs and differs therefore markedly 
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from IL-1Rs, which contain three immunoglobulin-like domains. The LRR domain is 

thought to be involved directly in ligand recognition. The TLRs that are involved in the 

recognition of microbial products TLR1, TLR2, TLR4, TLR5, TLR6 and TLR11 – are 

displayed on the cell surface. By contrast, TLR7, TLR8 and TLR9, all of which are 

involved in the recognition of nucleic-acid-like structures, are localized intracellularly 

(11). TLR9 for example is expressed in the endoplasmatic reticulum, and has been 

shown to be recruited to endosomal/lysosomal compartments after stimulation with 

CpG-containing DNA (12). The main ligands recognized by different TLRs are 

summarized in Figure 1. There are four broad types of ligands: naturally occurring 

molecules that are constituents of microorganisms, synthetic analogues of naturally 

occurring substances, small-molecule fully synthetic compounds, and endogenous 

components that are released from host cells during sterile inflammation. Sterile 

inflammation is thought to be driven by ligands derived from damaged cells, which 

are usually not present in the extracellular environment: for example, heat-shock 

proteins, β-defensins and oxidized lipids. Nevertheless, most of the known ligands 

are derived from microbial sources, and they include polymeric molecules such as 

peptidoglycans (which bind TLR2), bacterial LPS (TLR4), bacterial and viral DNA 

(TLR 9) and double stranded RNA (TLR3). Due to their pharmacodynamic and 

pharmacokinetic properties, large polymeric molecules are not ideal drug candidates. 

Nonetheless, CpG olideoxynucleotides (ODNs) modeled on bacterial DNA 

sequences are good examples of synthetic analogues of naturally occurring ligands 

in clinical use. The antiviral and antitumoral imidazoquinoline compounds, imiquimod 

(R-837) and resiquimod (R-848) were the first fully synthetic low molecular-mass 

molecules, which have been described as ligands for TLRs (TLR7 and TLR8).  

 

TLR/IL-1R-superfamily signaling cascade 

 6



Upon ligand binding, TLRs/IL-1Rs form either homo- or heterodimeric receptor 

complexes, and undergo the conformational change required for recruitment of 

downstream signaling molecules. TLRs activate signaling pathways that are similar to 

those induced by IL-1 because of the presence of the TIR domain. In activated 

receptor complexes the TIR domain interacts with the adaptor protein MyD88 and the 

IL-1R-associated kinase (IRAK), which leads to activation of the adaptor molecule 

tumor-necrosis factor (TNF)-receptor-associated factor 6 (TRAF6) (Figure 2) (13). 

Subsequently, TRAF6 mediates the activation of the inhibitor of NF-κB (IκB) kinase 

(IKK). NF-κB dimers are usually sequestered in the cytoplasm in an inactive form by 

molecules of the inhibitor of NF-κB (IκB) family (14). After activation by upstream 

signals, IKK phosphorylates IkBs, leading to their polyubiquitylation and proteasome-

mediated degradation, thereby initiating liberation of nuclear factor-κB (NF-κB) from 

the IκB. The NF-kB family of transcription factors, p65(REL-A), REL-B, cytoplasmatic 

(c) REL, p50 and p52 - which function as homo- and heterodimers - then translocate 

into the nucleus and activate NF-κB-dependent gene transcription (15).  

 

Although MyD88-dependent signaling is essential for recognition of a broad range of 

microbial components, studies with MyD88-deficient cells have revealed the 

existence of MyD88-dependent and –independent pathways leading to NF-kB 

activation upon LPS initiated signaling (16). It became clear, at least for TLR4 

dependent signaling, that the MyD88-dependent pathway involves the early phase of 

NF-kB activation, leading to the production of inflammatory cytokines. In contrast, 

MyD88-independent pathways activate the interferon-regulatory factor 3 (IRF3) and 

involve the late phase of NF-κB activation, together leading to the production of type I 

interferons (IFN-α and IFN-β) and the expression of IFN-inducible genes (Figure 2). 
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Interestingly, it has been shown that the MyD88-independent pathway is in addition 

responsible for LPS-mediated maturation of dendritic cells (DCs) (17). The 

identification of MyD88-independent pathways of TLR4 signaling resulted in the 

discovery of several adaptors, like TIRAP (TIR-domain-containing adaptor), TRIF 

(TIR-domain-containing adaptor protein inducing IFN-β) and TRAM (TRIF-related 

adaptor molecule), all of which have TIR domains as a unique feature. All of these 

TIR containing adaptors, including MyD88 itself, are believed to play crucial roles in 

TLR-signaling pathways, because they provide additional specificity to the response 

generated by signaling through each TLR.  

 

Finally, as excessive production of inflammatory cytokines upon TLR stimulation may 

induce serious systemic disorders such as endotoxic shock or exacerbation of atopic 

diseases such as asthma and atopic dermatitis, it is not surprising that organisms 

have developed mechanisms for modulating their TLR-mediated responses. Indeed, 

TLR-signaling pathways have been shown to be negatively regulated by several 

molecules, such as IRAK-M, SOCS1 (suppressor of cytokine signaling1) and SIGIRR 

(single immunoglobulin IL-1R-related molecule)(18). Consequently, SOCS1-deficient 

mice, for example, are more sensitive to LPS shock and lethality than their wild-type 

littermates (19). Interestingly, SOCS1 belong to the family of SOCS proteins, which 

are induced by cytokines and are known to be negative regulators of cytokine-

signaling pathways (20), and have not been implicated as regulators of TLR-signaling 

pathways until recently (21). Although SOCS1 has been shown to associate with 

IRAK1 and may thereby inhibit its activity, the precise mechanism by which SOCS1 

inhibits TLR signaling remains unclear. 

 

Immunomodulatory effects of imidazoquinolines, fully synthetic TLR ligands 
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Imiquimod and its analog resiquimod (R-848) mainly act through indirect (i.e. immune 

activating mechanisms) rather than exerting anti-viral or anti-tumor effects. However, 

a number of studies have demonstrated their efficacy in the treatment of infectious 

and neoplastic diseases including primary and recurrent genital herpes simplex virus 

and cytomegalovirus infection in guinea pigs (22-25). Imiquimod has been 

demonstrated to have anti-tumoral properties in a number of murine models, 

including MC-26 colon carcinoma, Lewis lung carcinoma and FCB bladder tumor 

(26). Initial studies have also been undertaken in human subjects for the treatment of 

various types of cancer (27-30). Much of the biologic activity of these compounds can 

be attributed to the induction of cytokines, especially interferon-α (IFNα) but including 

also tumor necrosis factor-α (TNFα)  (31, 32). 

 

Early in vitro studies have already shown the importance of cells from the immune 

system in the production of these cytokines. Human peripheral blood mononuclear 

cell (PBMC) cultures produce IFNα, tumor necrosis factor (TNF), IL-1, IL-6, IL-8 and 

several other cytokines in response to the imidazoquinolines (33-38). Imiquimod and 

R-848 have also been shown to increase the secretion of chemokines such as MIP 

(macrophage inflammatory protein)-1α, MIP-1β, and MCP (monocyte chemotactic 

protein)-1 (39).  

 

Several types of immune and non-immune cells have been identified to be 

responsive to triggering by imidazoquinolines: 

 

Keratinocytes: As the skin is well recognized as an important source of cytokines 

with several cells being able to secrete cytokines , i.e. keratinocytes, dermal 

fibroblasts, melanocytes and Langerhans cells, it was not surprising that normal 
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human keratinocytes produce increased levels of IL-6 and IL-8 mRNA upon 

stimulation with imiquimod (40). However, more recent data showing the lack of TLR-

7 or 8 in human keratinocytes as well as the inability to produce IL-8 protein in 

response to R-848 (41) call these results into question. Nevertheless, topical 

administration of imiquimod (imiquimod cream 5%) to the flanks of hairless mice and 

rats leads to increases in local concentration of IFNα and TNFα mRNA and protein 

levels within hours (31). These studies could also demonstrate that imiquimod, when 

applied locally as cream, leads to the local production of cytokines without generating 

a systemic response (31). Despite the potential ability of non-immune cells of the skin 

to react towards imiquimod stimulation (40), classical immune cells are considered 

the primary responsive cell population in the skin upon topical application of 

imidazoquinolines. 

 

Plasmacytoid dendritic cells: Systemically, Plasmacytoid dendritic cells (pDC), 

cells of B-lineage plasma cell morphology but lacking all antibody producing capacity 

(42-44) have been found as the major producers of IFNα (45). They express TLR7 

(43, 46), react directly towards stimulation with imidazoquinolines by rapidly 

producing large amounts of IFNα and other pro-inflammatory cytokines and maturing 

into CD8+ DC (47-50). Thereby the production of IFNα as well as IL-12 and TNFα in 

response to R-848 is dependent on TLR7 itself (39, 49, 51) as well as the central 

adaptor molecule of TLRs, MyD88 (51) in the mouse. While being neglected as 

dermal cells for a long time, it now becomes clear, that pDC are resident in normal 

mouse (52) and human skin (53), albeit at very low numbers. However, a topical 

treatment of skin with imiquimod induces massive recruitment of, supposedly, 

peripheral pDC which is associated with regression of natural (53) or experimental 

tumors (52). In addition, pDC are the only producers of IFNα in the skin upon 
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imiquimod exposure (53). It is interesting to note, that a small number of human 

patients do neither show an inflammatory response towards imiquimod nor an 

increased pDC recruitment, the biological explanation of which is currently unclear 

(53). 

 

Langerhans cells: Recent results suggest that the mechanism by which topical 

imiquimod enhances immune function in the skin is to a great extent due to effects on 

Langerhans cells. In vitro it has been shown that imiquimod and R-848 induce 

functional maturation of human Epidermal Langerhans Cells, proffering TLR agonists 

as adjuvants in future vaccine strategies to induce protective antiviral and antitumoral 

responses (54). Moreover, topically applied imiquimod increases Langerhans cell 

migration from the skin to the regional draining lymph node in mice (55). The effect of 

this on Langerhans cells leads in turn to enhanced Langerhans cell antigen 

presentation exclusively upon hapten sensitization during the induction of contact 

hypersensitivity (CHS) (55). Interestingly, also systemic dosing of R-848 sharply 

increases CHS responses in mice, pointing also to the ability of imidazoquinolines to 

induce a general dendritic cell activation in vivo (56). These results explain the notion 

that in the treatment of diseases where enhanced Langerhans cell antigen 

presentation appears to be desirable, like in cutaneous neoplasms, topical 

application of imiquimod has been proven to be beneficial (57-59). In addition, the 

powerful adjuvanticity of TLR7 ligands (56) is now increasingly being recognized in 

vaccination studies (60). 

 

Other dendritic cells: Human monocyte derived DC respond to stimulation with R-

848 by producing bioactive IL-12, IL-6, TNFα, IFNα and several chemokines, 

upregulating maturation markers as well as with enhanced antigen presentation (61, 
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62). The combination of R848 with the triggering of TLR3 or TlR4 induced a 

synergistic activation of both human and murine DC, which could even be 

superagonized by the addition of IFNγ or CD40-L (63). Also in vivo a combination of 

imidazoquinolines and agonistic anti CD40 treatment during vaccination of whole 

animals lead to a sharply enhanced generation of antigen specific, lytically active 

CD8+ CTL (64). Thus, in general, DC treated with imidazoquinolines, either alone or 

in combination with other pro-inflammatory agonists shift the acquired immune 

system towards a Th1-dominated immune response (63, 65). 

 

T cells: In humans, imidazoquinolines can induce IFNγ, IL-8 and IL-10 in T cells 

either directly or in combination with TCR triggering (66), while murine T cells appear 

to be non-responsive, at least with regard to upregulation of adhesion molecules 

(56). Interestingly, however, it has recently been described, that systemic dosing of 

R848 leads to a rapid (1h) almost complete deletion of peripheral leukocytes, 

especially CD4 and CD8 T lymphocytes in mice. This phenomenon was dependent 

on MyD88 and left animals in a transient state of immune incompetence, where they 

were not able to mount otherwise prominent CHS responses. The most likely 

explanation was an increase of adhesion molecules in blood vessel endothelial cells 

leading to increased rolling of leukocytes (56). These results are in line with 

observations of other TLR ligands such as CpG to induce rapid leukopenia (67) and 

underscore the notion, that the systemic use of TLR ligands in humans has to be 

tightly controlled for possible detrimental side effects. 

 

B cells: The stimulation of TLRs expressed on B-cells can lead to antigen-specific 

proliferation of B lymphocytes and the expression of differentiation markers such as 

major histocompatibility class II and B7.2 and B cell proliferation (68, 69). Moreover, 
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human memory B cells produce antibodies in response to CpG stimulation 

independently of antigen-specific cognate T- cell help (70). As B cells express TLR7 

in mice (56) and humans (71), it is not surprising, that these cells can also be directly 

activated by imidazoquinolines (68, 72). Thereby, the compounds appear to mimic 

CD40 triggering, which is known as a potent B cell stimulus (72, 73). After a single in 

vivo dose of R-848 huge, almost confluent B cell follicles develop in the spleen of 

mice (Gunzer, unpublished observations). However, a more complex interplay 

between pro-inflammatory cytokines produced by other cells such as plasmacytoid 

DC might modulate the response of B cells in vivo (74).  

 

Interestingly, R-848 has been shown to be a potent modulator of in vitro IgE 

production in normal but also in allergic donors (75, 76). In detail, R-848 appears to 

be a strong inhibitor of IgE production from PBMC. This inhibition of IgE production 

occurs not only in anti-CD40 and IL-4 stimulated cells, but also in PBMC from allergic 

donors suffering from rhinitis or atopic eczema (76). These results and the above-

discussed TLR-mediated TH1-shift further support the potential use of imiquimod and 

R-848 in allergic diseases.  

 

Microglia: Finally, as many viral infections have severe neurological involvements 

(77), which, e.g. in the case of influenza are often responsible for fatal outcome (78), 

the test of drugs for their ability to manipulate the CNS immune system is an 

important task. The recent finding, that R848 is able to activate microglia (79), the 

primary phagocytic cells of the CNS therefore is important and requires further study 

as to the mechanisms involved as well as the efficiency of the process for 

neuroprotection during viral infection. 
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In summary, imidazoquinolines, especially imiquimod and R848 have been shown to 

exert a plethora of effects on the immune system, either during local or systemic 

application. It needs to be tested in good animal models and in clinical trials, which of 

these effects can be used therapeutically for applications beyond the original purpose 

of the treatment of virus induced genital warts. Recent data also point out, that 

imiquimod, but not R848, can directly induce apoptosis in melanoma (80) as well as 

basal or squamous cell carcinomas and immortalized keratinocyte lines (81). 

Although not directly tested, this seems to be completely independent of TLR 

signaling and works via release of mitochondrial cytochrome C and induction of 

several caspases (81). Interestingly, in vivo, the inflammatory infiltrate of basal cell 

carcinomas is not apoptotic upon imiquimod treatment, while tumor cells show 

increased numbers of apoptotic cells (81). 

 

Histological and Immunohistochemical findings upon imiquimod treatment: 

Biopsies of inflammed tumor areas under imiquimod therapy are characterized either 

by a dense lichenoid inflammatory infiltrate in the papillary dermis or a diffus 

interstitial inflammatory infiltrate in the reticular dermis that obscures the neoplasm 

(Figure 3a) (82). The infiltrate is composed of lymphocytes, and, more variably, a few 

macrophages, plasma cells, or eosinophils (83). Tumor cells show signs of 

degeneration and necrosis. Thereby, in-situ carcinoma, such as solar keratosis and 

Bowen’s disease imitate the histologic pattern of interface- dermatitis that must be 

differentiated from inflammatory dermatoses (Figure 3b). Immunostainings for keratin 

frequently highlights the formation of colloidal bodies among the inflammatory cells. 

Deposits of amyloid can be occasionally found in the dermal connective tissue upon 

special stainings (Figure 3c) (Metze, unpublished observation). The histological 

changes as induced by imiquimod are identical to those of spontaneous tumor 
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regression as seen in solar and reticulate seborrheic keratosis (Lichen planus-like 

keratosis), keratoakanthoma, superficial basal cell carcinoma, porokeratosis, 

melanocytic nevi and melanoma (halo-phenomenon) (Metze, unpublished 

observation).   

 

Tumor remission after successful imiquimod therapy is characterized by stereotypic 

histologic changes that are identical to those of spontaneous tumor regression, 

namely, a hyperplastic or atrophic well differentiated epidermis devoid of atypic cells 

and fibroplasia of the dermal tissue. Residuals of flat epidermal neoplasms or 

melanomas are a flattened epidermis and a papillary dermis that is thickened by an 

increased number of fibroblasts, collagen fibers (fibroplasia), mucin, ectatic small 

blood vessels with loss of elastic fibers, melanophages, and a patchy lymphocytic 

infiltrate (83, 84). Primary, invasive neoplasms and cutaneous tumor metastases 

result in circumscribed fibrosis or sclerosis of the reticular dermis with a variably 

dense infiltrate composed of lymphocytes, and, to a variable extent, neutrophils, 

plasmacells, erythrocytes, macrophages, and, in the case of pigmented tumors, 

melanophages (Metze, unpublished observation).  

 

Immunohistochemical characterization of the inflammatory cells under imiquimod 

treatment exhibits many CD4+ lymphocytes, CD68+ macrophages, a few CD25+ and 

CD8+cells, and scattered lymphocytes with TIA-1 expression. CD1+ Langerhans 

cells or CD56+ lymphocytes are almost absent (57, 82, 83, 85) (Figure 3d and e). 

Interestingly, this immunoprofile thus not differ substantially from that found in 

spontaneous tumor regression (Metze, unpublished observation).  

 

Dermal events following imiquimod treatment – a hypothetical scenario 

 15



With the above mentioned results from numerous studies on the immunomodulatory 

events of imidazochinolines in combination with the steadily increasing number of 

experimental and clinical studies using imiquimod for dermal disorders, we will try to 

construct a scenario of events, which might be going on in the skin upon imiquimod 

encounter: 

 

(1) A given skin area around a developing tumor is not inflamed and immunologically 

silent for a long time (86, 87). When detected by the dermatologist and treated with 

topical imiquimod, a measurable reaction is developing slowly, as can be detected by 

the appearance of erythema and local pain only in a matter of several days. This is 

most likely due to the relatively low number of cells, which are able to directly 

respond to imiquimod locally, this being mostly dermal DC (Figure 4a) (53). This slow 

response also sharply contrasts to the rapid response to imidazoquinolines given 

systemically (56). 

 

(2) The initial low amount of pro-inflammatory chemo- and cytokines being produced 

in the treated skin will attract increasing numbers of circulating pDC from the blood. 

Since these cells are extremely potent producers of IFNα and directly react towards 

imiquimod, the pDC influx will lead to an increasingly steep increase of IFNα in the 

skin which has been calculated to reach as much as 1.000 IU per 2-3 cm2 of skin. 

Despite inducing massive gene expression, the so-called IFNα signature, in situ (29, 

53), another very important response is the mobilization of Langerhans cells (LC) to 

leave the epidermis and migrate into draining lymph nodes, which is maximal at day 

3 in mice (52) (Figure 4a and b). 
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3) The increased appearance of LC from an area, where tumor cells reside, might 

lead to an increased presentation of tumor antigen in the draining lymph nodes and 

consequently an increased generation of tumor specific T cells. This has not been 

experimentally tested in a time resolved manner so far. In addition, imiquimod is also 

able to powerfully activate B cells, which then might also present antigen to T cells. A 

hallmark of this effect is the massive enlargement of spleens in mice treated with 

imidazoquinolines topically (52) or systemically (Figure 4c) (56). 

 

(4) The increased availability of tumor specific T cells in the peripheral blood together 

with the increased rolling of lymphocytes on TLR7 triggered endothelia (Figure 4d 

and e) (56) in the vicinity of the treated skin area will lead to a preferential infiltration 

and accumulation of tumoricidal effector cells (in case of BCC this will be mostly cells 

of the CD4 subtype (88)) in the treated skin area and ideally leads to an 

immunogenic destruction of the neoplasm, which can be detetcted by shrinkage or 

disappearance of the nodule (Figure 4a) (25, 27, 52). In addition, prolonged topical 

application of imiquimod might also directly lead to killing of melanoma cells, which 

increases the destruction of the tumor (Figure 4a) (81, 89). 

 

This scenario is partly supported by experimental data and the currently available 

clinical results are very promising. However, a number of issues have still to be 

clarified and the hope is high, that future studies making use of the now available 

methods such as intravital imaging and new reporter mice will help to elucidate the 

full complement of events following the impact of imidazoquinolines in the skin and 

the whole body. 
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Figure legends 

Figure 1: TLR structure, function and their ligands. All TLRs and interleukin-1 

receptor (IL-1Rs) family members have a conserved Toll/IL-1R (TIR) domain in their 

cytoplasmatic tails crucial for assembly of downstream signaling complexes. The 

extracellular domain of TLRs contain 19-25 tandem copies of leucine-rich repeat 

(LRR) motifs involved in ligand recognition, while IL-1Rs contain three 

immunoglobulin-like domains. The TLRs that are involved in the recognition of 

microbial products are displayed on the cell surface, while TLR7, TLR8 and TLR9, all 

of which are involved in the recognition of nucleic-acid-like structures, are localized 

intracellularly. MyD88 is an essential TIR domain-containing adaptor (TLR 5, 7, 8, 9 

and 10), for the induction of inflammatory cytokines via TLR. TIRAP is a second 

adaptor that specifically mediate the MyD88-dependent pathway via TLR2 and TLR4. 

The TIR domain-containing adaptor TRIF mediates the MyD88-independent TLR4 

and TLR3 signaling pathway.  

 

Figure 2: TLR signaling. Upon ligand binding TLRs form either homo- or 

heterodimeric receptor complexes and the TIR domain interacts with the adaptor 

protein MyD88 and the IL-1R-associated kinase (IRAK), which leads to activation of 

the adaptor molecule tumour-necrosis factor (TNF)-receptor-associated factor 6 

(TRAF6). Subsequently, TRAF6 mediates the activation of the inhibitor of NF-κB 

(IκB) kinase (IKK), thereby initiating liberation of nuclear factor-κB (NF-κB), which 

then translocate into the nucleus and activate NF-κB-dependent inflammatory 

cytokine gene transcription. In contrast, MyD88-independent pathways activate the 

interferon-regulatory factor 3 (IRF3) and involves the late phase of NF-κB activation, 

together leading to the production of type I interferons (IFN-α). 
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Figure 3: Histology and Immunohistochemistry. Histopathologic findings of a 

nodular BCC after 2 weeks of 5 % imiquimod cream (3×/week); a dense, diffuse 

interstitial, inflammatory infiltrate is present in the dermis, mainly composed of 

lymphocytes (hematoxylin-eosin, original magnification ×50) (a). Solar keratosis after 

successful treatment (3×/week imiquimod for 6 weeks): thickened papillary dermis 

with fibrosis, ectatic blood vessels and signs of lichenoid interface-dermatitis 

(hematoxylin-eosin, original magnification ×200) (b). Deposits of amyloid in the 

papillary dermis are visualized by Congo red staining (Bowen’s disease, 6 weeks of 

treatment) (original magnification ×200) (c). Immunohistolologic investigation shows 

predominance of CD4+ lymphocytes and a few CD8+ lymphocytes (d and e) 

(immunoperoxidase, original magnification ×50, ×100, respectively).  

 

Figure 4: Cellular interactions following topical treatment with imiquimod. The 

TLR7/8 specific ligand imiquimod promotes an initial low amount of pro-inflammatory 

cytokine secretion by macrophages and dermal DC’s, thereby attracting an 

increasing number type I IFN producing pDC from the blood (a and e). In response to 

proinflammatory cytokines Langerhans cells (LC) leave the epidermis and migrate 

into draining lymph nodes, leading to an increased presentation of tumor antigen in 

the draining lymph node, and consequently an increased generation of tumor specific 

T cells (a, b, and c). B cells are activated directly to form antibody secreting plasma 

cells. The increased availability of tumor specific T cells in the peripheral blood 

together with the increased rolling of lymphocytes on TLR7 triggered endothelia in 

the vicinity of the treated skin area will lead to a preferential infiltration and 

accumulation of tumoricidal effector cells in the treated skin area (d and e). 

 19



References  

 1.  Krogsgaard M, Davis MM. How T cells 'see' antigen. Nat Immunol 2005; 6: 239. 

 2.  Donnarumma G, Paoletti I, Buommino E, Tufano MA, Baroni A. α-MSH reduces the 

internalization of Staphylococcus aureus and down-regulates HSP 70, integrins and cytokine 

expression in human keratinocyte cell lines. Exp Dermatol 2004; 13: 748. 

 3.  Maurer M, Metz M. The status quo and quo vadis of mast cells. Exp Dermatol 2005; 14: 923. 

 4.  Elias PM, Choi EH. Interactions among stratum corneum defensive functions. Exp Dermatol 

2005; 14: 719. 

 5.  Janeway CA, Jr., Medzhitov R. Innate immune recognition. Annu Rev Immunol 2002; 20: 197. 

 6.  Edwards L, Ferenczy A, Eron L, Baker D, Owens ML, Fox TL, Hougham AJ, Schmitt KA. Self-

administered topical 5% imiquimod cream for external anogenital warts. HPV Study Group. 

Human PapillomaVirus. Arch Dermatol 1998; 134: 25. 

 7.  Beutner KR, Geisse JK, Helman D, Fox TL, Ginkel A, Owens ML. Therapeutic response of 

basal cell carcinoma to the immune response modifier imiquimod 5% cream. J Am Acad 

Dermatol 1999; 41: 1002. 

 8.  Hashimoto C, Hudson KL, Anderson KV. The Toll gene of Drosophila, required for dorsal-

ventral embryonic polarity, appears to encode a transmembrane protein. Cell 1988; 52: 269. 

 9.  Lemaitre B, Nicolas E, Michaut L, Reichhart JM, Hoffmann JA. The dorsoventral regulatory 

gene cassette spatzle/Toll/cactus controls the potent antifungal response in Drosophila adults. 

Cell 1996; 86: 973. 

 10.  Medzhitov R, Preston-Hurlburt P, Kopp E, Stadlen A, Chen C, Ghosh S, Janeway CA, Jr. 

MyD88 is an adaptor protein in the hToll/IL-1 receptor family signaling pathways. Mol Cell 

1998; 2: 253. 

 20



 11.  Heil F, Ahmad-Nejad P, Hemmi H, Hochrein H, Ampenberger F, Gellert T, Dietrich H, Lipford 

G, Takeda K, Akira S, Wagner H, Bauer S. The Toll-like receptor 7 (TLR7)-specific stimulus 

loxoribine uncovers a strong relationship within the TLR7, 8 and 9 subfamily. Eur J Immunol 

2003; 33: 2987. 

 12.  Latz E, Schoenemeyer A, Visintin A, Fitzgerald KA, Monks BG, Knetter CF, Lien E, Nilsen NJ, 

Espevik T, Golenbock DT. TLR9 signals after translocating from the ER to CpG DNA in the 

lysosome. Nat Immunol 2004; 5: 190. 

 13.  Cao Z, Xiong J, Takeuchi M, Kurama T, Goeddel DV. TRAF6 is a signal transducer for 

interleukin-1. Nature 1996; 383: 443. 

 14.  Courtois G. NF-κB in skin homeostasis. Exp Dermatol 2005; 14: 781. 

 15.  Weil R, Israel A. T-cell-receptor- and B-cell-receptor-mediated activation of NF-kappaB in 

lymphocytes. Curr Opin Immunol 2004; 16: 374. 

 16.  Kawai T, Adachi O, Ogawa T, Takeda K, Akira S. Unresponsiveness of MyD88-deficient mice 

to endotoxin. Immunity 1999; 11: 115. 

 17.  Kaisho T, Takeuchi O, Kawai T, Hoshino K, Akira S. Endotoxin-induced maturation of MyD88-

deficient dendritic cells. J Immunol 2001; 166: 5688. 

 18.  Kobayashi K, Hernandez LD, Galan JE, Janeway CA, Jr., Medzhitov R, Flavell RA. IRAK-M is 

a negative regulator of Toll-like receptor signaling. Cell 2002; 110: 191. 

 19.  Kinjyo I, Hanada T, Inagaki-Ohara K, Mori H, Aki D, Ohishi M, Yoshida H, Kubo M, Yoshimura 

A. SOCS1/JAB is a negative regulator of LPS-induced macrophage activation. Immunity 2002; 

17: 583. 

 20.  Ilangumaran S, Ramanathan S, Rottapel R. Regulation of the immune system by SOCS family 

adaptor proteins. Semin Immunol 2004; 16: 351. 

 21



 21.  Yoshimura A, Ohishi HM, Aki D, Hanada T. Regulation of TLR signaling and inflammation by 

SOCS family proteins. J Leukoc Biol 2004; 75: 422. 

 22.  Harrison CJ, Jenski L, Voychehovski T, Bernstein DI. Modification of immunological responses 

and clinical disease during topical R-837 treatment of genital HSV-2 infection. Antiviral Res 

1988; 10: 209. 

 23.  Harrison CJ, Miller RL, Bernstein DI. Posttherapy suppression of genital herpes simplex virus 

(HSV) recurrences and enhancement of HSV-specific T-cell memory by imiquimod in guinea 

pigs. Antimicrob Agents Chemother 1994; 38: 2059. 

 24.  Chen M, Griffith BP, Lucia HL, Hsiung GD. Efficacy of S26308 against guinea pig 

cytomegalovirus infection. Antimicrob Agents Chemother 1988; 32: 678. 

 25.  Steinmann A, Funk JO, Schuler G, von den DP. Topical imiquimod treatment of a cutaneous 

melanoma metastasis. J Am Acad Dermatol 2000; 43: 555. 

 26.  Sidky YA, Borden EC, Weeks CE, Reiter MJ, Hatcher JF, Bryan GT. Inhibition of murine tumor 

growth by an interferon-inducing imidazoquinolinamine. Cancer Res 1992; 52: 3528. 

 27.  Naylor M. Imiquimod and superficial skin cancers. J Drugs Dermatol 2005; 4: 598. 

 28.  McInturff JE, Modlin RL, Kim J. The role of toll-like receptors in the pathogenesis and 

treatment of dermatological disease. J Invest Dermatol 2005; 125: 1. 

 29.  Lysa B, Tartler U, Wolf R, Arenberger P, Benninghoff B, Ruzicka T, Hengge UR, Walz M. 

Gene expression in actinic keratoses: pharmacological modulation by imiquimod. Br J 

Dermatol 2004; 151: 1150. 

 30.  Bos JD, Meinardi MM. The 500 Dalton rule for the skin penetration of chemical compounds 

and drugs. Exp Dermatol 2000; 9: 165. 

 22



 31.  Imbertson LM, Beaurline JM, Couture AM, Gibson SJ, Smith RM, Miller RL, Reiter MJ, 

Wagner TL, Tomai MA. Cytokine induction in hairless mouse and rat skin after topical 

application of the immune response modifiers imiquimod and S-28463. J Invest Dermatol 

1998; 110: 734. 

 32.  Hengge UR, Ruzicka T. Topical immunomodulation in dermatology: potential of toll-like 

receptor agonists. Dermatol Surg 2004; 30: 1101. 

 33.  Gibson SJ, Imbertson LM, Wagner TL, Testerman TL, Reiter MJ, Miller RL, Tomai MA. 

Cellular requirements for cytokine production in response to the immunomodulators imiquimod 

and S-27609. J Interferon Cytokine Res 1995; 15: 537. 

 34.  Megyeri K, Au WC, Rosztoczy I, Raj NB, Miller RL, Tomai MA, Pitha PM. Stimulation of 

interferon and cytokine gene expression by imiquimod and stimulation by Sendai virus utilize 

similar signal transduction pathways. Mol Cell Biol 1995; 15: 2207. 

 35.  Tomai MA, Gibson SJ, Imbertson LM, Miller RL, Myhre PE, Reiter MJ, Wagner TL, Tamulinas 

CB, Beaurline JM, Gerster JF, . Immunomodulating and antiviral activities of the 

imidazoquinoline S-28463. Antiviral Res 1995; 28: 253. 

 36.  Testerman TL, Gerster JF, Imbertson LM, Reiter MJ, Miller RL, Gibson SJ, Wagner TL, Tomai 

MA. Cytokine induction by the immunomodulators imiquimod and S-27609. J Leukoc Biol 

1995; 58: 365. 

 37.  Wagner TL, Horton VL, Carlson GL, Myhre PE, Gibson SJ, Imbertson LM, Tomai MA. 

Induction of cytokines in cynomolgus monkeys by the immune response modifiers, imiquimod, 

S-27609 and S-28463. Cytokine 1997; 9: 837. 

 38.  Weeks CE, Gibson SJ. Induction of interferon and other cytokines by imiquimod and its 

hydroxylated metabolite R-842 in human blood cells in vitro. J Interferon Res 1994; 14: 81. 

 23



 39.  Gorden KB, Gorski KS, Gibson SJ, Kedl RM, Kieper WC, Qiu X, Tomai MA, Alkan SS, 

Vasilakos JP. Synthetic TLR agonists reveal functional differences between human TLR7 and 

TLR8. J Immunol 2005; 174: 1259. 

 40.  Kono T, Kondo S, Pastore S, Shivji GM, Tomai MA, McKenzie RC, Sauder DN. Effects of a 

novel topical immunomodulator, imiquimod, on keratinocyte cytokine gene expression. 

Lymphokine Cytokine Res 1994; 13: 71. 

 41.  Kollisch G, Kalali BN, Voelcker V, Wallich R, Behrendt H, Ring J, Bauer S, Jakob T, Mempel 

M, Ollert M. Various members of the Toll-like receptor family contribute to the innate immune 

response of human epidermal keratinocytes. Immunology 2005; 114: 531. 

 42.  Shortman K, Liu YJ. Mouse and human dendritic cell subtypes. Nat Rev Immunol 2002; 2: 

151. 

 43.  Colonna M, Trinchieri G, Liu YJ. Plasmacytoid dendritic cells in immunity. Nat Immunol 2004; 

5: 1219. 

 44.  Barchet W, Cella M, Colonna M. Plasmacytoid dendritic cells--virus experts of innate 

immunity. Semin Immunol 2005; 17: 253. 

 45.  Cella M, Jarrossay D, Facchetti F, Alebardi O, Nakajima H, Lanzavecchia A, Colonna M. 

Plasmacytoid monocytes migrate to inflamed lymph nodes and produce large amounts of type 

I interferon. Nat Med 1999; 5: 919. 

 46.  Kadowaki N, Ho S, Antonenko S, Malefyt RW, Kastelein RA, Bazan F, Liu YJ. Subsets of 

human dendritic cell precursors express different toll-like receptors and respond to different 

microbial antigens. J Exp Med 2001; 194: 863. 

 47.  Nakano H, Yanagita M, Gunn MD. CD11c(+)B220(+)Gr-1(+) cells in mouse lymph nodes and 

spleen display characteristics of plasmacytoid dendritic cells. J Exp Med 2001; 194: 1171. 

 24



 48.  Gibson SJ, Lindh JM, Riter TR, Gleason RM, Rogers LM, Fuller AE, Oesterich JL, Gorden KB, 

Qiu X, McKane SW, Noelle RJ, Miller RL, Kedl RM, Fitzgerald-Bocarsly P, Tomai MA, 

Vasilakos JP. Plasmacytoid dendritic cells produce cytokines and mature in response to the 

TLR7 agonists, imiquimod and resiquimod. Cell Immunol 2002; 218: 74. 

 49.  Diebold SS, Kaisho T, Hemmi H, Akira S, Reis e Sousa. Innate antiviral responses by means 

of TLR7-mediated recognition of single-stranded RNA. Science 2004; 303: 1529. 

 50.  Liu YJ. IPC: professional type 1 interferon-producing cells and plasmacytoid dendritic cell 

precursors. Annu Rev Immunol 2005; 23: 275. 

 51.  Hemmi H, Kaisho T, Takeuchi O, Sato S, Sanjo H, Hoshino K, Horiuchi T, Tomizawa H, 

Takeda K, Akira S. Small anti-viral compounds activate immune cells via the TLR7 MyD88-

dependent signaling pathway. Nat Immunol 2002; 3: 196. 

 52.  Palamara F, Meindl S, Holcmann M, Luhrs P, Stingl G, Sibilia M. Identification and 

characterization of pDC-like cells in normal mouse skin and melanomas treated with 

imiquimod. J Immunol 2004; 173: 3051. 

 53.  Urosevic M, Dummer R, Conrad C, Beyeler M, Laine E, Burg G, Gilliet M. Disease-

independent skin recruitment and activation of plasmacytoid predendritic cells following 

imiquimod treatment. J Natl Cancer Inst 2005; 97: 1143. 

 54.  Burns RP, Jr., Ferbel B, Tomai M, Miller R, Gaspari AA. The imidazoquinolines, imiquimod 

and R-848, induce functional, but not phenotypic, maturation of human epidermal Langerhans' 

cells. Clin Immunol 2000; 94: 13. 

 55.  Suzuki H, Wang B, Shivji GM, Toto P, Amerio P, Tomai MA, Miller RL, Sauder DN. Imiquimod, 

a topical immune response modifier, induces migration of Langerhans cells. J Invest Dermatol 

2000; 114: 135. 

 56.  Gunzer M, Riemann H, Basoglu Y, Hillmer A, Weishaupt C, Balkow S, Benninghoff B, Ernst B, 

Steinert M, Scholzen T, Sunderkötter C, Grabbe S. Systemic administration of a TLR7 ligand 

 25



leads to transient immune incompetence due to peripheral-blood leukocyte depletion. Blood 

2005; 106: 2424. 

 57.  Vidal D, Matias-Guiu X, Alomar A. Efficacy of imiquimod for the expression of Bcl-2, Ki67, p53 

and basal cell carcinoma apoptosis. Br J Dermatol 2004; 151: 656. 

 58.  Geisse J, Caro I, Lindholm J, Golitz L, Stampone P, Owens M. Imiquimod 5% cream for the 

treatment of superficial basal cell carcinoma: results from two phase III, randomized, vehicle-

controlled studies. J Am Acad Dermatol 2004; 50: 722. 

 59.  Korman N, Moy R, Ling M, Matheson R, Smith S, McKane S, Lee JH. Dosing with 5% 

imiquimod cream 3 times per week for the treatment of actinic keratosis: results of two phase 

3, randomized, double-blind, parallel-group, vehicle-controlled trials. Arch Dermatol 2005; 141: 

467. 

 60.  Levy O, Zarember KA, Roy RM, Cywes C, Godowski PJ, Wessels MR. Selective impairment 

of TLR-mediated innate immunity in human newborns: neonatal blood plasma reduces 

monocyte TNF-alpha induction by bacterial lipopeptides, lipopolysaccharide, and imiquimod, 

but preserves the response to R-848. J Immunol 2004; 173: 4627. 

 61.  Ahonen CL, Gibson SJ, Smith RM, Pederson LK, Lindh JM, Tomai MA, Vasilakos JP. 

Dendritic cell maturation and subsequent enhanced T-cell stimulation induced with the novel 

synthetic immune response modifier R-848. Cell Immunol 1999; 197: 62. 

 62.  Fogel M, Long JA, Thompson PJ, Upham JW. Dendritic cell maturation and IL-12 synthesis 

induced by the synthetic immune-response modifier S-28463. J Leukoc Biol 2002; 72: 932. 

 63.  Napolitani G, Rinaldi A, Bertoni F, Sallusto F, Lanzavecchia A. Selected Toll-like receptor 

agonist combinations synergistically trigger a T helper type 1-polarizing program in dendritic 

cells. Nat Immunol 2005; 6: 769. 

 26



 64.  Ahonen CL, Doxsee CL, McGurran SM, Riter TR, Wade WF, Barth RJ, Vasilakos JP, Noelle 

RJ, Kedl RM. Combined TLR and CD40 triggering induces potent CD8+ T cell expansion with 

variable dependence on type I IFN. J Exp Med 2004; 199: 775. 

 65.  Wagner TL, Ahonen CL, Couture AM, Gibson SJ, Miller RL, Smith RM, Reiter MJ, Vasilakos 

JP, Tomai MA. Modulation of TH1 and TH2 cytokine production with the immune response 

modifiers, R-848 and imiquimod. Cell Immunol 1999; 191: 10. 

 66.  Caron G, Duluc D, Fremaux I, Jeannin P, David C, Gascan H, Delneste Y. Direct stimulation 

of human T cells via TLR5 and TLR7/8: flagellin and R-848 up-regulate proliferation and IFN-

gamma production by memory CD4+ T cells. J Immunol 2005; 175: 1551. 

 67.  Tousignant JD, Zhao H, Yew NS, Cheng SH, Eastman SJ, Scheule RK. DNA sequences in 

cationic lipid:pDNA-mediated systemic toxicities. Hum Gene Ther 2003; 14: 203. 

 68.  Tomai MA, Imbertson LM, Stanczak TL, Tygrett LT, Waldschmidt TJ. The immune response 

modifiers imiquimod and R-848 are potent activators of B lymphocytes. Cell Immunol 2000; 

203: 55. 

 69.  Soulas P, Woods A, Jaulhac B, Knapp AM, Pasquali JL, Martin T, Korganow AS. Autoantigen, 

innate immunity, and T cells cooperate to break B cell tolerance during bacterial infection. J 

Clin Invest 2005; 115: 2257. 

 70.  Bernasconi NL, Traggiai E, Lanzavecchia A. Maintenance of serological memory by polyclonal 

activation of human memory B cells. Science 2002; 298: 2199. 

 71.  Hornung V, Rothenfusser S, Britsch S, Krug A, Jahrsdorfer B, Giese T, Endres S, Hartmann 

G. Quantitative expression of toll-like receptor 1-10 mRNA in cellular subsets of human 

peripheral blood mononuclear cells and sensitivity to CpG oligodeoxynucleotides. J Immunol 

2002; 168: 4531. 

 27



 72.  Bishop GA, Ramirez LM, Baccam M, Busch LK, Pederson LK, Tomai MA. The immune 

response modifier resiquimod mimics CD40-induced B cell activation. Cell Immunol 2001; 

208: 9. 

 73.  Bishop GA, Hsing Y, Hostager BS, Jalukar SV, Ramirez LM, Tomai MA. Molecular 

mechanisms of B lymphocyte activation by the immune response modifier R-848. J Immunol 

2000; 165: 5552. 

 74.  Bekeredjian-Ding IB, Wagner M, Hornung V, Giese T, Schnurr M, Endres S, Hartmann G. 

Plasmacytoid dendritic cells control TLR7 sensitivity of naive B cells via type I IFN. J Immunol 

2005; 174: 4043. 

 75.  Vasilakos JP, Smith RM, Gibson SJ, Lindh JM, Pederson LK, Reiter MJ, Smith MH, Tomai 

MA. Adjuvant activities of immune response modifier R-848: comparison with CpG ODN. Cell 

Immunol 2000; 204: 64. 

 76.  Frotscher B, Anton K, Worm M. Inhibition of IgE production by the imidazoquinoline 

resiquimod in nonallergic and allergic donors. J Invest Dermatol 2002; 119: 1059. 

 77.  McArthur JC, Brew BJ, Nath A. Neurological complications of HIV infection. Lancet Neurol 

2005; 4: 543. 

 78.  Studahl M. Influenza virus and CNS manifestations. J Clin Virol 2003; 28: 225. 

 79.  Zhang Z, Trautmann K, Schluesener HJ. Microglia activation in rat spinal cord by systemic 

injection of TLR3 and TLR7/8 agonists. J Neuroimmunol 2005; 164: 154. 

 80.  Schön MP, Wienrich BG, Drewniok C, Bong AB, Eberle J, Geilen CC, Gollnick H, Schön M. 

Death receptor-independent apoptosis in malignant melanoma induced by the small-molecule 

immune response modifier imiquimod. J Invest Dermatol 2004; 122: 1266. 

 28



 81.  Schön M, Bong AB, Drewniok C, Herz J, Geilen CC, Reifenberger J, Benninghoff B, Slade 

HB, Gollnick H, Schön MP. Tumor-selective induction of apoptosis and the small-molecule 

immune response modifier imiquimod. J Natl Cancer Inst 2003; 95: 1138. 

 82.  Barnetson RS, Satchell A, Zhuang L, Slade HB, Halliday GM. Imiquimod induced regression 

of clinically diagnosed superficial basal cell carcinoma is associated with early infiltration by 

CD4 T cells and dendritic cells. Clin Exp Dermatol 2004; 29: 639. 

 83.  Wolf IH, Cerroni L, Kodama K, Kerl H. Treatment of lentigo maligna (melanoma in situ) with 

the immune response modifier imiquimod. Arch Dermatol 2005; 141: 510. 

 84.  Borucki U, Metze D. Topical treatment of lentigo maligna melanoma with imiquimod 5% 

cream. Dermatology 2003; 207: 326. 

 85.  Urosevic M, Maier T, Benninghoff B, Slade H, Burg G, Dummer R. Mechanisms underlying 

imiquimod-induced regression of basal cell carcinoma in vivo. Arch Dermatol 2003; 139: 1325. 

 86.  Gunzer M, Grabbe S. Dendritic cells in cancer immunotherapy. Crit Rev Immunol 2001; 21: 

133. 

 87.  Gunzer M, Janich S, Varga G, Grabbe S. Dendritic cells and tumor immunity. Semin Immunol 

2001; 13: 291. 

 88.  Halliday GM, Patel A, Hunt MJ, Tefany FJ, Barnetson RS. Spontaneous regression of human 

melanoma/nonmelanoma skin cancer: association with infiltrating CD4+ T cells. World J Surg 

1995; 19: 352. 

 89.  Schön MP, Schön M. Immune modulation and apoptosis induction: two sides of the 

antitumoral activity of imiquimod. Apoptosis 2004; 9: 291. 

 

 

 

 29


	Schiller_Deckbl.pdf
	Schiller et al.pdf

