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Abstract 
 

 

Recent studies have uncovered the pivotal role of locally produced complement in shaping the 

adaptive immune responses and in modulating tissue damage in peripheral organs. However, 

the function played by complement during skin inflammation remains poorly understood. To 

investigate this, I used a model of psoriasis induced by the topical application of TLR-7 agonist 

5% Imiquimod cream (IMQ). In the absence of C3, psoriatic clinical features were significantly 

attenuated, consistently with a contracted skin neutrophil infiltrate and production of IL-17 by 

 T cells. In the skin of WT IMQ-treated animals, C3 was present only in the dermis, 

suggesting that C3 may act in this model as a mediator of the cross-talk between stromal cells 

and the innate-adaptive immune response. Guided by these observations, I then explored 

whether the different local inflammatory response observed in C3-/- mice translated also in 

altered systemic inflammation in a model of autoimmunity induced by long-term topical 

application of IMQ.  I found that IMQ generated only a mild autoimmune response, and this 

was not influenced by the lack of C3. While IMQ failed to trigger an overt autoimmune 

response, the prolonged topical stimulation of TLR7 with R848 led to a striking monocytosis 

and to systemic lupus erythematosus (SLE)-features. These effects were unique to the topical 

application of R848 and were not influenced by the lack of C3 or C1q. Topical R848 induced 

a rapid enhancement of the bone marrow myelopoiesis. The monocytosis occurred 

independently of IFN-, IL-1, CX3CR1 and CCR2, two crucial receptors involved in monocyte 

trafficking and homeostasis. My findings suggest a novel role for cutaneous TLR7 activation 

in promoting systemic immune changes. As viral ssRNA and endogenous nucleic acids 

represent TLR7 ligands, this model recapitulates SLE exacerbations induced by viral agents or 

excessive apoptosis in the skin secondary to UV-exposure. 
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1. Introduction 
 

 

1.1. Complement  

1.1.1. Complement system overview: structure and biology 

The complement system is a cascade of proteins defending the organism against pathogens. It 

was first identified as a heat-labile reagent in serum that “complemented” antibodies in the 

killing of bacteria1
.  Over the past decades a large body of research has identified more than 30 

proteins, circulating or surface-bound, and broadened the understanding of complement 

functions. Complement is now recognised as a network of soluble and membrane-bound 

molecules bridging innate and adaptive immunity2,3,4.   

Complement is activated by three pathways: classical, alternative and lectin pathway, as 

illustrated in figure 1. All pathways converge on generation of the enzymatic complex called 

C3–convertase, which is responsible for the proteolysis of C3 into biologically active 

fragments: C3a and C3b. From this step onwards the three pathways follow a common 

sequence of reactions, with the generation of C5-convertase and the activation of the late 

components of the complement system, which culminates in the formation of the membrane 

attach complex (MAC). In order to protect self-tissues from unintended complement-mediated 

injury, mammalian cells use a group of soluble and membrane-bound proteins that compose an 

efficient complement regulatory system 1,5,3 . 
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Figure 1-1Complement activation pathways 

Schematic outline of complement activation pathways.  All pathways converge on the 

generation of the C3-convertase that cleaves C3 into C3a and C3b. The pathways follow the 

same steps from this point onward, and culminate in the generation of C5-convertase and of 

MAC. Of note, complement can be activated also by ‘extrinsic’ proteases, in particular by 

coagulation cascade components thrombin and plasmin. Figure from Ricklin at al3. Reproduced 

with permission (licence number 4185430722728). 

 

The classical pathway is mainly activated by immune-complexes formed by IgG or IgM  bound 

to the cognate antigen. It is initiated by the binding of C1-complex to the CH2 domains of IgG 

or the CH3 domains of IgM. The C1-complex is composed by three subunits: C1q, which binds 

to the antibody, C1r and C1s that are serine proteases. The binding of C1q to the Fc regions of 

the antibodies leads to the activation of C1r, which cleaves and activates C1s. Activated C1s 

cleaves the next protein in the cascade C4, into C4a and C4b. C4b binds to cell surface or to 

immune-complex. The attachment of C4b to cell surface ensures that complement activation 

can proceed. The next complement protein is C2: it binds to cell surface-attached C4b and is 
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cleaved into C2a and C2b. C2a remains associated with C4b, and the complex C4b2a is termed 

classical pathway C3 convertase. C3 is cleaved into C3a and C3b and C3b binds to the complex 

C4b2a, to form the classical pathway C5 convertase: C4b2aC3b. The C5 is cleaved and the late 

steps of complement activation are initiated. Recent evidence has revealed that C1q can also 

detect and be activated by microorganisms, a feature that would enhance its ability to defeat 

pathogen invasion 6,7.  

 

The alternative pathway is activated by direct hydrolysis of C3 in the absence of a trigger. 

Proteins of this pathway are called factors, followed by a letter (such as B, D). C3 is 

continuously activated in the plasma at low rate, generating C3(H2O) in a process known as 

C3 tickover. C3(H2O) is recognised by factor B. Bound factor B is then cleaved by a plasma 

serine protease called factor D into Ba and Bb. The latter fragment remains attached to C3b 

and the complex C3bBb is named as alternative pathway C3 convertase. This complex cleaves 

more C3 molecules setting up an amplification mechanism. C3b generated binds to the C3 

convertase complex itself and the new C3bBbC3b so formed is called alternative pathway C5 

convertase and will cleave C5 triggering the formation of MAC 4,7. Of note, this pathway plays 

a crucial role as an amplification loop of the complement cascade, regardless of the initial 

trigger, and contributes most to the overall complement response8,9.  

 

In the lectin pathway the activation is triggered by the binding of lectins, ficolins and collectin 

11 to components of microbial walls. Lectins, ficolins and collectin 11 are associated in 

circulation with serine proteases called mannose-binding protein-associated serine protease 2 

(MASPs). These complexes resemble C1-complex and the subsequent steps are identical to the 

ones occurring in the classical pathway7.  

 

In order to prevent unintended injury to host cells, a set of plasma proteins (factor H, factor I, 

C4BP, C1 inhibitor) and cell-bound regulators (DAF, CR1, CD59, MCP, and CRIg)10 limit 

complement activation at critical stages7
. The proteolytic activity of C1r and C1s is inhibited 

by the C1 inhibitor (C1 INH). The assembly of C3 and C5 convertases is limited by the binding 

of regulatory proteins to C3b and C4b deposited on host cells. C3b can be bound by several 

membrane-bound protein (e.g. membrane cofactor protein: MCP; type 1 complement receptor: 
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CR1; decay-accelerating factor: DAF) and the plasma protein factor H (this inhibits the binding 

of Bb to C3b, limiting the alternative pathway activation). Similarly C4b deposited on cell 

surface is bound by DAF, CR1 and C4-binding protein C4BP11
. These molecules are expressed 

by mammalian cells and not by pathogens, and therefore complement activity is inhibited on 

host cells and not on microbes. Furthermore, the formation of MAC is hindered by a 

membrane-bound protein called CD59, which incorporates itself in the MAC complex, 

inhibiting its formation12. 

 

1.1.2. Complement functions 

Although traditionally known as the first line of defence against pathogens, complement is an 

intricate and evolutionary maintained protein cascade that has been more recently shown to 

cover a multifaceted role within the immune system. Over the past few decades a growing body 

of literature has demonstrated that, along with facilitating the elimination of pathogens, 

complement supports the development of adaptive immunity and also acts as a broader 

modulator of homeostasis and immune surveillance3,4,13.  Complement exerts its multiple 

functions by interfacing with several immune cells. As an effector arm of innate immunity, 

complement is responsible for promoting the opsonisation and phagocytosis of microbes, the 

lysis of pathogens through the MAC and the disposal of immune complexes (ICs) and/or dying 

cells4,7. At the interface with adaptive immunity, antibody response is enhanced by the binding 

of complement fragments to B cell receptors, whereas T cell responses have been shown to be 

finely regulated. Furthermore, proteolytic fragments C3a and C5a (anaphylatoxins), formed 

following complement activation, have been described to have potent pro-inflammatory and 

immunomodulating properties.  

 

1.1.2.1. Host defence 

Phagocytosis of pathogens and chemotaxis are orchestrated by complement to defend the 

organism against microbes and trigger inflammation. The pathogen surface on which 

complement is activated is coated with C3 cleavage products (C3b, iC3b and C3dg) and these 

can act as ligands for complement receptors expressed on phagocytic cells1. Several 

complement receptors have been described in the literature: CR1, CR2, CR3, CR4 and CRIg. 

CR1 is expressed on red cells, neutrophils and macrophages and binds C3b and C4b; it plays a 

major role in immune complex clearance. CR2 is mainly expressed on B cells and binds mainly 
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C3dg, enhancing B cell response. C3R and C4R are mostly present on macrophages and 

primarily recognize iC3b, promoting thus phagocytosis and adhesion to the extracellular 

matrix3. CRIg is a more recently identified complement receptor of the immunoglobulin 

superfamily, expressed on a subset of tissue resident macrophages (e.g. Kupffer cells, 

interstitial macrophages in the heart, synovial macrophages in the joint and foam cells in 

atherosclerotic plaques). CRIg binds C3b and mediates efficient pathogen clearance without 

inducing an inflammatory response14,15. 

 

 

1.1.2.2. Clearance of immune complexes and apoptotic cells  

This is another crucial complement role. Immune complexes formed after an immune response 

can be harmful for the host if they deposit in the tissue and lead to inflammation. Complement 

activation on Ig molecules can sterically block the Fc-Fc interaction among the antibodies, thus 

helping the disposal of immune complexes and avoiding antibody aggregation. Apoptotic cells 

are a potential source of auto-antigens and their efficient disposal is fundamental to prevent 

inflammation and autoimmunity16
. C1q, MBL and other collectins bind to apoptotic cells and 

promote their ingestion by phagocytes through several mechanisms13, C1q achieves this by 

binding the apoptotic cells with its globular head and the respective phagocyte receptor with 

its tail14,17. In addition, binding of C1q to natural IgM, promotes further apoptotic cell 

clearance18.   

 

1.1.2.3. Cross talks with innate and adaptive immune systems 

 B cells. Proof of the interaction of complement with adaptive immunity was the demonstration 

of the binding of C3b to circulating lymphocytes and follicular dendritic cells (FDCs) within 

lymphoid follicles19
. These findings, combined with the evidence that C3 deficiency leads to 

an impaired antibody response, indicated that the complement system was involved in humoral 

adaptive immunity2. Complement stimulates B cell responses via complement receptors CR2 

(CD21) and CR1 (CD35)2
. FDCs also have a high expression of CD21 and CD35, and another 

key mechanism by which complement enhances B cell immunity is by retention of C3-coated 

immune complexes by FDCs within lymphoid follicles2. 
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T cells. There is an emerging literature indicating that complement plays a central role in 

modulating T-cell responses, their polarisation and initiation20. It was shown that during the 

cognate T-cell-antigen presenting cell (APC) interaction, both cell types produce alternative 

pathway components (e.g. C3, factor B, and factor D) and downregulate DAF expression on 

cell surface. The resultant C3a and C5a breakdown products would bind C3aR and C5aR 

expressed on both cells, augmenting the strength of the T cell response and inducing T cell 

proliferation, while diminishing T cell apoptosis21 (figure 4). Although these findings were 

supported by various experimental models in C3aR- and C5aR-deficient mice21,22, the inability 

to identify C5aR1 on T cells in C5aR-GFP reporter mice23 suggests that further investigations 

are needed to define the role of these receptors on T cells. Complement receptor CD46 has also 

been identified as a potential molecule involved in shaping the T cell response24. C3 produced 

by activated T cells, after being cleaved to C3b, induces a Th1 response via Notch signalling 

pathway24. These observations are supported by the evidence of a hampered Th1 response in 

patients with CD46 or C3 deficiencies25. On the other hand the effects of complement on the 

Th17 population remain controversial. Indeed, different groups have demonstrated that C5a 

signalling drives Th17 expansion in vivo and in vitro, promoting Th17-dependent autoimmune 

diseases, such as autoimmune arthritis and autoimmune encephalitis26,27
. In addition, C5a was 

described to enhance IL-17 production by  Tcells  in a model of sepsis in mice, and it was 

suggested that this event was mediated by DC28. However, in one study, C5aR-deficient DCs 

have been shown to significantly enhance the Th17 population compared to the wild type DC29. 

Furthermore, a link between complement and the induction of regulatory T cells (Tregs) has 

also been reported 30,31
.Activation of human CD4+ T cell by crossing linking CD3 and CD46 

induced the development of T regulatory1 (Tr1). These cells inhibited the proliferation of 

bystander CD4+ T cells through secretion of high levels of IL-1031. 

 

Macrophages and DCs. In line with the multifaceted roles of complement, different 

complement fragments can affect the behaviour of antigen presenting cells like macrophages 

and DCs. For example, C1q and iC3b activate macrophages to clear debris and/or apoptotic 

cells and macrophage stimulation by C3a and C5a induces a pro-inflammatory phenotype with 

production of TNF, IL-1, inducible nitric oxide synthase (iNOS). As mentioned in the 

paragraph above, engagement of C3aR, C5aR or CD46 receptors on DCs elicits maturation and 

activation of the DCs22,32. On the other hand, engagement of complement receptor leucocyte-



21 

 

associated Ig-like receptor 1 (LAIR-1) by C1q has been shown to limit the differentiation of 

monocytes towards DC, demonstrating that complement components may have different 

modulating effects on DC homeostasis33. 

 

 

Figure 1-2 T cell and antigen presenting cell (APC) schematic interaction 

T cell proliferation is stimulated during the cognate interaction between T cell and APC. 

Alternative pathway complement fragments are produced (C3, factor B, factor D) and the 

subsequent interaction of C3a and C5a fragments with their receptors C3aR and C5aR 

expressed on either T cells or APC augment the strength of the T cell response. Figure from 

Kwan et al34. Reproduced with permission (licence no. 4187610555814). 
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1.1.3. Complement and local immunomodulation 

Although the major source of complement is the liver, numerous studies have emphasised the 

pivotal role of locally produced complement in shaping adaptive immune responses and in 

mediating organ damage 22,35,36,37,38,39. In this context there is increasing evidence that not only 

immune cells, such as macrophages and dendritic cells, are able to produce complement 

components, in particular C3, but also other non-immune cells such as endothelial and stromal 

cells contribute to local complement synthesis.  

The local immunomodulative function of complement has been widely associated with C3a 

and C5a fragments. In the 1990 Ahrenstedt et al. were the first to demonstrate that complement 

fragments are locally secreted in the small intestine of patients affected by Crohn’s disease and 

this correlated to disease activity36. Subsequent studies have emphasised the role of local 

complement in animal models of kidney and heart allograft rejection35,40,37. Importantly, the 

organ damage was not only determined by direct complement injury, but also through 

enhancement of local T cell responses. Of interest, the main source of the pathogenic local 

complement was the resident epithelial and endothelial cells and not the infiltrating cells.  In 

2002 Pratt et al35 were the first to suggest the crucial role of locally synthesised C3 in the 

rejection of renal allografts. Mice transplanted with C3-/- kidneys were more protected from 

organ rejection than the animals transplanted with wild type (WT) kidneys, and the local 

damage was mediated by complement direct injury and enhancement of CD4+ T cell responses. 

Locally secreted C3 was later shown to play a role in cardiac allografts in mice37. Cardiac 

allografts from mice lacking the complement inhibitor Daf, transplanted into WT recipients, 

were rejected faster than the corresponding WT allografts because of a more pronounced T cell 

response, and in particular CD8+ T cells response37. Another relevant peripheral 

microenvironment where local complement plays a crucial role in local immunomodulation is 

the cancer niche.  Markiewski et al. demonstrated that locally generated C5a supported cervical 

tumour burden by attracting myeloid-derived suppressor cells (MDSCs) and subsequent  

suppression of CD8+ T cell functions41. Interestingly, it was later shown that C5a can exercise 

opposing effects in a cancer microenvironment according to the quantity present locally42. 

Furthermore, production of alternative complement pathway by liver stellate cells was 

demonstrated to be responsible for induction of MDSCs thus exerting a powerful 

immunosuppressive function, protective of transplanted islets43. Consistent with the notion that 

local complement production is critical, C4 bone marrow (BM) chimeric mice, lacking 

detectable C4 in circulation, had a normal antibody response, demonstrating that macrophages 
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derived from BM produced sufficient C4 protein to restore the humoral response in C4-

deficient animals44 . 

 

1.1.3.1. Complement and skin immunomodulation 

Local complement production in the skin has been reported in the literature.  Epithelial cells, 

such as the keratinocytes in the epidermis, are a potential source of C345,46. Also, human dermal 

mast cells were recently described to produce complement components47. However, the local 

role of complement under physiological and inflammatory conditions is poorly understood. 

Ultraviolet (UV) B exposure was noticed to activate C3 in the skin, resulting in the formation 

of C3b and C3d48, suggesting a homeostatic role of complement. In addition, C3 has been 

shown to promote UV-induced immune tolerance in a murine model of skin sensitisation with 

1-Fluoro-2,4-dinitrobenzene (DNFB)49. On the same line, in a model of allergic contact 

dermatitis induced by DNFB50, in vivo and in vitro data converged on the evidence that C3 

dampens the T-cell mediated immune response to a contact sensitizer. Interestingly, in other 

models of skin disease, C3 was described to have opposite effects and to boost the local pro-

inflammatory milieu.  In a skin-induced ovalbumin (OVA)-sensitisation model, splenocytes 

from C3-/- mice exhibited a reduced IL-4, IL-5, IL-13, and IFN- production, supporting the 

evidence that C3 promotes Th1 and Th2 responses51.  In the context of wound healing, C3 

seems to support the inflammatory response thanks to the generation of C5a/C5aR 

interactions52. The authors demonstrated that the enhanced inflammatory infiltrate present in 

complement-sufficient animals significantly hindered the process of wound healing.  

C5a/C5aR interactions have also been shown to play a crucial role in influencing the skin 

microbiome53. Both the composition of the skin microbiota and the type of cutaneous 

inflammatory infiltrate were determined by signalling through C5aR, highlighting a pivotal 

role for complement in skin defence.  Interestingly, in a mouse model of graft versus host 

disease (GvHD) C3 deficient animals displayed a significantly reduced mortality and morbidity 

(as shown by the GvHD scores in several tissues, including the skin), with IL-17 as the main 

mediator54.   

 

Over the past few years C1q has also been described to exhibit a crucial role in skin 

angiogenesis and neovascularisation. C1q produced locally by endothelial cells (EC) was 
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shown to promote neo-vessel formation via a mechanism that was independent from classical 

complement activation. Wound healing was also accelerated by C1q55. Similarly, non-BM 

derived C1q was shown to accelerate tumour growth and metastasis in a model of B16 

melanoma56 . In addition, following UV exposure in vivo, C1q was detected on sunburn cells, 

alongside with C3, suggesting a role for C1q in the physiological removal of these dying cells. 

In keeping with the observations in animal models, complement has been shown to have a role 

in the pathogenesis of many human skin diseases. Among the most commonly described, 

vasculitic skin lesions display the presence of C3 and IgG on the endothelial cells of dermal 

vessels. In addition, anti-neutrophil cytoplasmic antibodies (ANCA) have been shown to 

activate the alternative complement pathway, boosting the inflammatory response 57. Also, in 

bullous skin diseases several complement fragments have been identified in the cutaneous 

lesions. In pemphigus, the toxic role of MAC has been suggested by the  presence of  late 

fragments of the complement cascade in the lesions57,58. In dermatitis herpetiformis, a celiac 

disease-related condition, direct immunofluorescence of the lesions demonstrated the presence 

of IgA, C3 and IgM in the small vessels of the papillary dermis. Moreover, in patients with 

SLE, the presence of IgG and complement fragments deposits at the dermo-epidermal junction 

in non-lesional skin is among one of the diagnostic criteria for SLE. In skin samples of GvHD 

patients, C3 was found to be abundantly expressed in the squamous epithelium, dermis, blood 

vessels, and was linked to gland damage59. Local complement fragments, C3a and C5a, have 

been described in corneal scale extracts of psoriatic patients’ lesions60, and C5a, in particular,  

has been demonstrated to act as chemoattractant for monocyte-derived DCs61, indicating that 

complement might play a role in the  inflammatory process in this disease. Also, proteomic 

analysis of psoriatic skin revealed that complement C3 is among one of the 12 most upregulated 

proteins in the lesions of psoriatic patients. This finding was also confirmed by RNA analysis 

and immunostaining of lesional and non-lesional skin62. The author demonstrated that C3 

expression was upregulated by the S100A8-S100A9 protein complex, and that skin 

inflammation was significantly reduced in the absence of S100A9 and the latter correlated with 

decreased C3 levels. 
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1.2. Psoriasis and murine models 

 

1.2.1. Psoriasis 

The skin represents the interface between the environment and the internal organs. It acts as 

physical and immunological barrier against external agents such as chemicals and 

microorganisms63,64. The constant cross-talk between resident stromal cells, immune cells and 

the local microbioma guarantees the maintenance of adequate tissue homeostasis and an 

optimal host defence63. These interactions are finely controlled and any dysregulation leads to 

an aberrant and uncontrolled immune response and to the onset of an inflammatory skin disease 

like psoriasis63,64.  

Psoriasis is a chronic inflammatory condition of the skin characterised by well demarcated-

erythematous lesions with silvery scales64,65. Histologically, epidermal hyperplasia, 

parakeratosis, and acanthosis are described, alongside with an infiltrate of immune cells such 

as neutrophils, mononuclear cells and T cells64,66. Both genetic and environmental factors have 

been shown to play a role in the pathogenesis of psoriasis. Numerous susceptibility loci have 

been identified with linkage analysis and with Genome-Wide Association Studies (GWAS) 

and in particular the Psoriasis susceptibility 1 (PSORS1) locus, a region of the major 

histocompatibility complex (MHC), has been shown to be strongly linked to the development 

of psoriasis (reviewed in 64).  Genes outside the MHC region have also been identified to be 

involved in psoriasis, and in particular the IL23/Th17 axis, the nuclear factor kB (NF-kB) and 

epidermal differentiation genes have been reported to be critical64. Among the environmental 

factors, physical trauma, known as the Koebner phenomenon, streptococcal infection, smoking 

and alcohol are associated with onset and exacerbation of the disease. The use of drugs like 

IFN-and lithium has been linked with psoriasis as well.  

Intersection of several cytokine networks has been demonstrated to participate to the 

development and perpetuation of the psoriatic paques64,66,65. In this complex dynamic the 

IL23/IL17 axis appears to play a pivotal role with  T cells being the main source of IL-17 in 

both human and mice67. A recent study has shown that, in human psoriatic plaques,  T cells 

represent the main source of IL-17 and the most frequent pathogenic clones68. However, this 

study did not investigate the initiation phase of the disease where  T cells could play a key 

role.  Activated DCs produce IL-23 and IL-12, which elicit the tissue resident T cells. In 
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particular DC-derived IL-23 stimulates the production of IL17 by  T cells, which in turn 

activates keratinocytes. Upon activation, keratinocytes produce inflammatory mediators that 

attract neutrophils, monocytes and DCs (via CXCL8, MCP-1, CXCL1, CCL2). IFN- is also 

produced by Th1 and T cells, and plays a role in amplifying the inflammatory cross-talk by 

activating myeloid DCs. Also, once activated, keratinocytes can secrete growth factors such as 

vascular endothelial growth factor (VEGF). TNF-  is also a key player in psoriasis 

pathogenesis and it is produced by a subset of myeloid inflammatory DCs in the skin called 

TNF-and iNOS producing DCs65. 

 

 

Figure 1.3. Schematic representation of psoriatic inflammatory network 

IL-23/IL-17 axis is a well studied pathognomonic network in psoriasis. Myeloid DCs produce 

IL-23 that induces the production of IL-17 by  T cells, but also  and CD8+ cells. DCs also 

prompt the secretion of IFN by Th1 cells, via the production of IL-12. T-cell secreted 

cytokines determine the release of pro-inflammatory and growth factors by keratinocytes. Also, 

LL37, coupled with nucleic acids, can activate pDCs and DCs. The inflammatory cytokines 

produced in the epidermis, recruit infiltrating immune cells, activate DCs, thus feeding a self-

maintained inflammatory loop.   Figure from Lowes et al65,  reproduced with permission 

(licence  no. 4187571337301 ). 
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1.2.2. Murine models of psoriasis 

With the exception of rhesus monkey and a cynomolgus monkey, humans are the only other 

species in whom psoriasis is observed69. While several existing animal models of psoriasis 

recapitulate the skin morphology of human psoriasis, they fail to reproduce the 

cellular/molecular patterns underlying the disease70.  Xenotransplant of lesional  and non-

lesional human skin onto immunodeficient mice  is the only model that mimics both the 

immunological and phenotypical changes of the human disease69. However, tissue availability 

represents a major technical limitation for this model. Another mouse model of psoriasis 

involves the inducible deletion of the Activator Protein-1 (AP-1) transcription factor resulting 

in the constitutive epidermal deletion of Junb and Jun71 that, in turn, causes increased levels of 

TNF- and a subsequent cytokine cascade with severe skin inflammation closely resembling 

psoriasis 72. One main limit of this model is that it has been shown to be independent of T cell 

function, and therefore its relevance has been questioned69. On the same line, spontaneous 

models (“flaky skin mouse”: Ttc7fsn/Ttc7fsn and Scd1ab/Scd1ab) revealed gross psoriatic 

histological features, but no T cell or neutrophil infiltrate69.  Although single gene manipulation 

models (overexpression of VEGF, overexpression of TNF-) and local injection of relevant 

cytokines (IFN- and IL-23)69,70 have provided insight into the mechanisms contributing to this 

condition, these models do not take into account the polygenicity of psoriasis and do not 

recapitulate the complexity of the immunological network. All together the above models have 

not been used on a large scale and have not helped developing novel psoriasis therapeutic 

targets. However, the more recently developed mouse model of psoriasiform dermatitis, 

induced by topical application of 5% Imiquimod cream, represents a promising tool for a wider 

and deeper understanding of human psoriasis. 

 

1.2.2.1. Imiquimod (IMQ) - short term application  

Imiquimod is an imadazoquinoline derivative (1-(2-methylpropyl)-1H-imidazo[4,5-

c]quinolin-4-amine), also known as R837,  is Toll-like receptor 7 (TLR7) agonist. Because of 

small size and high hydrophobicity, IMQ is well suited for topical administration. It has been 

effectively used in clinical practice in the form of Aldara®
 
cream for the treatment of genital 

warts (commonly caused by HSV or papilloma virus)73, thanks to its powerful induction of 
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Type 1 IFN. Also, its topical use has been approved for the treatment of basal cell carcinoma74. 

Interestingly, patients treated with Aldara®
 
cream 3-4 times per week were described to 

develop local erythema and scaling74. 

IMQ-induced psoriasis model was first described in 2009 by Van der Fits et al75. IMQ, in the 

form of Aldara®
 
cream, applied daily for 5-7 days on the ears or shaved back of WT animals, 

was shown to induce a powerful skin inflammation phenotypically and histologically 

resembling psoriasis70,75.  With a central role played by the IL17/IL23 axis, over the past few 

years the IMQ model has been shown to mirror the immunological pathways underlying the 

human condition70,75,76,77. This model has the advantage of being rapid, inexpensive, and 

reproducible on all WT background (with the C57BL/6 suffering with more systemic effects 

among all strains). The mechanisms of action of IMQ reside in a direct activation of TLR7, 

with the main cells expressing TLR7 being DCs, macrophages, B cells and pDC.  Engagement 

of TLR7 activates the MyD88-dependent pathway with subsequent production of pro-

inflammatory cytokines like IL-12p40, TNF-IFN78. IMQ has also been shown to directly 

trigger the inflammasome with activation of caspase-1 and production of IL-1 and IL-18, in 

a TLR7-independent manner79. In addition, other studies revealed that IMQ acts as a an 

adenosine receptor antagonist, thus inducing a pro-inflammatory response independently from 

TLR7/8 signalling80. 

Bearing in mind the above mechanisms, the initial effects of IMQ topical application entail 

neutrophil infiltrate, keratinocyte death, inflammasome activation with subsequent release of 

IL-1IL-1 and production of keratinocyte mitogens by fibroblasts81. IMQ also induces the 

production of granulocyte colony stimulating factor (G-CFS) by fibroblasts and the secretion 

of S100A8/A9 and IL-23 by myeloid cells. IL-23 consequently elicits IL-17 secretion by 

dermal -T cells, while S100A8/A9 behaves as a potent chemoattractant for neutrophils. IL-

17 and IL-22 represent two major hyperproliferative stimuli. Interestingly, IL-23 is produced 

during the first 24 hours and peaks at 48-72 hours, whilst expression of IL-17/IL-22 occurs 

subsequently75. While IL-17 is dispensable for the  initiation of  disease, it appears to be crucial 

for the propagation of the skin changes and of keratinocyte proliferation82,67. Although 

representing a small population of tissue resident T cells, -T cells  are responsible for the 

majority of IL-17 production67.   Tortola at al elegantly suggested a central role for IL-36 in 

mediating the crosstalk between DCs and stromal cells.  IMQ would stimulate IL-36 production 

by conventional DCs and pDCs, and would activate keratinocytes and skin fibroblasts, which 
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in turn produce chemoattractants (e.g. CXCL1) and growth factors (such as G-CSF and TGF-

)76.  Interestingly, IMQ initial effects were found to depend on the cream main vehicle, mainly 

the isostearic acid, indicating that the initial keratinocyte death and inflammasome activation 

are independent from TLR7 signalling81.  In figure 4 I have illustrated the IMQ-driven skin 

inflammation. 

Of note, gene expression analysis of IMQ-treated skin revealed that, following 6 days of 

treatment, 60-70% of murine genes are altered in a similar way to the human genes commonly 

disregulated in psoriasis70.  Taken together, over the past few years several studies have 

highlighted the high degree of similarity in cytokine axis and cellular mediators between human 

psoriasis and the IMQ-induced psoriasis model. For this reason, and thanks to its 

reproducibility, this model has become a powerful tool to deepen our understanding of 

psoriasis. Because of the lack of chronicity and the absence of systemic features like arthritis, 

its use is mainly limited to the study of the initiation phases of the disease. 

 

 

Figure  1.4 Mechanisms of skin inflammation driven by IMQ application. 

IMQ topical application has been shown in mouse to exhibit TLR7 dependent and independent 

effects. Keratinocyte death and inflammasome activation determine the release of IL-1 from 

the keratinocytes and production of chemokines that neutrophil/monocytes. IL-1 activated 

fibrobasts produce growth factors responsible for keratinocyte proliferation, and also secrete 

chemoattractants for neutrophils. These events are amplified by IL-36 produced by dermal DCs 
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(activated by IMQ), that eventually secrete IL-23 thus stimulating the production of IL-17 by 

T cells. 

 

1.2.3. IMQ -  long term application 

If the cutaneous effects of short term IMQ cream application have been broadly studied, the 

implications of a prolonged topical treatment have been so far investigated only by Yokogawa 

et al83. Their study showed that topical application of 1.25 mg of 5% IMQ cream three times a 

week for up to 8 weeks induced a systemic autoimmune disease closely resembling systemic 

lupus erythematous (SLE). In particular, anti-double stranded DNA (dsDNA) antibodies and 

glomerulonephritis were described already after 4 weeks of treatment, alongside with 

splenomegaly and decreased marginal zone. Prolonged treatment was claimed to lead to 

swollen torsos and to death following 13 weeks of treatment. The model was described to be 

reproducible across strains, however, the majority of the reported data were on Friends virus 

B (FVB) background. Interestingly, in the same report it was suggested that the skin played a 

distinct role in driving the systemic manifestations triggered by IMQ. Intraperitoneal 

administration of IMQ failed to induce autoantibodies and glomerulonephritis, suggesting that 

TLR7-induced autoimmunity relied upon the chronic stimulation of a specific cutaneous 

network.  The authors hypothesised that pDCs were the local tissue mediator responsible for 

the skin-specific IMQ effects, and pDC depletion with anti-pDCA1 antibody was demonstrated 

to be protective against the development of systemic IMQ-induced effects 83. Of note, the 

antibody utilised to deplete pDCs is upregulated in other myeloid cells in a type I IFN enriched 

environment, thus the results obtained in the context of their experimental setting might not be 

the consequence of a mere pDC depletion. 
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1.3. Toll-like Receptor 7 and Systemic Lupus Erythematosus 

 

1.3.1. Systemic lupus erythematosus  -  overview 

Systemic lupus erythematosus (SLE) is a chronic autoimmune condition affecting mainly 

women between puberty and menopause characterised by multiple organ involvement84,85. SLE 

manifestations are heterogeneous and can range from rash, joint swelling and alopecia, to more 

severe systemic inflammation causing life-threading complications involving kidney, brain, 

heart, lung, and BM. Defects in several aspects of the innate and adaptive immune response 

resulting in loss of tolerance and increased availability of autoantigens, lead to the production 

of antibodies against self-antigens and to the formation of immune-complexes (IC) 84,85.  

Both genetic and environmental factors contribute to the onset of SLE. GWAS studies have 

highlighted more than 50 genes associated with SLE (reviewed in86 ), and they can be grouped 

as:  i) genes associated with the disposal of self antigens, in particular C1q, that I will discuss 

this in section 1.3.2;  ii) genes linked with activation of the innate immune system, and in 

particular genes encoding for proteins involved in the induction of type I Interferon (IFN) 

responses;  iii) genes related to the adaptive immune system. 

Environmental factors involved in SLE pathogenesis include viral infection, endogenous 

retroviral sequences and exposure to UV light. For example Epstein Bar virus (EBV) infection 

might activate the innate immune system and B cell differentiation, thus promoting the 

secretion of autoantibodies against specific aminoacid sequences which are shared by the self 

and by EBV-encoded proteins. A cross reactivity between antibodies specific for Epstein –Barr 

nuclear antigen I (EBNA1) and dsDNA has been observed, suggesting that EBV could trigger 

autoimmune responses87. Exposure to UV light could contribute to the release of self-antigenic 

material by inducing keratinocyte apoptosis, thus making available a large amount of self-

antigens88. Specific drugs have also been associated with induction of SLE, as a result of DNA 

methylation84. 

Self- and non-self nucleic acids can trigger innate immune endosomal receptors like TLR7 and 

TLR9 leading to the production of type I IFNs. The immune network driven by type I IFN 

represents a central event in SLE pathogenesis and an “IFN-signature”, identified in the serum 

of SLE patients, has been associated with disease activity89,90.  The amplification of systemic 

inflammation orchestrated by type I IFN, alongside with IC deposition in the organs and 
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subsequent complement activation, represent one of the main mechanisms of organ damage in 

SLE84.  

 

1.3.2. SLE and complement 

Circulating and tissue-deposited ICs trigger local activation of the classical complement 

pathway, with subsequent release of anaphylatoxins, recruitment of myeloid cells and 

lymphocytes, and increased local permeability. SLE patients tend to have low levels of 

circulating C3 and C4 during disease activity, due to complement consumption91. 

Paradoxically, deficiency of early components of the complement cascade (C1q>C4>C2) has 

been shown to predispose to SLE92,93. One of the reasons underlying this strong association is 

the participation of complement in the clearance of apoptotic cell and/or ICs and in the 

induction of tolerance13,94.  

 

Increased availability of autoantigens is central to SLE pathogenesis. It is known that one of 

main source of autoantigens are apoptotic cells as nuclear components such as DNA, RNA, are 

exposed on the surface of apoptotic cells95 and represent the ligand for anti-nuclear antibodies 

(ANA) typically present on SLE. C1q has been demonstrated to bind directly to the apoptotic 

cells via its globular head and to mediate the clearance of the dying cells via C1q receptors 

(e.g. calreticulin and CD91)14 or via C3 receptors18. In vitro studies have also shown that 

incubation of DCs with C1q elicits an immunosuppressive phenotype14,15.   Not least, C1q 

binding to ICs was described to divert ICs away from pDCs, thus reducing the production of 

IFN-96,97. Deficiencies of the early components of the complement cascade are very rare, but 

antibodies against C1q are commonly present in SLE patients and their presence correlate with 

disease activity and nephritis 98,99.  

In addition, as mentioned in this chapter (1.1.2.3), complement has been shown to participate 

in shaping adaptive immunity. A role for complement in the negative selection of B cells has 

been suggested 100 with major implications for the predisposition to autoimmunity. Also, T cell 

responses have been shown to be regulated directly and indirectly by both C1q and C3.  

However, while C1q deficiency is associated with predisposition to SLE, genetic deficiency of 

C3 is not. A proposed unifying explanation for this conundrum may lay in the recent finding 

of an additional role of C3 as a potential intracellular chaperon on an apoptotic cargo 101. 

Absence of C3, but not C1q, resulted in accelerated phagosome maturation and reduced T cells 
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responses. In this context, C3 deficiency may have a protective role for the development of 

autoimmunity by reducing the T cell response to self-antigens displayed on apoptotic cells13. 

 

1.3.3. Toll-like Receptors (TLRs) 

1.3.3.1. TLRs overview 

Over the past two decades we have witnessed a rapid progress in the understanding of microbial 

recognition by the host innate immunity. An important insight came from the identification of 

TLRs in the mid-1990s. TLRs are part of the family of pattern-recognition receptors (PRRs) 

that detect foreign pathogen components defined as pathogen-associated molecular patters 

(PAMPs)102,103. These molecular structures are uniquely expressed on microbes, and this 

enables the immune system to distinguish between self and non-self. A long list of PAMPs, 

featuring a wide range of microbial antigens,  is recognised by TLRs (reviewed in104 ). 

However, endogenous ligands have been also identified for the majority of TLRs, suggesting 

a role for TLRs even in tissue repair and response to injury105. There are 10 and 12 functional 

TLRs identified in humans and mice respectively106. They are type I integral membrane 

glycoproteins characterized by an extracellular domain with leucine-rich-repeat motifs 

recognising PAMPs, and by an intracellular domain responsible for downstream signalling 

called Toll/IL-1R  (TIR)107.  All TLRs, except TLR3, signal through MyD88 and, following a 

complex signalling cascade (reviewed in 108), activate AP-1 and NF-B with subsequent 

production of inflammatory cytokines such as TNF- and IL-12108. Activation of TLR3 signals 

instead through TIR-domain-containing adapter-inducing interferon-β  (TRIF) and results in 

the secretion of INF-alongside with pro-inflammatory cytokines108.  TLRs are expressed on 

a number of immune cells ─such as DCs, pDCs, B cells, macrophages, monocytes ─ and non-

immune cells like endothelial cells, adipocytes, stromal cells and epithelial cells102,108. Two 

main subgroups of TLRs can be distinguished: one group is localised on the cell surface and 

recognise mainly microbial membrane components (TLR1, TLR2, TLR4, TLR5, TLR6 and 

TLR11); the second group is located in the intracellular compartments (TLR3, TLR7, TLR8, 

TLR9)102,108. Intracellular TLR3 TLR7 and TLR9 specifically detect nucleic acids, dsRNA, 

ssRNA and dsDNA respectively104,108. They are expressed in the endoplasmic reticulum (ER) 

when inactive, and migrate to the endolysosome when activated108. Self-nucleic acids are 

normally excluded from the endolysosomes and, in order to circumvent their interaction with 

TLRs, several mechanisms are in place, including rapid degradation of self-antigens by 
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extracellular and intracellular nucleases108, and their methylation that might decrease the 

recognition by TLRs109. However, when these mechanisms fail or are overcome,  uncontrolled 

chronic inflammation might take place, leading to the onset of autoimmune diseases108,110. In 

the next sections I will mainly focus on TLR7 in view of its potential role in SLE and in 

psoriasis. 

  

1.3.3.2. TLR7 expression and functions 

TLR7 detects nucleic acids such as ssRNA, imidazoquinoline derivates (Imiquimod, 

Resiquimod), and guanine analogs such as Ioxoribin111,112.  Microbial ssRNA include human 

immunodeficiency virus (HIV), vesicular stomatitis virus, influenza virus, and also Borrelia 

burgdorferi108. Of note in human, but not in mice, ssRNA are also detected by TLR8106,108. 

TLR7 is mainly expressed in pDCs, B cells, DCs, macrophages, B cells and 

monocytes108,106,113. 

Internalisation of nucleic acids is crucial for TLR7 activation and rapid trafficking to 

endolysosomes106. Defects in TLR intracellular trafficking (as described in the mutation of the 

ER-localising protein UNC93B1114), or in nucleic acid acidification and internalisation, result 

in inappropriate TLR7 response and/or susceptibility to viral infections106,108.  As mentioned 

above, subsequent signalling through MyD88 results in activation of the transcription factor 

NF-B and secretion of pro-inflammatory cytokines. Of note, TLR7 engagement in pDCs 

initiates an additional pathway, specific for this cell type, characterised by the activation of 

interferon regulatory factor 7 (IRF7), and transcription of IFN-inducible genes with production 

of IFN-108,106. pDCs are the main producers of IFN-, but other cell types such as 

macrophages, monocytes and non-haematopoietic cells can also produce IFN-115,116. 

It is well established that TLR7-driven IFN- secretion drives anti-viral responses. IFN- is a 

pleiotropic cytokine that defeats viral invasion by interfering with viral entry, replication and 

translation117. Also, it endorses the differentiation of monocytes into myeloid DCs that can 

efficiently present antigens to T cells118. IFN- directly induces B cell differentiation into 

plasmacells and plasmablats, promoting immunoglobulin class switching to pathogenic 

IgG2a105. In addition this cytokine increases the cytotoxic activity of CD8+ T cells and NK cells 

by upregulating expression of granzyme B, CD95 and tumour-necrosis-factor-related 

apoptosis-inducing ligand (TRAIL)105. Lastly, IFN- enhances pDC responsiveness to IFN-



35 

 

thus determining a self-perpetrating loop mechanism. Importantly, the constitutional 

production of low levels of type I IFN was recently demonstrated to be pivotal for maintaining 

immune homeostasis119. If during viral infections IFN-effects are transient due to a tight 

regulation of the response117, a prolonged and excessive production of IFN-has been linked 

to the development of autoimmunity105,108,115,120, and I will discuss this in more detail in the 

next section. 

 

1.3.3.3. TLR7 and autoimmunity 

As described in section 1.3.1, IFN-is widely accepted as a major driving force in SLE 

pathogenesis. Supportive evidence is given by the development of autoimmunity in patients 

treated with recombinant IFN- during malignancies or chronic viral infections121. As IFN- 

production is mainly triggered by stimulation of TLR7 and TLR9 in pDCs and myeloid cells, 

the contribution of endogenous nucleic acids to the secretion of this cytokine and the link to  

SLE has been the focus of several studies over the past decade. The intracellular sequestration 

of TLR7 should hinder the detection of self nucleic acids, normally segregated within the nuclei 

and the mithochondria108, however, defects in the regulatory mechanisms involved in 

maintaining this compartmentalisation may occur and could favour the onset of autoimmunity. 

Several studies have uncovered that the trafficking of self nucleic acids to the endolysosomial 

compartment is facilitated by FcR in pDCs105,110 and in low-affinity autoreactive B cells. The 

former was demonstrated in 2004 by Bave at al, who showed that IC composed by an apoptotic 

cargo and SLE IgG induced IFN- production via FcRIIa uptake by pDCs122. Also it was 

shown that nucleic acids of mammalian origin could behave as endogenous ligands for TLR7 

and TLR9 and promote a type I IFN response123. Evidence for autoreactive B cell receptor 

(BCR) to be a port for endogenous ligands was suggested by a study involving AM14 B cells, 

which express a BCR specific for autologous IgG2a, a type of immunoglobulin frequently 

found in autoimmunity. AM14 B cells escaped all the mechanisms of tolerance induction and 

proliferated in response to IC composed by IgG2a bound to DNA or RNA proteins124. In 

addition, the capability of RNA/DNA, and associated proteins, of activating autoreactive BCR 

and TLR7/TLR9 respectively, was subsequently shown to be associated with the production of 

type I IFN125. The overall link between TLR7, type I IFN and SLE is illustrated in figure 5.  
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Figure 1.5  Link between TLR7, type I IFN,  and SLE 

Autoreactive B cells recognise self nucleic acids, which are more available because of 

excessive cell damage, increased apoptosis or defective apoptotic clearance. Self antigens 

activate B cell TLR7 and TLR9 and induce the production of IgG anti-nuclear antibodies, with 

subsequent formation of ICs which will gain access to TLR7 and TLR9 in pDCs through FcR. 

This interaction stimulates pDC production of IFN- and inflammatory cytokines which 

promote DC maturation and T cell activation. In addition, TLR7 expression will be upregulated 

thus resulting in a perpetrating loop of chronic inflammation. Viral infection might contribute 

to this loop, by molecular mimicry (discussed in section 1.3.1) and by activating autoreactive 

B cells directly though PRR stimulation. In addition, disruption of nuclease activity might 

contribute to facilitating endogenous nucleic acid availability. Figure from Rothstein105 . 

Reproduced with permission (licence no. 4187600769769).  
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1.3.3.3.1. TLR7 and autoimmunity – lessons from mouse models 

The role of TLRs in the pathogenesis of autoimmune diseases has also been addressed in the 

context of murine models of SLE. The BXSB mice represent the most remarkable evidence of 

the involvement of TLR7 in the pathogenesis of SLE. Male BXSB mice bearing the Y-linked 

autoimmune accelerating (Yaa) locus spontaneously develop a lupus-like syndrome126. This 

has been ascribed to an X to Y chromosomal translocation that determines duplication of Tlr7 

gene, alongside with 16 other genes127. Importantly, via the generation of TLR7 transgenic 

mice, it was shown that, by increasing the TLR7 gene dosage by at least 4 times, mice 

developed a severe systemic autoimmune diseases characterised by splenomegaly, DC 

expansion, glomerulonephritis, anti-RNA antibody production and anaemia128. On the other 

hand, when TLR7 gene dose was halved, these SLE-like manifestations were reduced128. 

Interestingly, when Yaa locus was added on a healthy genetic background like the C57BL/6, it 

resulted in the induction of a moderate myeloid expansion and reduction of the marginal zone, 

but not in a full blown autoimmune syndrome129. A marked acceleration of autoimmunity was 

observed only when the Yaa locus was crossed with other lupus prone strains like FcRIIB-

deficient mice130, NZW129, or Sle1 mice127,  suggesting that a modest increase in TLR7 

expression is insufficient alone to induce a SLE-like syndrome. Interestingly, the addition of 

Yaa locus to the above lupus-prone mice, induced the development of high titres of anti-RNP 

antibodies, suggesting that RNA-focused antibody responses are the consequence of  TLR7 

stimulation105. Furthermore, crossing the lupus prone MRL/Mplpr/lpr mice with Tlr7-/- mice 

ameliorated the autoimmune features. Glomerular damage and the titer of anti-RNP antibodies 

were markedly lowered, confirming the pivotal role of TLR7 in the onset of SLE and in the 

production of autoantibodies against canonical RNA antigens131. Of note the role of TLR9 was 

tested in the same setting and surprisingly, despite the reduced level of anti-dsDNA antibodies 

observed in case of TLR9 deficiency, the latter was found to aggravate the severity of the 

autoimmune features of MRL/Mplpr/lpr mice131. These findings were unexpected since both 

TLR7 and TLR9 detect endogenous nucleic acids, are expressed on the same cell types and 

share downstream signalling pathways. It was suggested that the reason for this opposing role 

of TLR7 and TLR9 was the competition for binding to the chaperone UNC93B1, an 

intracellular protein that controls the trafficking of endosomal TLR. Deficiency of TLR9, might 

lead to increased transport of TLR7 to the endolysosomes with subsequent increased RNA-

antigen sensing132. Also Myd88-/- MRL/Mplpr/lpr mice displayed much ameliorated autoimmune 
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features (reduced ANA and glomerulonephritis) suggesting that the simultaneous ablation of 

the signalling through all TLRs is protective for SLE onset125.  

In addition to the findings in spontaneous models, evidence in support of a role of TLR7 in 

SLE comes also form an inducible model known as the pristane model. Intraperitoneal injection 

of hydrocarbon 2,6,10,14-tetramethylpentadecane (TMPD), also known as pristane, triggers a 

tTLR7-dependent production of anti-RNP antibodies and the development of 

glomerulonephirits133. This model is characterised by the induction of a chronic granulomatous 

peritonitis and pristane-induced apoptosis of peritoneal cells are the likely source of 

autoantigens for the onset of the SLE-features. Interestingly, a population of Ly6Chi immature 

monocytes was described to accumulate in the peritoneal cavity within 2 weeks after pristane 

treatment. These cells express high levels of TLR7 and produce high amount of type I IFN, 

independently from FcR activation by IC134. 

 

1.3.3.3.2. TLR7 and autoimmunity - human data 

The involvement of TLR7 in the pathogenesis of SLE is also supported by studies in patients, 

though the data remain inconclusive. An association between TLR7 polymorphisms and the 

incidence of SLE has been shown in Asian and Caucasian populations135,136. The copy number 

of Tlr7 was found to correlate with disease activity in a cohort of patients with childhood onset 

of SLE137. Another study reported the association between a Tlr7 SNP (rs179008) and SLE 

susceptibility in European descendants in South Brazil138. 

The expression of TLR7 and TLR9 mRNA in PBMCs from SLE patients was reported to be 

higher compared to that in controls139. Of note, SLE-patient sera incubated with monocytes 

from healthy controls stimulated the production of TNF-, CCL3, IL-6 and IL-8 by CD14dim 

monocytes. The production of pro-inflammatory cytokines was partially reduced by adding 

RNase, DNase and/or Ig depletion, indicating that in SLE patients  CD14dim monocytes can 

sense nucleic acids via TLR7/8 and can fuel the inflammatory network140. 
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1.4. Inflammation and regulation of haematopoiesis 

Haematopoietic stem cells (HSCs) are classically seen as quiescent reservoir of pluripotent 

cells that replenish the circulating haematopoietic populations once depleted. However, 

cumulative evidence has highlighted a more dialectical role of HSC in the context of infection 

and inflammation141,142. Rather than merely proliferating in response to peripheral cytopenia, 

HSC have been described to sense pathogens directly via PRR such as TLR4, and also to 

proliferate in response to inflammatory cytokines such as IFN and IFN142. In addition, new 

studies have emphasised that feedback signals from peripheral tissues can influence 

haematopoiesis. In a mouse model of obesity, S100A8/A9 produced in the adipose tissues 

triggered the proliferation of haematopoietic progenitors via IL-1resulting in peripheral 

monocytosis and neutrophilia143During Toxoplasma gondii-induced gut infection, DC-

derived IL-12 activated bone-marrow (BM) resident NK cells to promote haematopoiesis and 

also to program monocytes for regulatory functions prior their exit into the blood stream144. 

These studies re-define haematopoiesis as the result of complex interactions between peripheral 

immune responses and HSCs, and prompt the need for further studies to better identify cellular-

molecular mediators of the haematopoietic ‘push’ during inflammation and homeostasis. 
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1.5. Hypothesis 

 

While the functions of locally produced complement fragments in peripheral organs (e.g. 

kidney and heart) have been described, the role of complement in the context of skin 

inflammation is poorly understood. In addition, in light of complement role in SLE, and 

considering that SLE flares can be triggered by UV-light exposure and that the chronic 

application of a TLR7 agonist can trigger systemic autoimmune features, I hypothesised that 

locally produced complement could act as a key modulator in both settings. Furthermore, I 

hypothesised that persistent stimulation of TLR7 via the skin will have a unique impact on the 

immune system, different from that elicited by other route of administrations.  

 

1.5.1. Research aims 

To test the hypotheses outlined above, during my PhD study I aimed:  

1) To investigate the role of complement in the context of acute skin inflammation using in 

vitro and in vivo approaches. The results of the in vitro experiments are shown in chapter 

3.2.1 and in vivo data will be discussed in chapter 3.2.2 onwards. 

 

2) To establish whether complement contributed to the transition between localised skin 

inflammation and systemic autoimmunity. The results obtained from this set of experiments 

will be presented in chapter 4 

 

3) To study the immunological effects of chronic topical exposure to a TLR7 agonist. Results 

concerning this aim are discussed in chapter 5 
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2. Material and Methods 
 

 

2.1.  Mice 

Mice deficient in complement component C3 (C3-/-), and C1q (C1q-/-) backcrossed onto the 

BALB/c or the C57BL/6 genetic background for more than 10 generations, were available in 

the laboratory of my supervisors. BALB/c, C57BL/6, wild type (WT) mice were purchased 

from Charles River (UK). Mice deficient in interferon alpha receptor (IFNAR1-/- mice) on the 

C57BL/6 background were kindly provided by Dr Cecilia Johansson, Imperial College 

London. B6.129P-Cx3cr1tm1Litt/J(CX3CR1gfp/gfp) were purchased from Jackson Laboratory (Bar 

Harbor, USA). Cpa3Cre/+ mice were a kind gift of Dr. Jessica Strid, Imperial College, London. 

hCD68GFP/CCR2-/- mice145, and hCD68GFP/CCr2+/+ were on a C57BL/6 background and 

kindly provided by Prof David R. Greaves, University of Oxford. Experimental mice were 8-

12 weeks of age, sex- and age-matched. All animals were housed in individually ventilated 

cages. All procedures were carried out in accordance with the institutional guidelines and the 

studies were approved by the UK Home Office. Experimental studies were designed according 

the ARRIVE guidelines. 

 

2.2. Animal models 

 

2.2.1. 5% Imiquimod treatment –short term 

Eight to ten week-old mice were treated for 7 consecutive days (unless otherwise specified) 

with 5 mg of 5% IMQ -Aldara® cream (3M Pharmaceutical ─ 5% Imiquimod)- on the ventral 

side of the right ear, as depicted in figure 2.1. Skin thickening was assessed daily by measuring 

ear thickness with a micrometer (Mitutoyo, Japan). Erythema and scaling were measured 

blindly using a score ranging from 0 to 4 (0= absence of clinical signs, 4= severe phenotype). 

Body weight was measured at day 0 and 7. Mice were sacrificed after 7 topical applications of 

cream (unless otherwise specified). Treated ears were collected, the ventral side was digested 

as described below and cells stained for surface and  intracellular markers were indicated  (see 

table 2.2). Contralateral untreated ears were collected and used as control. Draining (dLN) and 

non draining (ndLN) auricular lymph-nodes were also harvested, single cell suspensions were 

obtained by teasing apart the tissue with the plunger of a 1 ml syringe and then filtering it 
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through a 70 M cell strainer. Surface and intracellular staining (the latter described below in 

paragraph 2.6) were performed of LN cell suspensions (see table 2.2 for antibodies). BALB/c 

mice tend to develop more marked skin psoriatic features, while C57BL/6 animals develop 

more systemic effects (e.g. dehydration, weight loss).  Therefore, I preferentially utilised 

BALB/c mice for my experiments.  

 

 

 

Figure 2-1 IMQ-treatment-experimental design 

BALB/c WT, C3-/- , or C1q-/- mice were treated for 7 consecutive days with 5 mg of Aldara on the ventral 

side of the right ear.   

 

 

2.2.2. 5% IMQ treatment- long term 

Eight to ten week-old female mice were treated with 1.25 or 10 mg of 5% IMQ cream 

(corresponding to 62.5 g and 500 g of imiquimod, respectively) on the ventral side of the 

right ear for 3 times a week, for a total of 8 to 10 weeks. Body weight was measured every 

week and tail bleeding performed every 2 weeks. Peripheral blood was stained and analysed at 

the FACS (as described below), and serum was stored at -80 °C until further analysed. 

 

2.2.3. R848 treatment 

Mice were treated on the dorsal side of the right ear with 100 g of R848 (Enzo Life Sciences, 

USA) diluted in a volume of 30 l of acetone every 48 hours. Control mice received 30 l of 

acetone with the same schedule.  Mice treated intraperitoneally (i.p.) received the same dose 

of 100 g of R848, dissolved in 200 l of PBS 5% dimethyl sulfoxide (DMSO). Mice treated 
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intravenously received 100 g of R848 in 200l  of PBS 2% DMSO.   Vehicle treated mice 

were used as controls. When required, blood sampling was performed 24 hours after the skin 

treatment, and serum was stored at -80 °C until further analysed. 

 

 

Figure 2-2 R848 treatment-experimental design 

WT or KO mice were treated every 48 hours on the dorsal side of the right ear.  Body weight 

and urine dipstick were performed weekly to monitor the systemic effect of the compound. 

When required from the experimental design, blood sampling from the tail vein was performed 

24 hours after the last treatment with R848. Mice were treated for a maximum number of 12 

times per experiment. In most experiments mice were sacrificed after 4-6 treatments. Spleen, 

BM, serum, LNs, skin, lung, liver were harvested and processed for further analysis. 

 

 

2.3. Generation of dermal stromal cells (DSCs) 

Primary DSCs were generated from shaved back skin of WT and C3-/- C57BL/6 mice as 

recently described146. An area of approximately 1x1 cm of skin was excised and minced with 

scalpels, after the subcutaneous adipose layer had been removed with curved forceps. The 

tissue was suspended in 10 ml of digestion buffer consisting of DMEM/F12 media (Gibco), 

0.13 Wunsch units/mL of Liberase TM Research grade (Roche), and 1x antibiotic/antimycotic 

(Life Technologies). After 2 hours incubation at 37°C with gently shaking, skin fragments were 

washed twice. The pellet was then resuspended in 10 ml of 15% FBS DMEM/F12 and split 

into 2 T25 flasks. Medium was changed every 3-4 days and tissue fragments removed after 1 

week. When cells reached 70% to 80% confluence, adherent cells were expanded into larger 

flasks. At passage 1, cells were stained with the antibodies listed in table 2.1, and surface 

antigen expression was analysed at the flow-cytometer (FACS). 
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Table 2-1Antibodies used for DSCs staining 

 

 

2.4. Stromal cell priming  

DSCs were plated in flat bottom 96 well plate overnight at the concentration of 2.5x10^4/well. 

The culture medium was RPMI 1640 (Invitrogen, California) supplemented with 10% heat 

inactivated fetal calf serum (FCS), 5 x 10-5 M 2-mercaptoethanol (2-ME), 1% L-glutamine 

and 1% penicillin/streptomycin (complete medium). Cells were subsequently washed with 

room temperature PBS and then stimulated with IL-1 (100 ng/ml) or TNF-(100 ng/ml) or 

IL-36 (100 ng/ml) or R848 (doses ranging from 0.1 to 1 mg/ml) diluted  in 10% FCS RPMI 

1640 medium. Supernatants were collected after 24 hours and frozen at -80° C until analysed.  

 

 

2.5. C3 assay 

As previously described146,147, plates were coated with a goat anti-mouse C3 polyclonal 

antibody (MP Biomedical LLC, France) at a dilution of 1:8000 in 0.1 M carbonate buffer, pH 

9.6. C3 that was captured by the coating antibody, was thus detected using a horseradish 

peroxidase-conjugated goat anti-mouse C3 polyclonal antibody (MP Biomedical, France) at a 

dilution of 1:25000 PBS/Tween. Plates were developed using 3,3’,5,5’-tetramethylbenzidine 

(TMB) substrate (Sigma-Aldrich, UK). C3 concentration was calculated by reference to a 
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standard curve constructed using sera containing a known amount of mouse C3 (Serum 

Amyloid P mouse standard; Calbiochem, Germany)147.  

 

2.6. Skin digestion  

The ventral and the dorsal side of mouse ears were split mechanically before being minced and 

transferred to a digestion buffer consisting of PBS (PAA), 0.13 Wunsch units/mL of Liberase 

TM Reserach grade (Roche), 25l/ml of DNase I (Roche). Skin was digested for 90 minutes at 

37°C with gentle shaking. After the enzymatic digestion, skin fragments were processed using 

a gentle MACS homogeniser (Milteny) and the obtained cell suspension was filtered through 

a 70 M cell strainer (BD). Cells were washed, resuspended in FACS buffer and stained as 

described in paragraph 2.7.  

 

2.7. Flow Cytometry 

Where Live/Dead staining was performed, single cell suspensions were stained for 20 minutes 

at room temperature with Live/Dead Fixable Dead Cell Stain (Life), at the dilution of 1/1000 

in PBS, as per manufacturer protocol. Cells were subsequently washed with PBS, surface 

staining was performed with 50 l PBS containing 1% BSA (FACS buffer) and an appropriate 

dilution of each antibody for 20 minutes at 4°C , (see antibodies used in table 2.2). Cell surface 

staining was performed in the presence of a saturating concentration of 2.4G2 monoclonal 

antibody (anti-CD16/32). Cells were subsequently washed and resuspended in 200 l of FACS 

buffer, ready to be analysed.  Flow cytometry was performed with a BD FACSVerse (BD 

Biosciences, CA, USA). Data were analysed using FlowJo software, version 7.6.5 (TreeStar 

Inc, Ashland, OR, USA). 

 

2.8. In vitro re-stimulation and intracellular staining 

Single cell suspensions from skin (0.1x10^6/well) or LN (0.4x10^6/well) were plated in a U-

bottom 96 well plate in a final volume of 200 l of RPMI 1640 (Gibco), 10% FBS, 100 U/mL 

penicillin, and 100 g/mL streptomycin. Cells were re-stimulated in vitro with PMA (25ng/mL) 

(Sigma) and Ionomycin (Sigma) (1 g/ml).  Golgi stop (monensin-BD) was also added to the 

culture (4 l in 6 ml of media). In the case of skin cells, the above doses of PMA and Ionomycin 
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were halved, while Golgi stop was used at the same dose.  After 4 hours (LN cells) or 3 hours 

(skin cells) of incubation at 37 °C , cells were harvested, washed with FACS buffer and surface 

staining performed  in the presence of  2.4G2 monoclonal antibody as described above. After 

washing with PBS, cells were permealised/fixed with Cytofix/CytoPerm Kit (BD), according 

to the manufacturer’s protocol. Intracellular staining was carried out with anti-IL-17A and anti-

IFN- antibodies at the dilution of 1:100 (see antibody details in table 2.2). Samples were 

analysed on a BD FACSVerse Flow Cytometer (BD).  

 

2.9. Peripheral blood staining 

Peripheral blood (30 l) was sampled from the tail vein of experimental mice and collected 

into a tube containing an equal quantity of 5% EDTA. Samples were washed with FACS buffer 

(PBS- 1% BSA – 0.09% NaN3) and Fc block was performed with 2.4G2 monoclonal antibody.  

Cell pellet was subsequently stained with an appropriate dilution of each antibody (see antibody 

details in table 2.2) and red blood cells were lysed with lysing solution (BD, UK). Absolute 

cell counts were quantified with AccuCheck counting beads (ThermoFisher Scientific, USA) 

according to the manufacturer’s protocol. Flow cytometry was performed with a BD 

FACSVerse (BD 40 Biosciences, CA, USA). Data were analysed using FlowJo software, 

version 7.6.5 (TreeStar Inc, Ashland, OR, USA).  

 

2.10. BM staining 

Femur and tibia were harvested without breaking the bone, to hinder blood contamination. 

Collected bones were placed into RPMI 1640 (Gibco), 10% FBS, 100 U/mL penicillin, and 

100 g/mL streptomycin. Bones were cleaned and flushed using fresh medium (as above). Cell 

suspensions were collected into 15ml Falcon tubes and spun down at 1500 rpm for 5 min. Red 

blood cells (RBCs) were lysed by re-suspending the pellet in 1ml RBC lysis buffer for 2min. 

The cells were then washed and re-suspended in 5ml RPMI 10% FBS and counted. Surface 

staining was performed on 1 million cells per sample (see table 2.2 for antibody list), as 

described in 2.7. All staining passages were performed on ice. 
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Table 2-2.  Antibodies used for skin, LN, spleen, blood, and BM suspension staining 
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2.11. Histology 

2.11.1. Hematoxylin & eosin (H & E) and Periodic acid–Schiff ( PAS)  staining 

For H & E staining, ear skin was fixed in formalin overnight and then transferred into 70% 

ethanol. Fixed tissue was then embedded in paraffin, sectioned and stained with H & E stain. 

Paraffin embedding, sectioning, and H&E staining were performed by Ms Lorraine Lawrence, 

Imperial College.  For PAS staining of the kidneys, the organs were fixed in Bouin's 

solution for 8 hours at 4°C before being transferred into 70% ethanol. Tissue was then 

embedded in paraffin, sectioned and PAS stained by Ms Lorraine Lawrence, Imperial College. 

 

2.11.2. C3 immunofluorescence microscopy 

Ear skin tissue was excised, embedded in OCT (Tissue-Tek) and frozen immediately on dry 

ice. 8 M frozen sections were cut and fixed in acetone.  After blocking with 10% normal goat 

serum, staining was performed with FITC-labelled goat anti-mouse C3 antibody, 

(Cappell/ICN, dilution of 1:100). Samples were then analysed with a Leica SP5 confocal 

microscope. 

 

2.11.3. CD68 staining 

Liver and lung specimen were harvested, embedded in OCT (Tissue-Tek) and snap frozen 

immediately on dry ice. 8  M frozen sections were cut and fixed in acetone. After blocking 

with 20% normal rat serum for 1 hour at room temperature, staining was performed with   rat 

anti-CD68-alexa 488 (clone FA-11, dilution in PBS 1/200, Biolegend), and incubate for 1 hr 

at RT. Slides were mounted with Vectashield and image were acquired on Leica DM4B at 20x/ 

0.4 and analysed using Bitplane Imaris.  
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2.12. Quantitative PCR 

Following individual experimental treatments, ear skin tissue was harvested and stored in RNA 

later (Sigma Aldrich) at -20°C.  RNA was subsequently extracted from cells by using RNeasy 

mini kit (Qiagen), prior being homogenised with TissueLyserII (Qiagen). RNA concentration 

was evaluated using NanoDrop 2000c  spectrophotometer (Thermo Scientific). For each 

sample, 1 g of RNA was converted into cDNA (final concentration of 50 ng/l) by reverse 

transcription with iScript™ cDNA Synthesis Kit (Bio-Rad). The analysis of the genetic targets 

was performed with the SYBR green system or TaqMan system (see table 2.3 for primers). For 

the SYBR green system, 100 ng of c-DNA was used with 4 M primers and Power SYBR 

green Master Mix(Thermo Fischer) in a total  reaction volume of 10 l. For TaqMan system 

100 ng of c-DNA was added to TaqMan gene expression assay (ThermoFisher) and to the 

primers indicated in table 2.3. The qPCR reaction was performed on a Applied 

Biosystem®ViiATM 7 Real time PCR System  (Life-Technologies). The data are expressed as 

relative expression to the Cyclophilin or the GAPDH housekeeping gene. 

 

 

Table 2-3 qPCR primers list 
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2.13. Autoantibody assays 

Mice were bled at regular intervals and autoantibody assays were conducted at the same time 

on serum samples appropriately stored at -80°C. Anti-ssDNA Abs, anti-chromatin Abs, anti-

RNP complex Abs were measured by ELISA as described previously148. Briefly, microtiter 

plates were coated with ssDNA prepared from calf thymus DNA (Sigma), chromatin (Lorne 

Laboratories Ltd., Reading, UK) or RNP complex.  After blocking for unspecific binding with 

PBS 1%BSA, serum samples were diluted appropriately in PBS 2%BSA, 0.05% Tween-20, 

0.02% NaN3. Bound Abs were then detected with alkaline phosphatase conjugated goat anti-

mouse IgG (γ-chain specific) (Sigma–Aldrich, Dorset, UK). The results were expressed in 

arbitrary ELISA units (AEU) relative to a standard positive sample. 

 

2.14. IgG1 and IgG2a assays 

Total serum IgG1 and IgG2a levels were assayed by capture ELISA. Briefly, microtitre plates 

were coated with 5 g/ml goat antimouse Ig (H+L) (Southern Biotechnology Associates Inc., 

USA). Serum samples were diluted 1/100000 in phosphate-buffered saline supplemented with 

2% bovine serum albumin (BSA), 0.05% Tween 20, 0.02% NaN3 and incubated over night. 

Bound Abs were detected with alkaline phosphatase-conjugated goat anti-mouse IgG2a 

(Southern, Biotechnology Associates Inc., USA) 1/500 or goat anti-mouse IgG1 (Southern 

Biotechnology Associates Inc., USA) 1/1000149. Results were calculated by using as a 

reference a standard curve created with serial dilutions of a known amount of isotype-specific 

Ig standard. 

 

2.15. Intravital microscopy 

CX3CR1 gfp /gfp mice, 10-12 weeks of age, were treated for 4 times with R848 or acetone (every 

48 hours) on the dorsal side of the right ear, before being used for imaging. Intravital imaging 

of the dermis of the contralateral ear was performed by Dr Kevin Woollard as previously 

described150. Briefly, after being anesthetized with a cocktail of fentanyl/fluanisone and 

midazolam injected intraperitoneally, mice were maintained at 37°C with oxygen 

supplementation. 80μL of tetramethylrhodamine (TRITC) conjugated 70kDa dextran (70μM) 

was injected and the ear to be imaged was taped to the center of the coverslip. Light was 

generated from 488-nm and 562-nm lasers, emitted light signal was detected to generate two 
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colour 8-bit images using a 10x/0.4 objective on a Leica SP5 confocal microscope. Images 

were analysed using Imaris software (Bitplane). Dextran signal was used to identify the 

intravascular cells and monocytes were automatically selected on the base of the quality and 

intensity of their GFP signal.  

 

2.16. BrdU pulsing 

Cell proliferation was assessed using 5-bromo-2’-deoxyuridine (BrdU). Two different BrdU 

administration schedules were used. Schedule1: 2 mg of BrdU (BD Pharmingen) were injected 

i.p. for 3 times, each of them 3 hours apart. Blood monocyte BrdU incorporation was assessed 

by bleeding the mice 1, 3 and 5 days following the BrdU administration. Schedule 2: mice were 

injected i.p. with 2 mg of BrdU only once. Incorporation of BrdU in blood monocytes and in 

BM monocytes and progenitors were assessed 16 hours later. Samples were processed with 

BrdU staining kit (e-Bioscience, USA) according to the manufacturer’s provided protocol and 

analysed by flow-cytometry. 

 

2.17. Anakinra treatment 

BALB/c mice were injected i.p. with 10 mg of the anti-IL1R Anakinra (Kineret®, Sobi, 

Sweden) for 4 consecutive days before being sacrificed. Mice were simultaneously treated 

topically with either R848 or acetone, every 48 hours. 

 

2.18. Splenectomy 

Spleens of 8 week-old BALB/c WT mice were removed surgically under aseptic conditions by 

Dr Kevin Woollard, Imperial College. Briefly, mice were injected subcutaneously with 

ketamine (80 mg/kg) and xylazine (16 mg/kg) before being anaesthetised with 5% Isofluorane. 

After a 10-mm left flank incision was performed, the spleen was exposed and then removed 

using diathermy. Subcutaneous and cutaneous sutures were applied after checking the 

abdominal cavity for any sign of haemorrhage. Mice were placed in 37°C recovery chambers 

before they were returned to their cages.Mice were rested for 6 weeks before being exposed to 

R848 treatment. 
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2.19. Statistics  

Statistical analysis was performed using unpaired two-tailed Student’s t test.  P values less than 

0.05 were considered statistically significant. Non-parametric data were assessed using Mann-

Whitney test. Results were expressed as mean ± SEM. Comparisons between more than 2 

groups were analysed with ANOVA test. Statistical analysis was performed using GraphPad 

Prism version 6.0 (GraphPad Software, San Diego, CA). 
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3.0 Role of complement in a model of acute TLR7-induced 

skin inflammation 
 

 

3.1.  Introduction 

Although classically known for its protective role against pathogens, the complement system 

has also a pivotal role in bridging innate and adaptive immunity13 and in modulating local and 

systemic immune responses4. The anaphylatoxins C3a and C5a, produced during the 

proteolytic cascade, amplify and modulate the systemic and local immune response. As a result, 

several immune cell types such as neutrophils, monocytes, basophils and mast cells are 

recruited to the site of inflammation and promote the removal of debris and pathogens5,3. 

The major source of circulating complement is the liver but, over the past decade, several 

studies have highlighted the importance of locally produced complement fragments in 

mediating organ damage and in shaping the adaptive immune response.  Local production of 

complement has been previously described in human and murine skin45,46 , and complement 

has been shown to have a role in the pathogenesis of an array of human skin diseases58. 

However, the specific functions of complement under homeostatic and inflammatory 

conditions in the skin remain controversial. In animal studies, C3 has been identified to 

promote  UV-induced immune tolerance48  as well to be protective in a model of  T cell 

mediated allergic contact dermatitis50. In contrast, another study showed that, in a model of 

epicutaneous sensitisation with OVA, C3 supported Th2 responses and circulating levels of 

IgG1/IgG2a and IgE51. In addition, locally produced C3 has been recently shown to contribute 

to the inflammatory responses that accompany wound healing52, an effect mediated  mainly 

through C5a/C5aR interactions. The latter also plays an important role in influencing the skin 

microbiome53.  

In this context, I sought to elucidate the role of complement fragments in a model of psoriasis 

induced by the application of Aldara® cream on the ear or on the shaved back skin of mice for 

6-7 consecutive days. This model has been shown to recapitulate the immunological pathways 

involved in human psoriasis. Aldara®, composed by 5% Imiquimod (IMQ) – a TLR7 agonist, 

is an approved topical treatment for patients affected by basal cell carcinoma and genital warts. 

Following the striking evidence of some patients developing psoriasis-like lesions at the site of 

application of the cream151, the use of Aldara® has been studied in rodents to deepen our current 



54 

 

knowledge of the mechanisms involved in psoriasis. These include the IL-23/IL-17 axis and 

the kinetics of keratinocyte proliferation, neutrophil and macrophage infiltration and T cell 

accumulation. In this context, overwhelming evidence supports the central role of IL-17 

producing  T cells in psoriasis 75,67,76. As complement activation fragments have been 

reported to support the production of IL-17 in a model of arthritis26 and of autoimmune 

encephalitis27,  I sought to investigate whether the same occurred in the skin.  

Hypothesis and aims 

I hypothesised that locally synthesised complement fragments could play a role in supporting 

and orchestrating the local immune response to Aldara® treatment. I specifically aimed to: 

 verify the up-regulation of complement fragment C3 in the skin of WT animals treated 

with IMQ 

 test whether C3 deficiency alters the inflammatory milieu and the histopatological 

changes of IMQ-treated skin 

 investigate the influence of C3 and C1q in a mouse model of psoriasis. 

 

3.2. Results 

3.2.1. Topical IMQ application induces production of C3 in the skin 

In order to define the role of complement in the context of IMQ-induced skin inflammation, I 

tested whether the topical application of IMQ could trigger local C3. I carried out the majority 

of the experiments on BALB/c mice as they tend to develop a more pronounced skin phenotype 

and less systemic effects (e.g. dehydration) compared to C57BL/6 mice75.  WT BALB/c 

animals, were treated for 3 consecutive days on the ventral side of one ear and the tissue was 

harvested at different time points after the last application. qPCR analysis revealed that C3 was 

promptly increased 8 hours  after IMQ and returned to normal values after 72 hours. C3-/- 

animals were used as a control (figure 3.1A)146. To validate that gene expression translated into 

local protein production, I stained skin frozen sections from the same animals with a polyclonal 

antibody against C3. While naïve WT skin barely expressed any C3, the protein level markedly 

increase at 24 and 48 hours after the last application of IMQ (figure 3.1B)146. Interestingly, at 

all time points, C3 was localised in the dermis and not in the epidermis of the treated animals. 

In order to provide further support for dermal C3 production, I isolated dermal stromal cells 

(DSCs) from the back skin of WT mice and tested if they could secrete C3. After 18 days in 
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culture a homogeneous population of adherent, fibroblast-like cells expressing the markers 

CD90.2, Sca-1 and PDFGR-, but not CD45, CD11b or CD71 was obtained (see appendix 

A.1). These cells were then stimulated with cytokines known to be induced by IMQ treatment 

─ IL-36, IL1-, TNF-or R848 (ranging from 0.1 to 1 mg/ml). Cytokine treatment, but not 

TLR7 direct stimulation, resulted in a significant increase in C3 secretion compared to the un-

stimulated conditions (Figure 3.1C) confirming that DSCs were likely to be an important 

source of C3 in the inflamed skin146. 

 

 

 

   Figure 3-1 C3 production is upregulated in IMQ treated skin 
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A) WT (n=4) and BALB/c.C3-/- (n=4) mice were treated with IMQ for 3 consecutive days on the ventral 

side of one ear. mRNA expression of C3 in whole ear skin was quantified by qPCR at the indicated 

times after the last treatment and represented values are relative to cyclophilin expression. Untreated 

mice were used as controls. Data are shown as means ± SEM, p values by unpaired t test; ns=non-

significant; **p <0.01; *** p <0.001. B) Representative images showing C3 staining (green) in naïve 

skin and 24/ 48 hrs after the last IMQ treatment. Nuclei (blue) identified with DAPI. Scale bar represents 

50 M. Skin from C3-/- mice treated with IMQ was used as a negative control. C) C3 synthesis by 

dermal stromal cells following in vitro stimulation for 24 hours.  Bars are mean ± SEM, *p <0.05 

(unpaired t test). Figure reprinted with permission from Giacomassi et al “Complement C3 Exacerbates 

Imiquimod-Induced Skin Inflammation and Psoriasiform Dermatitis” 146 under CC BY license 

(http://creativecommons.org/licenses/by/4.0/), figure S1 Figure S1. “Cutaneous IMQ exposure 

promotes local C3 production”  

 

 

 

3.2.2. C3 deficiency dampens the skin inflammatory response to IMQ 

treatment.  

Having shown that IMQ treatment upregulates the expression of C3 in the skin, I decided to 

investigate whether C3 could act as mediator of the inflammatory process initiated by IMQ. 

The gene expression of a selected number of cytokines/chemokines known to be induced in 

this model77,152 was tested in WT or C3-/- BALB/c mice. As described above, mice were treated 

for 3 consecutive days and whole skin was harvested at defined time-points after the last 

treatment.  Interestingly, the initial pro-inflammatory gene expression was similar in the 

absence of C3 (at 8 hours), but dropped significantly faster at later time points (figure 3.2), 

indicating a quicker resolution of the skin inflammation in C3-/- animals. In particular the 

expression of S100a9, a component of the protein complex calprotectin, known to play a crucial 

role in psoriasis 153,62 , was markedly diminished in the C3-/-  skin.   mRNA levels of the 

signature psoriatic cytokines IL-17a and Il-23 were also impaired in the absence of C3. In 

addition, gene expression of neutrophil and monocyte chemoattractant CXCL1 and CCL2 was 

reduced at 24 and 48 hours in C3-/- mice, indicating a possible altered cellular infiltration 

pattern in these animals. 

 

http://creativecommons.org/licenses/by/4.0/
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   Figure 3-2 C3 deficiency impairs the pro-inflammatory gene expression in the skin of 

IMQ treated mice. 

WT (n=4) and BALB/c.C3-/- (n=4) mice were treated with IMQ for 3 consecutive days on the 

ventral side of one ear.  The represented mRNA expression for each cytokine/chemokine is 

relative to cyclophiln (for SYBR Green assay) or GADPH (Taqman assay). Each symbol 

represents a mouse. Results shown are representative of two independent experiments (n=3-

4/group). Data shown as means ± SEM, unpaired t test was used to calculate p values; ns=non-

significant; *p <0.05, **p <0.01; ***p <0.001 
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3.2.3. Early psoriatic epidermal proliferation is reduced in C3-/- mice       

Psoriasis is typically defined by the occurrence of keratinocyte proliferation resulting in 

epidermal hyperplasia and formation of scaling64. Following the observation of a reduced pro-

inflammatory gene expression profile in the skin of C3-/- animals treated with IMQ, I decided 

to test whether this translated into histological differences in the skin. Interestingly, H&E 

staining performed on skin harvested 48 hours after IMQ, showed that epidermal and whole 

skin thickness were significantly reduced in C3-/- mice compared to the WT group (figure 3.3A-

B)146. No histological differences were observed in naïve WT or C3-/- mice. 

 

 

   Figure 3-3 Reduced skin thickening in IMQ treated C3-/- mice. 

A) Representative images of H&E staining of ear skin sections from BALB/c and BALB/c.C3-

/- mice untreated and 48hrs after 3 IMQ applications. The epidermis/dermis boundaries are 

indicated (scale bars represent 50 M). B) Quantification of whole skin and epidermal 

thickness calculated with Image J software.  Each symbol represents a mouse. Bars are mean 

± SEM, unpaired t test was used to calculate p values; **p <0.01, *p <0.05. 
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3.2.4. C3-/- mice exhibit an impaired psoriatic dermatitis compared to WT mice 

After having demonstrated that C3 expression is upregulated in the skin of WT mice treated 

with IMQ, and that its expression impacted on the local inflammatory gene expression, I tested 

whether C3 contributed to the psoriatic-like lesions induced by IMQ. In this model, a full blown 

psoriatic phenotype is achieved after 6-7 consecutive topical applications of the cream75,70. WT 

or C3-/- BALB/c mice were treated as schematically shown in figure 3.4A for 7 days and 

developed visible psoriatic lesions as depicted in figure 3.4B. However, C3-/- animals, 

displayed a milder skin inflammation compared to the WT group, as demonstrated by a reduced 

ear thickness after day 4 or 5 and lower scores for erythema and scaling (figure 3.4C).  

Consistent with the clinical evidence of a reduced skin inflammation in C3-/- mice, the FACS 

analysis of the skin single cell suspensions showed a reduced neutrophil (CD11b+Ly6G+) 

infiltrate in C3-/- animals (figure 3.4E). On the contrary, the number of monocytes 

(CD11b+Ly6G-Ly6C+) was increased, suggesting that C3 might have a dual role in the 

recruitment of myeloid cells into the skin. As previously described in the literature75,76, the 

number of CD45+  and  T cells was increased in the IMQ-treated skin compared to 

untreated skin (figure 3.4D), however, no difference was observed between the 2 experimental 

groups. There was no evidence of systemic effects such as weight loss in the 2 groups of mice 

compared to naïve counterparts (figure 3.4F).  
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   Figure 3-4 IMQ-induced skin inflammation is impaired in C3-deficient mice. 

 (A)Schematic representation of the IMQ experimental protocol. BALB/C WT (n=7) and 

BALB/c.C3-/- (n=8) mice were treated with 5 mg of IMQ on the right ear for 7 days. (B) 

Representative pictures of IMQ-treated WT and C3-/- ears 7 days after treatment initiation. (C) 

Clinical scores for ear thickness, erythema and scaling of the treated ear. Data shown as mean 

± SEM for the skin thickness and mean ± SD for the scores. Mann-Whitney test, *p <0.05, **p 

<0.01; ***p <0.001. (D) Number of CD45+, CD3+ and + (CD4-CD3+TCR+) cells among 

the CD45+ population of treated and control ears. Bars are mean ± SEM, unpaired t test; ns= 
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non significant. (E) Numbers of neutrophils (Ly-6G+), monocytes (CD11b+Ly-6C+Ly-6G-) 

among the CD45+ cells in the skin. Bars are mean ± SEM, unpaired t test; *p <0.05. F) Body 

weight at the start and after 7 days of treatment. Results from one representative experiment of 

2 independent experiments are shown. 

 

 

3.2.5. IL-17+ cells in C3-/- animals treated with IMQ 

The pathogenic role of IL-17 in psoriatic dermatitis has been widely studied in the human 

condition and in mouse models75,67. In particular, it was reported that the greater source of IL-

17 are the  T cells residing in the dermis67.  I therefore investigated whether the milder 

psoriatic phenotype observed in the C3-/- mice was related to a reduced number of IL17+ T 

cells. 

 

3.2.5.1. Skin  T cells from IMQ-treated C3-/- mice display an impaired 

production of IL-17  

Following in vitro re-stimulation, single cell suspensions from control and treated ears were 

stained for intracellular IL-17 (figure 3.5A). I firstly confirmed that IL-17 secretion was mainly 

restricted to the  T cell population, as previously reported76,67 (figure 3.5B) and that the C3 

deficiency did not skew this pattern. Interestingly, the frequency of IL-17 positive  T cells in 

treated ears was significantly lower in the absence of C3 (Figure 3.5C). Only few cells secreted 

IFN and there was no difference in their frequency following IMQ treatment in the presence 

or absence of C3 (figure 3.5D). 
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   Figure 3-5 IL-17+ T cells in the skin of IMQ-treated mice. 

A)  Representative FACS plot for T cell gating (CD45+CD3+ TCR+) and for intracellular 

staining of IL-17 and IFN- from IMQ-treated mice at day 7. BALB/C WT (n=7) and 

BALB/c.C3-/- (n=6) mice. Gating is based on the isotype control. B) Representation of the 

cellular source of IL-17 in the IMQ-treated skin of WT and C3-/- mice. Data are represented as 

mean ± SEM. C-D) Proportion of IL-17+ and INF-+T cells: single cell suspensions from 

skin treated for 7 days with IMQ were stimulated in vitro and stained for IL-17 and INF-. 

Mean ± SEM, unpaired t test, **p <0.01, ns= non significant.   
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3.2.5.2.  T cells from the draining lymph-nodes (dLN) of IMQ-treated 

C3-/- mice display an impaired IL-17 production 

Topical IMQ treatment performed for 7 days induced a significant expansion of + T cells in 

the auricular dLNs compared to the contralateral non-draining lymph-nodes (ndLN) (figure 

3.6A), but there was no difference between the 2 experimental groups of mice. Intracellular 

staining for IL-17 on in vitro-restimulated LN cell suspensions revealed, as described above 

for the skin, that IL-17 was mainly produced by  T cells (figure 3.6B). Importantly, IL-17+ 

 T cells were significantly less frequent in C3-/- dLN, compared to the WT (figure 3.6D). Of 

note, this difference was evident even when LN suspensions were incubated ex-vivo with Golgi 

stop without being re-stimulated with PMA/Ionomycin in vitro (figure 3.6E). As described for 

the skin, few  T cells synthesised IFN- (figure 3.6F-G), and C3 did not influence its 

production. Taken together, these data show that, in the IMQ psoriatic model, IL17 production 

by  T cells is partially dependent on C3, and this is reflected in both skin and draining LNs.  
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Figure 3-6 IL-17+ T cells in the LN of IMQ-treated mice. 

A) BALB/c WT (n=7) and BALB/c.C3-/- (n=8) mice treated with 5 mg of IMQ for 7 days. 

Number of total  T cells in the dn and ndLNs. Data are expressed as mean ± SEM, unpaired 

t test, ns= non significant. Shown are the results of 1 experiment representative of 2 

independent experiments. B) Representative FACS plot for  T cell gating (CD3+ TCR+) 

and for IL-17 and IFN- intracellular staining in dLNs of treated animals. Gating is based on 

isotype control. C) Cellular source of IL-17 in the dLN of treated mice. Data are shown as 

mean ± SEM. D) IL-17+ cells in dLNs and ndLNs of WT (n=7) and C3-/- (n=8) mice WT 

(n=7) treated for 7 days with 5 mg IMQ. Cells were re-stimulated in vitro with PMA and 

Ionomicyn in the presence of Golgi stop. E) Proportion of IL-17+ cells in the LN of mice 
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treated for 7 days with a higher dose of IMQ (10 mg). Cells were incubated with Golgi stop 

only, with no Ionomycin restimulation. For D and E, bars are mean ± SEM, unpaired t test; **p 

<0.01, ns=non significant  F) INF-T cells after in vitro restimulation. Mice were treated 

with 5 mg of IMQ. G) INF-T cells from mice treated with 10 mg of IMQ after incubation 

with Golgi stop only . Bars are mean ± SEM, unpaired t test. 
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3.2.6. Draining LN response to IMQ 

In order to better define the involvement of C3 in this model of skin inflammation, I further 

analysed the immunological responses in the dLN of the experimental animals. The treatment 

with IMQ for 7 days significantly expanded the dLN, compared to the ndLN, but no difference 

was observed in the total number of LN cells (figure 3.7A). Among them the number of B cells, 

CD3+ CD4-, and CD4+ T cells were comparable between the groups of mice (figure 3.7A). 

Cells were further analysed for expression of surface activation markers  (CD69 for B cells, 

CD44 and CD69 for T cells) and no differences were observed in the dLNs in absence of C3. 

 

 

Figure 3-7  Response to IMQ in the LNs. 

BALB/c WT (n=4) and C3-/- (n=5) mice were treated with 5 mg of IMQ on the right ear for 7 

days.  Auricular dLNs and ndLNs were dissected and single cell suspensions counted with a 

CASY® cell counter. FACS analysis of LN cells, all gates are on live cells and doublets have 

been excluded during the analysis. B cells (B220+), non-CD4 T cells (CD3+CD4-), CD4 T cells 

(CD4+). Data are expressed as mean ± SEM, unpaired t test, ns= non significant. B) Activation 

markers for the gated populations described in 3.7A. Data are expressed as mean ± SEM, 

unpaired t test, ns= non significant 
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3.2.7. C1q does not significantly influence IMQ induced psoriasis 

Conventionally known to trigger the classical pathway of the complement cascade and to 

promote the clearance of immune complexes, C1q has been recently described to exert several 

‘non classical’ functions13,6. Cumulative evidence depicts C1q as a key player in a plethora of 

pathophysiological conditions including: trophoblast invasion, preeclampsia, SLE, wound 

healing, angiogenesis and cancer6. C1q is produced extrahepatically by several cell types such 

as monocyte/macrophages, dendritic cells, epithelial cells, fibroblasts, microglial cells, 

trophoblasts 6. 

I therefore hypothesised that locally produced C1q might play a role during the skin 

inflammation induced by IMQ. BALB/c WT or C1q-/- mice were treated, as described above, 

with IMQ for 7 days. Starting from day 5, C1q-/- animals displayed a significantly reduced ear 

thickness compared to the treated WT (figure 3.8A). However, clinical scores for erythema and 

scaling were not significantly reduced in C1q-/- mice (figure 3.8A). When analysing skin single 

cell suspensions by flow cytometry, the number of CD45+ cells, CD3+, + T cells, despite 

being increased compared to untreated ears, was comparable in the 2 groups of mice (figure 

3.8B). Similarly to what previously described in C3-/- mice, there was a trend of decreased 

neutrophil infiltrate and increased monocyte infiltrate in the skin of C1q-/- mice, but these 

differences did not reach statistic significance (figure 3.8C). In addition, the number of + T 

cells and the number of the ones producing IL17 in the dLNs were comparable in the 2 groups 

of mice (figure 3.8D). Body weight remained unvaried during the course of the experiment 

(figure 3.8E).  

In conclusion, although C1q-/- mice displayed a reduced ear thickness following IMQ treatment, 

the cellular mediators involved in the inflammation were comparable to the WT animals in 

both skin and LNs. 
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Figure 3-8 Features of IMQ-induced skin inflammation in C1q deficiency. 

A) BALB/c WT (n=7) or C1q-/- (n=6) mice were treated for 7 days with 5 mg of IMQ on the 

right ear. Shown are ear thickness (mean ± SEM), scores for erythema and scaling (mean ± 

SD) of the treated ear. Mann-Whitney test, *p <0.05, **p <0.01; ns= non significant. B and C) 

Single cell suspensions analysed by FACS. Cell populations are gated on live, single cells. 

Numbers of CD3+ and + (CD4-CD3+TCR+) T cells are gated among the CD45+ population 

of treated and control ears. Control ears are the contralateral ears. 3 animals/group. Bars are 
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mean ± SEM, unpaired t test; ns=non significant. D) Single cell suspensions from dLN and 

ndLN auricular LNs of treated mice were counted and analysed by FACS. i. Numbers of + T 

cells (CD4-CD3+TCR+) among live/single cells ii. Cells cultured (0.5x10^6 cells) with Golgi 

stop for 4 hours before being stained for intracellular IL-17. Shown are the percentages of IL-

17+ + T cell Bars are mean ± SEM, unpaired t test; ns=non significant. Experiment performed 

once. 

 

 

 

3.3.   Discussion 

 

Over the past decade locally produced complement fragments have been described to 

orchestrate the adaptive immune response in murine models of kidney35,154 and heart37 allograft 

rejection. DC, T cells, and local endothelial and epithelial cells were shown  to be the main 

source of tissue complement components─ in particular of C3, FB and FD─ that would on one 

hand initiate the  complement cascade via the alternative pathway and on the other hand 

stimulate T cell survival and polarisation. Although the production of complement fragments 

has been previously demonstrated in human and  murine skin45,46, the specific role of 

complement in  the context of skin disease is to date rather controversial.   

 

By using a widely used murine model of psoriasis induced by the topical application of IMQ, 

I characterised in this chapter the influence of C3 in the course of skin inflammation.  Short-

term topical application of the TLR7-ligand IMQ in the form of 5% Aldara® cream results in 

an inflammatory skin response characterised by swelling, scaling and erythema resembling 

human psoriatic lesions75,155. A potential role for C3 in psoriasis has been previously suggested 

by the identification of C3a (and C5a) fragments in psoriatic corneal scale extracts60 and, more 

recently, by the inducible AP-1-dependent psoriasis-like mouse model in which epidermal 

synthesis of C3 was shown to promote skin inflammation 62. Consistent with these previous 

observations, in this chapter I have demonstrated that C3 also contributes to the IMQ model of 

psoriatic skin inflammation and exerts its effects by modulating the expression of psoriasis-

relevant genes and the production of IL-17 by  T cells146.  
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The presence of C3 in the skin (prevalently in the epidermis) of patients affected by psoriasis 

has been recently shown in lesional and non-lesional tissue62. In addition, human keratinocytes 

have been reported to produce several complement components including C3 46. Here I have 

shown that the gene expression of C3 was promptly upregulated in the skin of WT mice treated 

with IMQ for 3 days. In order to identify the main cellular source of C3 in the skin, I performed 

immunofluorenscence staining and demonstrated that C3 was present mainly in the dermis 

rather than in the epidermis, suggesting that other cell type(s) than keratinocytes may be 

responsible for C3 synthesis. To support these data, I isolated dermal stromal cells from the 

back skin of WT animals and demonstrated that they can express C3 and, more importantly, 

they can increase C3 production following stimulation with pro-inflammatory cytokines such 

as IL-1, TNF-and IL-36 known to be implicated in IMQ-driven inflammation. These in 

vitro data, together with the immunohistochemistry results, suggest that dermal cells are the 

predominant source of C3 following IMQ treatment and that the dermal-derived C3 may then 

influence keratinocytes in the epidermis. In support of this, the epidermal thickness of H&E 

stained skin harvested after 3 applications of IMQ was significantly increased in WT animals 

compared to C3-/-146.  These results suggest a role for dermal derived C3 in the  IMQ-induced 

psoriasis, in contrast with  human data showing that C3 is predominantly expressed in the 

epidermis62. The epidermal C3 expression identified in human psoriatic plaques might reflect 

chronic inflammation that is not recapitulated by the acute IMQ-induced lesions. Thus one 

could speculate that the different cellular expression of C3 may just reflect different phases of 

the disease. 

 

Of note, gene expression analysis carried out on IMQ-treated skin revealed that C3 markedly 

influences the local inflammatory milieu in this model. If the early expression (at 8 hours) of 

pro-inflammatory genes was similar in WT and C3-/- mice, this dropped rapidly in the absence 

of C3, indicating a faster resolution of the IMQ-induced inflammation. This effect was 

particularly evident for mRNA expression of S100A9, a component of the heterodimeric 

complex calprotectin, known to play a crucial role in psoriasis 62,153 and described to be an 

essential modulator of C3 expression in the inducible psoriatic AP-1 model. Differently from 

what previously described, my findings suggest that C3 does not act as a mere downstream 

effector of calprotectin, but is a possible modulator of the S100A8/S100A9 complex, possibly 

acting in a positive feedback loop and promoting further inflammation.  
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Having shown that following IMQ treatment C3 is primarily produced in the dermis and that, 

in the absence of C3, the expression of a key component of the inflammatory response, 

S100A9, was significantly reduced, I then examined the effects of C3 on the full blown 

psoriatic dermatitis model induced by topical application of IMQ for 7 days. C3 deficiency 

ameliorated the IMQ-induced skin inflammation with significantly less skin thickening as well 

as reduced erythema and scaling146. Consistent with this impaired skin pathology I found that 

in the absence of C3 the neutrophil infiltration was significantly decreased, indicating that the 

complement anaphylotoxic fragments, C3a and C5a, may contribute to this process. However, 

in the skin of the IMQ-treated C3-deficient mice the number of monocytes was increased, 

suggesting that their recruitment was not dependent on the C3a fragment. 

 

The current focus for new therapeutic interventions in psoriasis is on blocking pro-

inflammatory cytokine such as IL-17, IL-23 or TNF-156,157,158, which have been widely 

described to drive the immune inflammation in both human disease and mouse models. In 

particular, the secretion of IL-17 by skin resident T cells has been shown to be pivotal in the 

development of psoriatic skin inflammation. In this chapter I described that, although the 

number of T cells was not affected by the presence or absence of C3, the percentage of IL-

17-producing T cells was significantly decreased in the draining lymph nodes and in the skin 

of the IMQ-treated C3-/- mice. These results suggest that C3 contributes to the production of 

IL-17 by T cells and thus promotes the IMQ-induced skin inflammation also through this 

mechanism, similarly to what was previously demonstrated for CD4+ derived-IL17 in  animal 

models of arthritis and encephalomyelitis26,27.  

 

As mounting evidence has highlighted the key role of locally synthesised C1q in wound healing 

and angiogenesis6, I investigated the impact of C1q in the IMQ model of psoriasis. I showed 

in this chapter that the contribution of C1q in this model was negligible. Although the ear skin 

thickening was reduced in the absence of C1q, skin infiltrates and the levels of IL-17 

producingT cells were comparable in case of C1q deficiency. An explanation for this result 

could be that C1q is only marginally upregulated during the acute skin inflammation induced 

by IMQ, and its functions are instead implicated in tissue regeneration and matrix formation. 

 

In summary, in this chapter I demonstrated that C3 is implicated in the development of the 

psoriatic-like skin inflammation induced by short-term treatment with IMQ. The pro-
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inflammatory effect of C3 is likely to be mediated by several mechanisms. In the absence of 

C3 the expression of S100A9 in the skin was impaired, neutrophil infiltration into the inflamed 

site was decreased and IL-17 production by  T cells in the skin and the draining lymph nodes 

was also significantly reduced (see graphical summary 3.9). In addition, I showed that 

complement component C1q did not significantly influence the development of psoriasis 

following IMQ application. C1q functions might indeed not be implicated in the early phases 

of acute skin inflammation, but in tissue repair and extracellular matrix formation. 

 

 

 

3-9 Proposed role of C3 in IMQ-driven psoriasis 

I propose that dermal stromal cell derived C3 enhances neutrophil and monocytes recruitment 

into the skin. Also it supports, directly or indirectly, the production of IL-17 by  T cells, 

which is responsible for epidermal keratinocyte proliferation. Overall C3 boosts the pro-

inflammatory loop in this model of psoriasis and participates to the onset of epidermal 

thickening and scaling. 
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4. Systemic effects of chronic skin challenge with a TLR7 

agonist ─ role of the complement system  

 

 

4.1. Introduction 

 

Systemic lupus erythematosus (SLE) is a non-organ specific autoimmune disease characterised 

by loss of central and peripheral tolerance, presence of auto-antibodies against self nuclear 

proteins, and circulating immune-complexes (IC)94. Organ involvement in SLE is typically 

heterogeneous and the main targets are kidneys, central nervous system (CNS), skin and 

joints159. Tissue damage is determined by IC deposition followed by the activation of an 

inflammatory cascade directed by complement fragments94.  

Paradoxically, although complement activation mediates tissue damage in SLE, deficiencies of 

the early components (C1q>C2>C4) of the complement cascade have been described to 

precipitate the onset of SLE13. A potential explanation for this can be found in the “waste 

disposal” hypothesis - in the lack of complement, immune complexes and apoptotic cells are 

not efficiently cleared thus promoting inflammation and autoantibodies production92,160. 

Interestingly, even if C3 plays a major role in the clearance of apoptotic cells, patients carrying 

C3 deficiency do not appear to be more susceptible to develop SLE.  

In this context, I decided to investigate the role of complement in the onset of SLE by using 

the murine model of disease induced by the chronic stimulation with a TLR7 agonist83. This 

newly described model was shown to induce SLE only by epicutaneous, and not systemic, 

administration of a TLR7 agonist: imiquimod (IMQ). This is extremely relevant for the human 

lupus that is often triggered by skin exposure to UV-light. In addition, C3 and C1q have been 

found on sunburn cells in vivo161, raising the possibility of the involvement of complement in 

the UV-driven initiation/relapse of the disease.  

Over the last decade, the role of TLR7 in the pathogenesis of lupus, has been suggested by 

numerous studies using lupus-prone mice128,162. The genetic duplication of TLR7 within the 

lupus-prone Yaa locus, is associated with systemic inflammation with lupus features128,127, 

whereas TLR7 deficiency in lupus prone mice ameliorated the renal disease and B cell 
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activation131. Noticeably, in lupus prone mice BXSB bearing a genetic duplication of the TLR7 

locus, UVB exposure was reported to accelerate the onset of systemic autoimmunity163. This 

acceleration was not observed in other lupus prone strains such as the NZB/NZW, thus 

suggesting that the UV irradiation of the skin might initiate/accelerate systemic autoimmunity 

through TLR7. Lastly, TLR7 polymorphism has been recently linked to predisposition to 

developing lupus in GWAS studies 138,164.  

In light of this and keeping in mind my initial observations of a reduced TLR7-induced skin 

inflammation in C3-/- mice (chapter 3), I sought to investigate whether complement deficiency 

could influence the onset of systemic autoimmunity induced by chronic topical application of 

IMQ. 

 

Hypothesis and aims 

I hypothesised that complement deficiency could influence the onset of autoimmunity in a 

novel model of skin-induced lupus-like systemic autoimmunity. I tested this hypothesis by: 

 Assessing the role of complement C3 and C1q in the SLE model induced by chronic 

topical application of IMQ. 

 Testing the effects of other TLR7 agonists. 

 Evaluating the skin specificity of the systemic effects observed. 

 

4.2.  Results                

4.2.1. Long-term treatment with 1.25 mg of 5% IMQ cream does not induce 

systemic autoimmunity 

In the recent report by Yogowama et al83, a lupus-like systemic autoimmune syndrome was 

induced by the application of a small dose (1.25 mg) of 5% IMQ cream on the ear of WT mice 

3 times a week for a period of 8 weeks. Mice were described to develop glomerulonephritis, 

anti ds-DNA and anti-Sm autoantibodies starting from week 4. Skin lupus band, anaemia and 

mononuclear infiltrates in spleen and liver were also described. Mice on FVB background were 

shown to develop chest oedema and survival rate after 10 weeks of treatment was 0%.  In order 

to investigate the influence of early complement components in this model, I treated BALB/c 

mice, WT, C3-/- or C1q-/- for a total of 12 weeks (figure 4.1A) with 1.25 mg of 5% IMQ cream. 
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Weekly clinical monitoring revealed a steady body weight in all groups of mice during the 

course of the experiment (figure 4.1B). The spleen harvested at the end of the experiment did 

not appear enlarged compared to a naïve control and the spleen-body weight ratio was not 

significantly different between the experimental groups (figure 4.1C). Anti-ssDNA and anti-

chromatin autoantibodies did not rise following the 12 week treatment (figure 4.1D).  A mild 

increase of total IgG1 and IgG2a was observed (figure 4.1E).  

Interestingly, in contrast with what observed following the daily short term IMQ treatment, the 

ear skin thickened only mildly from the baseline, with no significant differences between the 3 

treated groups (figure 4.1F). In addition mice did not develop visible signs of dermatitis, 

suggesting that IMQ cream effects are strongly dose and schedule dependent. 

Spleen single cell suspensions were analysed in order to identify signs of systemic immune 

inflammation. In contrast with what reported in the original paper83, the numbers of total 

splenocytes and of B cells (B220+ cells) and T cells (CD4+ and CD8+) were not influenced by 

IMQ treatment, and moreover the deficiency of C3 or C1q did not have any effect (figure 4.2A). 

Analysis of B cell (MHC class II surface expression) and T cell (CD44highCD62L-) activation 

did not show significant differences between the 3 experimental groups and the naïve control 

(figure 4.2B). Interestingly, marginal zone B cells, a peripheral B cell subset described to 

decrease during autoimmunity, appeared to be reduced only in the WT treated group.  However, 

the analysis of the spleen phenotype was limited by the presence of only one naïve control of 

the same age. 

Collectively, these data showed that the long-term epicutaneous application of 1.25 mg of IMQ 

failed to induce systemic autoimmunity in contrast to what previously described.  As the model 

could not be reproduced, the role of complement in the onset of the lupus-like syndrome could 

not be addressed using this experimental approach.  



76 

 

 

Figure 4-1 IMQ-induced SLE-like model. 

A) Schematic demonstration of the long-term IMQ experimental protocol. BALB/c WT (n=7), 

C3-/- (n=6) and C1q-/- (n=7) were treated with 1.25 mg of 5% IMQ cream (Aldara®) on the 

ventral side of the right ear every other day for 12 weeks. B)  Weekly body weight of the 3 

groups of animals.  Results are shown as Mean±SEM. When not indicted, data were not 

statistically significant; statistic by Mann-Whitney test. C) Following 12 weeks of treatment, 

part of treated animal were sacrificed: WT (n=3) C3-/- (n=3) and C1q-/- (n=3). Represented is 

the ratio of spleen and body weight at the end of the experiment. Results are shown as 

median±range. When not indicted, data were not statistically significant; statistic by Mann-

Whitney test. D) Titres of anti-ssDNA , anti-chromatin IgG at the start of the experiment and 
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after 12 weeks of IMQ treatment are shown. Results are expressed as arbitrary ELISA units 

(AEU). All samples were tested at the same time. Data are shown as Mean±SEM, ANOVA test 

was used for the analysis. When not otherwise specified, results are not statistically significant. 

E)  Titres of IgG1 and IgG2a at the start of the experiment and after 12 weeks of IMQ treatment 

are shown. ANOVA test with Bonferroni post- analysis.**p <0.01, *p <0.05. F) Ear thickness 

was measured with a caliper once a week. Data shown as Mean±SEM, Mann-Whitney test was 

used to calculate p values **p <0.01, *p <0.05. 
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Figure 4-2 Splenic phenotype of IMQ-treated mice. 

A) Cellular composition of spleens of mice treated topically with 1.25 mg of IMQ for 12 

weeks, as specified in figure 4.1A. Total number of splenocytes was counted with Casy® 

counter. Single cell suspensions were analysed by FACS and dead cells and duplets were 

excluded during the analysis. Numbers of B cells (B220+), CD4+ T cells (CD4+), CD8+ T cells 

(CD8+) within the spleen are represented. Data are expressed as Mean ± SEM, ANOVA test 

with Bonferroni post-analysis. B) Markers of activation in the populations described in fig.2A. 

Expression of MHC class II on B220+ cells, and  % of TEM (effector memory T cells) among 

CD4+ and CD8+ T cells. Mean ± SEM, ANOVA test with Bonferroni post-analysis. C) 

Representative FACS plots of splenic marginal zone  (MZ), defined as CD23low CD21high 

among B220+ cells (on the right) and summary plot of % of MZ cells. Mean± SEM, ANOVA 

test with Bonferroni post-analysis, **p <0.01. 
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4.2.2. Lupus-like features induced by a higher dose of IMQ  

 A possible explanation for the disparity between our results and those in the previous report83 

may lay in the composition of the vehicle cream itself that can potently affect the immune 

response by activating the inflammasome70,165. It is thus possible that the composition of the 

vehicle used by Yokogawa and colleagues contains higher levels of isostearic acid and that 

this is responsible for some of the inflammatory responses attributed to the IMQ treatment. In 

addition, different excipients could influence the penetration of IMQ in the skin.  In order to 

rule out this possibility, I increased the dose of IMQ cream administered topically by 8 times, 

and therefore treated the animals with 10 mg of 5% IMQ cream every other day (figure 4.3A).  

Following the application of this higher IMQ dose, a modest splenomegaly (Figure 4.3C), 

although markedly less than the one reported originally83, and a progressive increase in the 

autoantibody titres (anti-ssDNA, anti-chromatin and anti-RNP Abs) were observed. The 

autoantibody titres, however, remained low throughout the course of the experiment (Figure 

4.3D). IgG1 levels increased only modestly over the course of the 10 weeks, while the 

pathogenic IgG2a raised more significantly, as shown in figure 4.3E. Examination of the renal 

histology after 10 week treatment showed evidence of glomerulonephritis (Figure 4.3F). Of 

note, there was no significant difference between WT and C3-/- mice in any of the parameters 

examined (Figure 4.3). Weekly measurements of the ear thickness revealed that, as previously 

shown in chapter 3, C3 exacerbated skin inflammation following a short term application of 

IMQ. No difference was seen in the ear thickness in the longer term (Figure 4.3B). 

Furthermore, flow cytometric analysis of the splenic cell populations showed that long-term 

treatment with high dose IMQ induced some cellular changes, but there were no differences 

between the two IMQ-treated experimental groups. In particular, the absolute number of total 

splenocytes, B and T cells was slightly increased by IMQ, although not in a statistically 

significant way (figure 4.4A). Similarly, the markers of cellular activation were not markedly 

changed (figure 4.4B). As expected in the context of autoimmunity with autoantibody 

production, both germinal centres (GC) and plasma cells (PC) were expanded by the IMQ 

treatment, whilst MZ B cells were decreased in both treated groups compared to the naïve 

controls (figure 4.4C). No differences were observed between the 2 treated groups in any of 

the parameters examined (figure 4.4).  

The analysis of the splenic DCs revealed an expansion of the conventional DC (cDC) 

population that did not reach statistical significance. Of note, MHC class II expression on the 
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cDCs was downregulated in the treated groups. The reason for this may reside in an attempt of 

compensating for the systemic activation (figure 4.5A). The percentage and activation of pDCs 

were unvaried by the treatment (figure 4.5B). 

Taken together these data indicate that a higher dose of IMQ (10 mg) applied topically in a 

chronic fashion can induce a systemic lupus-like syndrome characterised by auto-antibodies, 

glomerulonephritis, splenomegaly, and peripheral activation of T and B cells. However, C3 

had no obvious impact on the induction of the systemic autoimmune response. 
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Figure 4-3 Systemic effects of chronic exposure to IMQ. 

A) WT (n=5) and BALB/c.C3-/- (n=5) female mice were treated topically with 10 mg of IMQ 

three times weekly for 10 weeks. B) Ear thickness was measured with a caliper once a week. 

Data shown as Mean±SEM, Mann-Whitney test was used to calculate p values **p <0.01, *p 

<0.05. C) Ratio of spleen and body weight. Age-matched untreated BALB/c mice were used 

as controls. Bars are Mean ± SEM, one way-ANOVA test. D) Titres of anti-RNP, anti-ssDNA, 

anti-chromatin IgG at different time points during the IMQ treatment. Results are expressed as 
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arbitrary ELISA units (AEU). All samples were tested at the same time. Data are shown as 

Mean ± SEM, unpaired t test was calculated at each time point. E) Levels of IgG1 and IgG2a 

in the serum of the 2 groups of experimental mice at serial time points. Samples were tested at 

the same time and unpaired t test was used at each time point. If not otherwise indicated, the 

statistics are not significant. F) Renal histological score and representative images of PAS 

stained kidney sections from IMQ-treated mice for 10 weeks (magnification x40). Bars 

represent median, statistical analysis by Mann-Whitney test.  

 

Figure 4-4 Splenic phenotype of mice treated topically for 10 weeks with 10 mg of IMQ. 

Splenic cell suspensions from mice treated as indicated in figure 4.3A, were counted with a 

CASY® counter, stained, and analysed by FACS. Gating was based on live cells. Data are 

shown as Mean ± SEM, and statistical analysis performed with Student t test, ns= non 

significant. B) Activation markers for B and T cells are showed. Expression of MHC class II 
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on B cells (B220+ cells) was expressed as Mean ± SEM fluorescent intensity (MFI).  The 

percentage of effector memory T cells (TEM), defined as CD44high and CD62L-, was 

calculated among CD4+ or CD8+ T cells. Mean ± SEM, Student t test, *p <0.05, ns= non 

significant. Dotted lines indicate comparison between the WT treated group and naïve 

controls. Solid lines indicate comparison between the 2 treated groups. 

 

 

 

Figure 4-5 Splenic DC subsets. 

FACS analysis of spleen single cell suspensions from mice treated as indicated in figure 4.3A. 

A) Percentage of conventional  DC (cDC), gated as  CD11chigh and ClassII high , among the 

CD19- population. MFI for MHC class II and CD86 is calculated on the cDC population. Data 

are shown as Mean ± SEM, p values are calculated by using Student t test,  ***=p <0.001, ns= 

non significant. B) Represented is the proportion of pDCs (CD19-B220+ SiglecH+) in the spleen 

of treated and naïve mice. Expression of activation markers CD86 and MHC MHC class II 

calculated by MFI. Mean ± SEM, Student  t test, ns= non significant. 

 

 

 

 



84 

 

4.2.3. Topical application and not intraperitoneal administration of TLR7 

agonists induces systemic inflammatory responses 

Although the epicutaneous application of a higher dose of IMQ cream successfully induced 

systemic autoimmunity, the phenotype of the disease appeared variable within the treated mice 

and the severity of the systemic disease was reduced compared to what previously reported83. 

In order to further investigate the effects of the chronic administration of TLR7 agonists, I 

decided to utilise another TLR7 compound, Resiquimod (R848), which had also been used in 

Yokogama’s study83.   In addition, with the aim of testing the skin specificity of TLR7-

mediated effects, I compared the topical and intraperitoneal (i.p.) administration of R848. 

An equal dose of R848 (100g) was given 3 times a week topically or i.p. to WT BALB/c 

mice. Control mice were treated with the corresponding vehicles (figure 4.6A). Animals were 

monitored during the course of the experiment and did not develop any sign of skin 

inflammation (data not shown). After 4 weeks of treatment, skin-treated mice appeared 

distressed, pale, with swollen abdomen and were promptly sacrificed.   Topically-treated 

animals were found to have a striking splenomegaly compared to the controls and to the i.p. 

treated mice (figure 4.6B). Anti RNP-complex IgG antibodies were also detected in the 

topically-treated animals (figure 4.6C). PAS-stained kidney sections were scored blind by an 

experienced pathologist and revealed a mild glomerular hypercellularity and a significant 

medullar infiltrate with dense infiltrates only in the mice treated with topical R848 (figure 4.6 

D) 

To further characterise the effects of the R848 treatment, spleen single cell suspensions were 

counted (figure 4.7A) and analysed by FACS. Although the absolute cell number of T and B 

cells was only mildly increased by the treatment (figure 4.7B), T cells were significantly more 

activated by the topical treatment than the i.p. administration, as revealed by the percentage of 

T effector memory cells (TEM) among CD4+ and CD8+ T cells (figure 4.7C).  Expression of 

MHC class II on B cells was increased by systemic R848, but not as dramatically as by the skin 

application (figure 4.7C). In addition, the proportion of MZ B cells was significantly decreased 

(figure 4.7D i and ii), whereas the fraction of GC was massively boosted in the skin-treated 

mice (figure 4.7D i and ii).  

The analysis of the splenic myeloid compartment uncovered a markedly increased level of 

CD11b+ cells and cDCs after skin R848 application (fig.4.8A and 8B). However, similarly to 

what previously observed after prolonged stimulation with IMQ (fig. 4.5A), the expression of 
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DC activation marker CD86 was unvaried and MHC class II decreased after topical R848, 

possibly to curb the unabated inflammatory response induced by the TLR7 agonist (fig. 4.8A). 

As mice bearing a genetic duplication of TLR7128 had evidence of extramedullary 

erythropoiesis, I analysed the splenic progenitor populations .  Megakario-erythrocyte 

progenitors (MEP) were significantly enriched in the spleens of all R848-treated mice, 

however, the increase was higher in the mice treated topically. The level of haematopoietic 

stem cells was instead unchanged by the treatment (fig.4.8C). Taken together, these data show 

that topical R848 rapidly induces severe systemic inflammation with autoimmune features, and 

this effect appears to be specific to the skin treatment. 
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Figure 4-6 R848-induced inflammation and autoimmune features. 

A) Schematic representation of the experimental protocol. WT BALB/c mice were treated 

every other day with 100 g of R848 on the dorsal side of the ear (n=3) or i.p. (n=3) for a total 

of 4 weeks. Experiment done only once under these experimental conditions. Control WT 

BALB/c mice were treated with the same volume of vehicle: skin controls (n=3) were treated 

topically with 30 l of acetone and i.p. treated mice (n=2) were injected with 200 l of PBS 

5% DMSO. B) Representative picture of spleens from animals treated for 4 weeks with R848. 

On the left hand side, ratio between spleen and body weight. Data are shown as Mean ± SEM, 

p values calculated with ANOVA test, ***p <0.001, ns=non significant. C) Anti-RNP complex 

IgG antibodies were tested on serum collected at 0, 2 and 4 weeks after the start of the 

treatment. Results are expressed as arbitrary ELISA units (AEU). Samples were tested at the 

same time. Mean ± SEM, p values calculated at each time point with ANOVA test. ***p 

<0.001,**p <0.01. Where not otherwise specified, analysis is not statistically significant. D) 
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Renal histological score representing glomerular cellularity, cortical, and medullary infiltrate. 

Bars represent median. 
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Figure 4-7 Spleen changes following topical and systemic R848 administration. 

A) Spleen single cell suspensions from the animals of figure 4.6A were counted with CASY® 

counter. Total number of splenocytes is presented, Mean ± SEM.  Data are analysed with 

ANOVA test , *p <0.05, ns= non significant B) Total numbers of CD4+ T cells (CD4+), CD8+ 

T cells (CD8+ ) and B cells (B220+) in the spleens of mice treated for 4 weeks with R848 or 

vehicles. Mean ± SEM, p values calculated with ANOVA test *p <0.05, ns= non significant. 

C) Activation markers for the populations analysed in 7B. Mean ± SEM, ANOVA test, ***p 

<0.001, ns= non significant D) i. Representative FACS plots for GC (GL-7+ FAS-, gated on 

CD3- B220-) and MZ B cells (CD23low CD21high, gated on B220+ cells) in all experimental 

groups. ii. Percentages of GC and MZ B cells among B220-CD3- and B220+ cells respectively. 

Data are represented as Mean ± SEM and were analysed with ANOVA test , *p <0.05,**p 

<0.01, ***p <0.001, ns= non significant. 
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Figure 4-8 DC and myeloid compartment. 

A) FACS analysis of conventional DC in the spleen of the experimental mice of fig.4.6A. From 

left to right, absolute number of cDC (CD11C+ ClassII high ) and activation markers of cDC. 

Duplets and dead cells were excluded during the analysis. Mean ± SEM, ANOVA test was 

used for statistics. *p <0.05, **p <0.01, ns= non significant. B) Total number of CD11b+ cells 

. Mean ± SEM, ANOVA test, **p <0.01, ***p <0.001, ns= non significant. C) Percentage of  

megakariocyte progenitors (MEP) ( Sca1- CD34-) among lineage- CD117+ population, and 

percentage of haematopoietic stem cells (HSC) ( Sca1+CD34-). Mean ± SEM, ANOVA test 

was used for statistical analysis and *p <0.05, **p <0.01, ***p <0.001, ns= non significant. 
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4.2.4. Intravenous administration of R848 does not promote systemic 

autoimmunity 

Chronic intraperitoneal administration of R848 failed to induce obvious systemic 

autoimmunity, in line with what previously described with i.p. IMQ83. In order to consolidate 

the evidence that R848 effects are mediated specifically through the skin, I decided to 

investigate another systemic route of administration: intravenous (i.v.). Ear skin is a highly 

vascularised tissue and I suspected that topically applied substances might potentially be 

rapidly absorbed into the systemic circulation, mimicking an i.v. administration.   

In order to rule out this possibility, I compared the effects of the administration of the same 

dose of R848 i.v. and topically (figure 4.9A). As anti-RNP autoantibodies were already 

detectable after 2 weeks of topical treatment (figure 4.6 C), and considering the technical 

difficulty of repeated i.v. injections, I elected to sacrifice the mice at this time-point. To exclude 

any bystander effect of the i.v. vehicle I treated a small group of mice with PBS 5% DMSO. 

After 2 weeks (a total of 6 doses of R848), i.v.-treated mice developed a milder splenomegaly 

compared to the skin-treated ones (figure 4.9B i and ii) and anti-RNP antibodies were detected 

only in the topically treated animals (figure 4.9C). 

Consistent with the spleen weight, the total number of splenocytes was significantly higher in 

skin-treated mice compared to the ones that received R848 i.v (figure 4.10A), and the number  

of lymphocyte subtypes dramatically augmented only after the topical treatment (figure 4.10B).  

B cells and CD4+ T cells were significantly more activated by the cutaneous administration of 

R848 (figure 4.10C) and the i.v. administration did not promote the formation of germinal 

centres or plasma cells (figure 4.10D) nor reduced the proportion of MZ B cells. Interestingly, 

on analysing the myeloid compartment, I observed that, although cDCs were expanded only 

by the topical R848, their activation was boosted more significantly by the i.v. treatment. 

Similarly, spleen pDCs from systemically treated mice appeared more active than those from 

topically treated animals (figure 4.11 A and B). Spleen monocytes levels surged following skin 

R848 only (figure 4.11C). 
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Figure 4-9 Comparison of i.v. and skin administration of R848. 

 A) Schematic representation of the experimental setting. WT BALB/c mice (n=3) were treated 

with 100g of R848 on the dorsal side of one ear and compared with WT BALB/c (n=3) treated 

with the same dose of R848 intravenously for a total of 6 treatments (2 weeks). Experiment 

performed once. WT control mice (n=2) were treated i.v. with the vehicle PBS 5% DMSO. B) 

Ratio of spleen weight and body weight in the 3 experimental groups and representative image 

of the spleens. Mean ± SEM, Student t test,  ****p <0.0001. C) IgG anti-RNP antibodies were 

tested by ELISA on samples collected at the end of the experiment. Data are shown as Mean ± 

SEM, p values were obtained with Student t test, ****p<0.0001.  
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Figure 4-10 Spleen phenotype following 2 weeks of i.v. or topical treatment with R848. 

A) Spleen single cell suspensions from the experimental mice of fig.4.9A. Cells were counted 

with the CASY® counter. Mean ± SEM, statistic analysis was carried out with Student t test 

**** p<0.0001 . B) The spleens of the experimental animals were harvested after 2 weeks of 

R848 treatment and analysed by FACS. Shown are the absolute number of CD4+ T , CD8+ T, 

and B220+ cells. Duplets and dead cells were excluded during the analysis. Mean ± SEM, 

statistic analysis was carried out with Student t test, **p <0.01, ***p <0.001 **** p<0.0001. 

C) Proportion of activated T cells (defined as CD44+CD62L-) and B cells (MHC class II MFI). 

Mean ± SEM, Student t test . D) Percentages of PC (CD138+ Fas-, gated on CD3-B220-), GC 

(GL-7+ Fas+, gated on B220+ cells) and MZ B cells (CD21+CD23low). Mean ± SEM, statistics 

by Student t test, **p <0.01, ns=non significant. E) Representative FACS plots for PC and GC 

in the 2 different routes of administration. 
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Figure 4-11 Myeloid compartment of skin or i.v. R848-treated mice. 

FACS analysis of spleen single cell suspensions from experimental mice of fig.4.9A. A) 

Percentage of cDCs (CD11c+ ClassII high) and activation marker expression: MHC class II and 

CD86. Mean± SEM, statistics were calculated with Student  t test, * p<0.05, **p <0.01, ***p 

<0.001, **** p<0.0001, ns= non significant. B) Proportion of pDCs (SiglecH+ B220+) among 

the CD19- population, and expression of pDC activation markers. Statistical analysis by 

Student  t test. C) Absolute number of monocytes (CD11b+ CD115+) in the spleens of the 3 

experimental groups. Mean± SEM, p values are obtained with Student  t test ** p< 0.01.  
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4.2.5. Complement does not influence the lupus-like syndrome induced by R848 

Having demonstrated that the topical application of R848 successfully induces a robust 

systemic inflammation resembling a lupus-like syndrome, I decided to investigate the role of 

complement in the induction of this disease model.  I therefore treated BALB/c mice either WT 

or C3-/- or C1q-/- with topical R848 and compared the effects between the 3 groups of animals 

(figure 4.12A).  A control group treated with topical acetone was included. Following 4 weeks 

of treatment, mice presented a swollen abdomen and appeared pale and distressed and were 

therefore promptly sacrificed. The dissection revealed severe splenomegaly, but no difference 

could be observed between the 3 groups (figure 4.12B). Antibodies anti-RNP complex raised 

equally between the 3 groups after 2 weeks of treatment, but were higher in WT animals after 

4 weeks (figure 4.12C). Kidney histology score showed no difference in the medullary or 

cortical infiltrate between the 3 treated groups. Also the glomerular cellularity was similar in 

all R848-groups (figure 4.12 D). 

Similarly to what described in paragraph 4.2.3, the analysis of the spleens revealed marked 

lymphocyte activation (figure 4.13C), despite no significant increase of total lymphocyte 

numbers (figure 4.13B). However, complement deficiency did not influence these parameters. 

GC were equally expanded in the 3 groups of treated mice (figure 4.13D), whereas MZ B cell 

reduction appeared less prominent in C1q-/- mice compared to WT (figure 4.13D). The absolute 

number of cDC and their activation were not influenced by the lack of C3 or C1q (figure 

4.14A), likewise the proportion of CD11b+ cells in the spleen (figure 4.14B). Analysis of 

spleen progenitors showed that topical R848 increased the MEP population and did not alter 

the HSC. Complement did not influence these changes. 

Collectively, these data suggest that the robust systemic inflammation induced by topically 

applied R848 is not influenced by the deficiency of C3 or C1q. Of note, WT mice showed a 

higher value of anti RNP IgG after 4 weeks of treatment, but the small number of mice and the 

fact that I could not continue the R848 application make impossible to draw any firm 

conclusion. In addition, in view of the severity of the manifestations after 4 weeks of treatment, 

it was considered unethical to replicate the experiment. 
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Figure 4-12 R848-induced autoimmunity in complement deficient mice. 

A) Schematic representation of the experimental protocol. WT (n=3), C3-/- (n=3) or C1q -/- 

(n=3) BALB/c mice were treated every other day with 100 g of R848 on the dorsal side of 

the ear for a total of 4 weeks. Control WT BALB/c mice (n=3) were treated with a same volume 

(30l) of acetone vehicle. B) Ratio between spleen and body weight. Mean ± SEM, p values 

are calculated with ANOVA test and by comparing the 3 groups of R848-treated mice. Where 

not otherwise specified, p values are not statistically significant. C) Anti-RNP complex IgG 

antibodies were tested on serum collected at 0, 2 and 4 weeks after the start of the treatment. 

Results are expressed as arbitrary ELISA units (AEU). Samples were tested at the same time 

and p values are calculated at each time point with ANOVA test. * p <0.05. Mean ± SEM are 

shown.  D) Renal histological score o of mice treated for 4 weeks with topical R848. Bars 

represent median, statistical analysis by ANOVA. 
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Figure 4-13 Spleen features of WT and complement deficient mice following epicutaneous 

R848 treatment. 

A) Spleen single cell suspensions were counted with CASY® automatic counter. Total number 

of splenocytes is represented. B) Total numbers of CD4+ T cells (CD4+), CD8+ T cells (CD8+) 

and B cells (B220+) in the spleens of mice treated for 4 weeks with R848 or with acetone. C) 

Activation markers for the populations analysed in 13B. D) Proportion of GC (GL-7+ CD138+) 

and MZ (CD23low CD21+) B cells among B220+ live single cells. All statistical analyses were 

conducted with ANOVA test and comparing the 3 R848-treated groups. Data are shown as 

Mean ± SEM ,*p <0.05, when not otherwise specified the analysis was not statistically 

significant 
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Figure 4-14 DC and myeloid spleen compartment in WT and complement deficient mice. 

A) From left to right, absolute number of cDC (CD11C+ ClassII high) and activation markers of 

cDC. Duplets and dead cells were excluded during the analysis. Data are shown as Mean ± 

SEM, ANOVA test was used for statistics. When not otherwise specified, p values are not 

statistically significant. B) Total number of CD11b+ cells in the spleens of the experimental 

mice. Mean±SEM, ANOVA test. C) Percentage of megakariocyte progenitors (MEP) (Sca1- 

CD34-) among the lineage-, CD117+ population and of haematopoietic stem cells (HSC) ( 

Sca1+CD34-). Mean±SEM, ANOVA test used for statistical analysis. When not otherwise 

specified, p values are not statistically significant 
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4.3. Discussion 

 

SLE is a complex systemic autoimmune syndrome characterised by multiple organ 

involvement and presence of autoantibodies against nuclear antigens. Systemic lupus features 

periods of remission and flare94, the latter often driven by exposure to UV light and viral 

infections. Several mechanisms contribute to the pathogenesis of SLE and to the organ 

damage94,159, including complement.  Early components of the complement cascade exhibit a 

crucial role in the clearance of apoptotic cells and IC, and in the modulation of T cell 

responses13. TLR7 overexpression has also been associated with SLE pathogenesis in animal 

models128 and potential sources of TLR7 ligands are both viral ssRNA, and nucleic acids 

released by sunburn cells in the epidermis following UV-exposure.  

There is also evidence of a cross-talk between complement and TLRs166,167,168,169,170,171. It has 

been shown that TLRs, in particular TLR4, TLR2 and TLR9, work synergistically with 

complement in shaping the inflammatory microenvironment and T cell responses, mainly via 

C3aR/C5aR. However, the interactions between TLR7 and complement remain poorly 

understood. Considering that both systems are involved in the detection and handling of  

nucleic acids, one is tempted to speculate that they interact to optimise their functions. 

In this chapter I assessed the role of early complement components in the onset of SLE by 

utilising a newly described murine model of SLE induced by the chronic epicutaneous 

application of TLR7 agonists83. By triggering the skin with a small dose of 5% IMQ cream, the 

authors claimed to induce a severe systemic inflammation with lupus-like features in several 

mouse strains including BALB/c, C57BL/6 and FVB. However, the majority of the data 

showed in the paper were obtained using FVB animals. When I used the same dose of IMQ 

cream, I did not observed the induction of systemic autoimmunity. Despite a prolonged time 

of application up to 12 weeks, mice did not develop any sign of systemic inflammation (e.g. 

splenomegaly, proteinuria) and autoantibody levels did not rise from the baseline. In addition, 

FACS analysis of the spleens did not reveal significant lymphocyte activation. In this context, 

the involvement of complement in the SLE pathogenesis could not be assessed.  

The disparity between my results and Yogokama’s report may reside in the a different 

composition of the vehicle cream, as excipients like isosteric acid have been shown to promote 

skin inflammation independently from TLR7 activity81. Furthermore, the presence of different 

chemical excipients could influence the quantity of IMQ effectively absorbed into the mouse 
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skin. Consistent with this, on increasing the dose of IMQ cream by 8 times, a systemic 

inflammation with SLE-features was induced. After 10 weeks of topical treatment, BALB/c 

mice developed a mild splenomegaly, glomerulonephritis and autoantibodies (anti-ssDNA, 

anti-chromatin and anti-RNP IgG were measured). GC and PC populations were expanded, 

consistent with peripheral B cell activation and autoantibody production. As previously 

described for BXBS mice bearing TLR7 genetic duplication, MZ B cells were significantly 

decreased by the treatment with IMQ128. TLR7 is widely expressed on DCs and pDCs and, 

when engaged, promotes cell activation and secretion of pro-inflammatory cytokines172. The 

spleens of the IMQ-treated mice exhibited a significant expansion of cDCs, but not of pDCs, 

although no upregulation of activation markers was detected at this stage. Importantly, under 

these conditions, C3 deficiency did not influence the development of the SLE-like syndrome 

induced by IMQ. C3-/- mice treated with the same regime of IMQ for 10 weeks developed a 

comparable disease to the WT animals and did not differ in any of the parameters examined 

indicating that the complement system did not influence the effects induced by TLR7 

activation.  

Although the chronic epicutaneous application of an enhanced dose of IMQ triggered the 

induction of autoimmune features, the degree of the disease appeared mild compared to what 

originally described in Yogokama’s paper and to other mouse models of SLE such as the lupus-

prone mice MRL/lpr or NZBW. In addition, it is difficult to determine how much IMQ is 

effectively absorbed from mouse skin following the application of the cream (500 g of IMQ 

are present in 10 mg of Aldara® cream). In order to better define the systemic effects of the 

chronic cutaneous exposure to TLR7 and address the involvement of complement in this 

context, I decided to utilise another TLR7 agonist, Resiquimod (R848) that has a similar 

chemical structure to IMQ173. I first tested the application of R848 on WT mice and compared 

the topical and intraperitoneal administration of the same quantity of agonist.  As previously 

reported by Yokogawa et al83, the prolonged topical application of R848 induced a very severe 

systemic inflammation. A marked splenomegaly, peripheral lymphocyte activation and 

expansion of the splenic myeloid compartment were the prominent features in this model. 

Autoantibodies were detectable already after 2 weeks of treatment and kidneys featured 

striking dense infiltrates in the medullary. Noticeably, I found that the SLE-like syndrome was 

not triggered by R848 i.p., in line with what previously reported for the i.p. administration of 

IMQ83.  
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The intraperitoneal cavity is an anatomical space confined within the continuity of the 

peritoneal membrane which covers and connects the abdominal visceral organs. Although 

mainly composed by mesothelial cells, the membrane contains several other cell types and 

structures including peritoneal macrophages, stromal cells, and milky spots174,175 that could be 

activated by i.p. administered R848 and hamper the downstream effects of the agonist. In the 

light of this, I tested another systemic route of administration, the intravenous one, and 

compared it to the topical administration of R848. After 2 weeks of repeated i.v. injections of 

R848, no signs of autoimmunity were observed, as demonstrated by the absence of anti-RNP 

antibodies in the serum. Of note, in contrast to the skin treatment, i.v. R848 did not trigger T 

cell activation, or PC, GC, and myeloid cell expansion. However, DCs and pDCs displayed a 

higher upregulation of activation markers as a result of the i.v. administration compared to the 

topical one. Despite these findings, the i.v. treatment did not induce loss of tolerance, 

corroborating the hypothesis that chronic activation of TLR7 induces SLE specifically via the 

cutaneous administration and not through the systemic one83. This is particularly relevant to 

the disease in humans where the condition can be initiated and/or exacerbated by viral 

infections or exposure to UV-light, both potential sources of TLR7 ligands (viral ssRNA and 

nucleic acids respectively). 

Having demonstrated that the topical application of R848, and not the i.p. or i.v. one, could 

induce a full blown SLE-like syndrome, I then re-assessed the potential role of complement in 

this lupus model. I found that, following a prolonged topical stimulation with R848, WT and 

complement deficient mice (C3-/- and C1q-/-) developed comparable systemic inflammation. 

Peripheral cellular activation and glomerular damage were analogous in all the groups of 

treated animals and autoantibodies raised similarly after 2 weeks of treatment. Interestingly, 

following 4 weeks of R848, WT mice displayed higher levels of anti-RNP antibodies compared 

to the complement deficient groups. However, the severe systemic inflammation present at this 

point was overwhelming the autoimmune features and the number of animals studied was too 

small to draw any definitive conclusion. 

In summary, in this chapter I demonstrated that the topical, and not the systemic, application 

of TLR7 agonists in the form of IMQ and of R848 induces a systemic lupus-like syndrome in 

mice. I showed that, in order to induce the disease phenotype, the IMQ cream needs to be 

applied at a higher dose than what previously published83. Interestingly, the chronic topical 

application of R848 triggered a much more severe syndrome compared to IMQ, and the effect 

was not obtained when the same quantity of compound was administered i.p or i.v. In addition, 
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I demonstrated that the deficiency of C3 or C1q does not play a role in the induction of this 

lupus-like syndrome unlike I had hypothesised in light of the evidence of role of complement 

both in SLE and skin inflammation/UV-damage. An explanation for this might reside in the 

fact that, in this lupus model, the induction of autoimmunity bypasses mechanisms such as the 

disposal of apoptotic cells that is normally influenced by complement and participates to lupus-

induction in other models.   
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5. Effects of epicutaneous stimulation with R848 on the 

mononuclear phagocytic system 
 

 

5.1. Introduction 

 

Studies on SLE pathogenesis have classically focused on adaptive immunity abnormalities 

leading to loss of tolerance and formation of autoantibody against self-antigens176,177. Over the 

past decade new evidence has revealed a role for innate immunity in the induction and 

maintenance of autoimmunity105,178,179. In particular, pattern recognition receptors (PRR) have 

been described to play a crucial role in the pathogenesis of SLE in both mice and humans105,120. 

TLR7 and TLR9, which recognise single-stranded RNA and viral DNA respectively, have been 

shown to be activated also by endogenous nucleic acids120. Activation of these PRRs boosts 

the production of IFN-that exerts pleiotropic effects on the immune system by promoting 

differentiation of B cells into plasma cells, increasing the cytotoxicity of CD8+ T cells and NK 

cells, activating pDCs and promoting the differentiation of monocytes into DCs105,180.  

 

Monocytes are a key component of innate immunity181 and a role for this myeloid population 

in the pathogenesis of SLE has been suggested in recent years 178,113,182,183. A peripheral 

infiltrate of  “non–classical” monocytes , defined as CD16+CD14dim, was indeed identified in 

kidneys of SLE patients and correlated with tissue damage and disease activity 113,184. Although 

the results from studies of monocyte subsets in SLE patients are controversial and not 

conclusive182, monocytes from SLE patients have been shown to display aberrant surface 

marker expression and to have an abnormal production of pro-inflammatory cytokines182. 

These findings in SLE patients were bolstered by evidence of monocyte abnormalities in 

murine models of lupus. For example in the lupus prone Yaa mice, bearing a genetic duplication 

of TLR7, the monocyte population is expanded, especially  the Gr1low subset185. In addition, 

Deane and colleagues elegantly demonstrated that the genetic dose of TLR7 correlated with 

disease severity and with an expansion of the myeloid-DC compartment128.  In this context it 

is of note that disease exacerbations in lupus patients are often precipitated by viral infections 

and/or exposure to the sunlight, two potential sources of TLR7 ligands.  However, the specific 

mechanisms triggered by these events are still poorly understood.   
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Hypothesis and aims 

Considering the expanded monocyte-myeloid population detected in the spleens of animals 

topically treated with R848 in the SLE-model described in chapter 4, I hypothesised that: 

1) Chronic cutaneous challenge of TLR7 specifically induce an expansion of the 

mononuclear-myeloid family 

2) The increased monocyte population contribute to systemic inflammation and the SLE-

like features.   

 

I tested this hypothesis by: 

 Assessing the effects of the TLR7 agonist R848 on the peripheral blood monocyte 

population 

 Comparing skin and systemic administration routes  

 Dissecting the mechanism(s) underlying the expansion of the monocyte-myeloid 

compartment 
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5.2. Results  

 

5.2.1. Chronic cutaneous challenge with R848 induces lymphopenia and 

monocytosis  

 

Expansion of the myeloid compartment in the spleen of  mice bearing duplication of TLR7 gene 

has been previously described128.  In addition a single i.p. administration of TLR7 has been 

shown to induce a transient and self limiting leukopenia186 in mice. However, the systemic 

effects of chronic topical exposure to TLR7 have not been addressed. In this context I tested 

the blood of WT mice treated with 100 g of R848 3 times a week for a total of 4 weeks, and 

compared the effects of topical and i.p. administration. Epicutaneous R848 triggered a much 

bigger expansion of monocytes (figure 5.1A and 5.1B) compared to the i.p. administration. 

Noticeably, within the monocyte population, I observed a substantial expansion of the “non 

classical” Gr1low subpopulation, and again this effect was significantly more pronounced in the 

skin-treated animals (figure 5.1A and 5.1B). The percentages of CD4+ and CD8+ cells 

plummeted following skin-applied R848, but not with the i.p.  administration (figure 5.1C).  

By using beads, I calculated the absolute numbers of total monocytes and of the subpopulations 

Gr1high and Gr1low and confirmed that the changes in the peripheral blood of the experimental 

mice were quantitative and not an effect of altered cellular proportions (figure 5.2A). 

Having shown that lymphopenia and monocytosis were more pronounced following the skin 

challenge than the i.p. application of R848, I decided to test the effects of another systemic 

route of administration such as the i.v. one. Mice treated topically every other day for 2 weeks 

developed a more severe peripheral blood monocytosis than mice treated i.v. with a similar 

regime (figure 5.3A). As described above, the subpopulation ratio was skewed towards Gr1low 

cells (figure 5.3A). However, the reduction of CD4+ and CD8+ T cells was comparable between 

the 2 groups of mice (figure 5.3B and 5.2C).  
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Figure 5-1 Peripheral blood profile of R848-treated mice 

A) BALB/c mice (n=3) received 3 times a week for 4 weeks 100g of R848 applied on the 

skin of the right ear or 100g of R848 i.p. . Control BALB/c mice were given topical acetone 

(n=3) or 200 l of PBS i.p. (n=2). The graphs show the percentage of monocytes 

(CD11b+CD115+), CD4+ T and CD8+ T cells in peripheral blood. Data are represented as 

mean±SEM, p values are calculated with ANOVA  and *p< 0.05, **p <0.01, *** p< 0.001, 

ns=non significant. B) Percentages of Gr1high and Gr1low subpopulations among peripheral total 

blood monocytes. Data as mean±SEM, statistical analysis conducted with ANOVA and  **p 

<0.01, *** p< 0.001, ns=non significant. C) Representative FACS plots of total monocytes (top 
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panels) and of subpopulations (bottom panels) in the peripheral blood of skin or i.p. R848-

treated mice.  

 

 

 

Figure 5-2 Blood cell counts of topically vs i.p. R848-treated mice 

A) Mice underwent the same treatment regime as in figure legend 1A. On the left panel it is 

shown the number of total monocytes (CD11b+CD115+), on the right panel the ratio between 

the number of Gr1high and Gr1low monocytes. Data shown as mean±SEM, statistical analysis 

conducted with ANOVA   **p <0.01, **** p< 0.0001, ns=non significant.  
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Figure 5-3 Blood cell counts of topically vs i.v. R848-treated mice 

A) BALB/c mice (n=3/group) were treated with 100g of R848 applied on the skin 3 times a 

week for 2 weeks or with 100g of R848 i.v. with the same schedule. Control BALB/c (n=2) 

were injected i.v. with PBS. Shown are the absolute number of monocytes (left panel) and the 

ratio between the number of Gr1high and Gr1low monocytes (right panel). Data as mean±SEM, p 

values are calculated with unpaired t test between the R848-treated groups, **p <0.01, ns=non 

significant. B) Absolute numbers of CD4+ and CD8+ T cells in the peripheral blood of R848-

treated mice. Data shown as mean±SEM, p values calculated with unpaired t test between the  

R848-treated groups, ns=non significant. 
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5.2.2.  Blood monocytosis represents an early event of epicutaneous R848 

treatment  

 

Given the observation of the striking monocytosis induced by the chronic skin treatment with 

R848, I sought to investigate the early systemic effects induced by the topical application. WT 

BALB/c animals were treated every 48 hours on the right ear with acetone or R848 and 

peripheral blood was collected and analysed 24 hours after each treatment (figure 5.4A). 

Noticeably, the absolute number of haematopoetic cells (CD45+ cells) decreased dramatically 

after the first treatment with R848 and, within these cells all lymphocytes (CD4+ CD8+, B220+ 

cells) and monocytes (CD11b+CD115+), but not neutrophils (CD11b+Gr1highCD115-) (figure 

5.4B). Interestingly, during the subsequent R848 treatments lymphocyte levels raised slowly 

reaching comparable levels to the acetone-treated animals after 4 treatments. On the contrary, 

the total monocytes increased progressively reaching 8 to 10 times higher levels than the 

baseline level (figure 5.4B). On analysing the monocyte subpopulations I noticed that, 

following the reduction after the first treatment, both Gr1high and Gr1low titres raised 

significantly.  Subsequently, the Gr1high number remained steady or reduced to the baseline one 

and Gr1low number increased exponentially (figure 5.4C). 
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Figure 5-4 Timecourse of monocyte and lymphocyte counts following topical R848 

application 

A) Graphical outline of the treatment and blood sampling schedule. BALB/c mice were treated 

topically with 100g of R848 (n=4) or acetone (n=4) every 48 hours and tail bleeding was 

performed 24 hours after each treatment. B) Absolute cell numbers of peripheral blood cells at 

each timepoint. Total haematopoietic cells (CD45+ cell), CD4+ T cells (CD45+CD4+CD8-), 

CD8+ T cells (CD45+CD8+CD4-), B cells (CD45+B220+), neutrophils (CD45+ CD11b+Gr1high), 

monocytes (CD45+ CD11b+CD115+). Doublets were excluded. Data as mean±SEM, p values 

are calculated with unpaired t test at each timepoint,*p <0.05, **p <0.01, ***p <0.001, ns=non 

significant. C) Total numbers of monocyte subpopulations: Gr1high (grey column) and Gr1low 

(black column) at each timepoint. Shown are results from a representative experiment carried 

out with the same protocol as described above in A. Data as mean±SEM, statistical analysis 

conducted with one-way ANOVA, where values were compared to the timepoint 0. *p <0.05, 

**p <0.01, ***p <0.001, ns=non significant. Representative data of at least 3 separate 

experiments. 
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5.2.3. Topical R848 application changes  the monocyte phenotype 

 

When monocytes sense danger signals they regulate the expression of adhesion and activation 

molecules, among these are CD11b and LFA-1187. Given the marked expansion of monocytes 

in the peripheral blood and spleen (the latter refers to chapter 4, figure 4.11) of mice treated 

topically with R848, I analysed their phenotype. Surface expression of CD11b increased 

significantly after the second epicutaneous application of R848 in both Gr1high and Gr1low 

subpopulations (figure 5.5A) and then progressively decreased to comparable levels to the 

acetone-treated control mice. Of note, the highest levels of CD11b expression coincided with 

the initial expansion of both subgroups of monocytes, after 2 R848 applications (figure 5.5A). 

Interestingly, the expression of LFA-1 (known as CD11a), which mediates cellular adhesion 

to the endothelium, was upregulated almost exclusively on Gr1low monocytes following the 

serial applications of R848 (figure 5.5B), whilst on Gr1high monocytes it was enhanced only 

after 4 applications and to a much lower magnitude compared to the acetone controls (figure 

5.5B). 

To confirm the soundness of the R848-mediated effects, I treated C57BL/6 mice. Similarly to 

what observed in BALB/c mice, CD11b was upregulated mainly after 2 applications of R848 

in both Gr1high and Gr1low monocytes (figure 5.6A), while LFA-1 expression was enhanced on 

the Gr1low subpopulation only (figure 5.6B). 
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Figure 5-5 Monocyte phenotype in BALB/c mice 

Flow cytometric analysis of peripheral blood from BALB/c animals treated as described in 

figure 4A. A) Expression of CD11b on Gr1high or Gr1low monocytes from mice treated 2, 3 or 

4 times with topical R848 or acetone. Data represented as MFI.  B) Expression of LFA-1 on 

Gr1high or Gr1low monocyte subsets is represented as MFI at each time point, as the MFI of 

the isotype control is subtracted from  LFA-1 MFI of each sample.  Data are shown as 

mean±SEM, p values are calculated with unpaired t test at each timepoint,*p <0.05, ****p 

<0.0001, ns=non significant. 
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Figure 5-6 Monocyte phenotype in C57BL/6 mice. 

WT C57BL/6 animals (n=3/group) were treated with 100g of R848 every 48 hours or acetone 

(as described in fig.4A). Peripheral blood was withdrawn after the 2nd  (2T) and 4th (4T) 

treatment and analysed by FACS. A) Expression of CD11b on Gr1high and Gr1low monocytes is 

represented as MFI.  B) Expression of LFA-1 on Gr1high and Gr1low monocyte subsets 

represented as MFI (LFA-1 MFI at each timepoint minus the MFI of the isotype control).  

Data are shown as mean±SEM, p values are calculated with unpaired t test at each timepoint,*p 

<0.05, **p <0.01, ****p <0.0001, ns=non significant. 
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5.2.4.  Intravital imaging of Gr1low monocytes following topical R848 

application 

 

In view of R848-induced upregulation of LFA-1 on Gr1low monocytes, I then visualised the 

behaviour of Gr1low monocytes in real time by using the CX3CR1GFP/GFP mice. This transgenic 

mouse, created by Jung et al.188, is a well characterized model for the study of the intravascular 

patrolling behaviour of non-classical Gr1low monocytes, which express high levels of the 

fractalkine- receptor CX3CR1189 (CX3CR1high). In these mice, CX3CR1 gene was replaced by a 

green fluorescent protein (GFP) reporter gene190. As a substantial monocytosis was observed 

after 4 topical applications of R848, I proceeded to intravital imaging of CX3CR1high monocytes 

(and therefore Gr1low) in the CX3CR1GFP/GFP  mice at that timepoint. The intravital microscopy 

was performed in collaboration with Dr. Kevin Woollard, who performed the technique and 

analysed the relevant data. The dermal vasculature of the untreated ears of the experimental 

mice was studied after animals were anaesthetised and 70kDa-dextran was injected i.v. to 

visualise the intravascular lumen. The intravital imaging showed an increased number of cells 

trafficking in the dermal vessels (figure 5.7A, on line link for representative intravital imaging 

videos of R848 and acetone treated mice 

https://drive.google.com/drive/folders/0BzQddtaaNts3ZWFWd3BpS2EwTVU?usp=sharing). 

Consistent with the increased expression of LFA-1, CX3CR1high monocytes exhibited enhanced 

rolling, crawling and track displacement after topical R848 compared to the control mice 

(figure 5.7B). 

 

 

 

 

 

 

https://drive.google.com/drive/folders/0BzQddtaaNts3ZWFWd3BpS2EwTVU?usp=sharing


117 

 

 

 

 

 



118 

 

Figure 5-7 Intravital microscopy of CX3CR1GFP/GFP mice. 

CX3CR1GFP/GFP mice (n=3/group) were treated with 100g of R848 or acetone on the dorsal 

side     of the right ear every 48 hours for a total of 4 times. 24 hours after the last treatment 

mice were anaesthetised and the contraleral ear was visualised with Leica SP5 confocal 

microscope. A) Representative images of the contralateral ears after 4 treatments with acetone 

or R848. Red= dextrane, green= CX3CR1high cells. See provided link on-line for the videos. B) 

Analysis of the crawling, rolling, track displacement and velocity of CX3CR1high monocytes. 

Analysis carried with Imaris software (Bitplane) by Dr K. Woollard. Data as mean±SEM, 

statistical analysis conducted with student t test; *p<0.05, **p <0.01, *** p< 0.001.  

 

 

 

5.2.5. Early effects of topical R848 on secondary lymphoid organs 

 

In chapter 5 I have demonstrated that chronic (2 or 4 weeks) cutaneous challenge with R848 

induces a robust systemic inflammation with lupus-like features.  Also, monocytes (defined as 

CD11b+CD115+ cells) and cDC (defined as CD11b-CD11C+ClassII+ cells) were expanded in 

the splenic compartment of the experimental animals (chapter 4 figure 4.8,4.11, 4.14). In light 

of the rapid blood monocytosis observed after the topical application of R848, I decided to 

investigate the early changes induced by R848 in the myeloid compartment of both secondary 

lymphoid organs and peripheral organs. After only 4 topical applications BALB/c mice 

developed a marked splenomegaly compared to the acetone treated ones (figure 8A). Similarly, 

the total number of cells in the auricular draining LN (dLN) was significantly increased in the 

R848-treated mice (figure 5.8A) and the number of monocytes was augmented in both spleen 

and LN (figure 5.8B). Interestingly, although pDCs did not numerically expand (figure 5.8C), 

activation markers MHC class II and CD86 were highly upregulated in R848-treated mice 

compared to the acetone controls (figure 5.8D and 5.8E). On the contrary, although cDCs 

population was expanded (figure 5.8F), the activation marker CD86 remained unchanged, 

while MHC class II was downregulated by the R848 treatment (figure 7G), as formerly 

observed following a longer treatment (chapter 4, figure 4.11). 

Gr1high “inflammatory” monocytes are classically known to extravasate to sites of 

inflammation and of tissue remodelling where they may give rise to DC and macrophage 191. 

In contrast, Gr1low  monocytes circulates in the blood vessel lumen patrolling the 

endothelium189,192. As following the topical application of R848 I observed an early (after 2 
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treatments) peripheral blood monocytosis involving both Gr1high and Gr1low subsets (figure 

4.4C), followed by a second phase of Gr1low predominant monocytosis  (after 4 treatments), I 

hypothesised that Gr1high monocytes egress the blood vessels into the peripheral tissues and 

therefore their level in the peripheral blood subsequently drops. To test this, I stained frozen 

sections of lung and liver of mice treated topically with R848 using the macrophage marker 

CD68.  In both lung and liver, the number of CD68+ cells was significantly increased as 

demonstrated by the number of cells/fields, calculated with Bitplane Imaris software (figure 

5.9A and 5.9B). The evidence of an enhanced myeloid/macrophage population in the peripheral 

organs of animals treated epicutaneously with the TLR7 agonist R848 supports the hypothesis 

of an egression of Gr1high monoctyes from the blood stream to the tissues. 
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Figure 5-8 Early changes in spleen and LN in R848-treated mice. 

BALB/c animals were treated topically with R848 (n=4) or acetone (n=4) for a total of 4 

treatments, as described in figure 3A. Spleens were harvested, weighed, and single cell 

suspensions analysed by FACS. A) Show are, from left to right, ratio of body and spleen 

weight, absolute numbers of splenocytes, and absolute numbers of draining auricular lymph-

node (dLN) cells. B) Total number of monocytes in the spleen (lin-CD11b+CD115+) and in the 

dLN (CD45+CD11b+Ly6C+Ly6G-). C) Number of pDCs (CD19-B220+SiglecH+) in the splenic 

suspensions D) Expression of MHC class II and CD86 on splenic pDC surface E) 
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Representative FACS plot of changes in MHC class II expression on pDCs.  F) Number of 

cDC (CD19- CD11c+MHC class II+) in the spleens G) Expression of  MHC class II and CD86 

on cDC surface. Data are shown as mean±SEM, p values are calculated with unpaired t test, 

*p<0.05, **p <0.01, ****p <0.0001, ns=non significant.   
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Figure 5-9 Tissue mono-macrophage infiltrate 

A)  Lung and liver of CD1 mice treated topically for 4 times every 48 hours with R848 (n=4) 

or acetone (n=2 or 3) were snap frozen and subsequently stained with CD68 before being 

visualised at the confocal microscope. A)  Representative confocal images of immunostaining 

for CD68 of the lung and liver. B) Number of cells/field calculated as mean of 5 different 
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fields/animal. Each symbol is an animal. Data are represented as mean±SEM, p values are 

calculated with one-way ANOVA, *p<0.05. Images acquired with Leica DM4B at 20x/ 0.4 

and analysed using Bitplane Imaris. Confocal and data analysis were performed by Dr. William 

Jackson, Imperial College. 

 

 

 

5.2.6.  R848-induced monocytosis regresses slowly  

 

The monocytosis induced by topical chronic exposure to the TLR7 agonist R848 is very rapid. 

I then decided to test if it was reversible and how rapidly. To address this question, I treated a 

group of BALB/c WT mice with R848 on the ear for 4 times before discontinuing the treatment. 

I then monitored the blood levels of monocytes over 52 days (figure 5.10A). Following four 

R848-treatments the total monocyte population was enhanced by 8-10 times  (figure 5.10B) 

and the complete normalisation of the monocyte levels occurred only 52 days after the 

discontinuation of the treatment (figure 5.10B). On the other hand the levels of CD45+ cells 

and neutrophils remained stable (figure 5.10B). On analysing the monocyte subsets, the ratio 

between Gr1high and Gr1low was restored to a physiological level (approximately 50% Gr1high 

and 50% Gr1low) 38 days after the treatment discontinuation, before the absolute levels of 

monocytes were normalised (figure 5.10C and 5.10D).  

Skin exposure to TLR7 agonist demonstrated to exert long lasting effects also on the 

lymphocyte compartment.   Subsequently to the initial lymphopenia induced by R848, the 

number of CD4+, CD8+ T cells and CD19+ cells raised to normal levels only 38 days after the 

discontinuation of R848 application (figure 5.11A). In contrast, lymphocyte activation 

decreased rapidly after treatment discontinuation (figure 5.11B).  

In addition, on analysing the spleens harvested from the experimental animals I observed that 

52 days after the suspension of the treatment both the spleen weight and the total number of 

splenocytes were markedly decreased compared to those of the animals sacrificed acutely after 

the fourth treatment (figure 5.11C).  Similarly, the levels of splenic monocytes reached normal 

levels only after prolonged R848 discontinuation (figure 5.11C). 
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Figure 5-10 Regression of R848-induced monocytosis 

A) BALB/c mice (n=3) were treated on the dorsal side of the ear with 100g of R848 every 48 

hours for a total of 4 times. Mice were bled prior to the start of the R848 treatment (pre-T), and 

at different time-points after the last application: 1, 4, 10, 17, 24, 38, 52 days post-treatment 

(pt). B) Total number of CD45+ cells, neutrophils (CD45+ CD11b+Gr1high) and monocytes 

(CD45+ CD11b+CD115+) in the peripheral blood of mice pre and post discontinuation of R848 
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treatment. Data are represented as mean±SEM, p values are calculated with one way ANOVA 

and compared to the pre-T level  *p<0.05, **p <0.01, where not otherwise specified, statistical 

values are not significant. C) Representative FACS plots of total monocytes CD11b+CD115+ 

(gated on CD45+ cells) and of the monocyte subpopulations Gr1high and Gr1low during the time-

course. D) Changes in the proportions of  Gr1high (white portion of the bar)  and Gr1low 

monocytes (grey portion of the bar) within the monocyte population during the course of the 

experiment. Data as represented as mean±SEM. Data are representative of a single experiment. 
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Figure 5-11 Regression of R848-induced effects: blood lymphocytes and spleens. 

Mice treated as in fig. 5.10A A) Number of CD4+ T cells (CD45+CD4+CD8-), CD8+ T cells 

(CD45+CD4-CD8+) and B cells (CD45+CD19+) in the peripheral blood of the experimental 

animals at specific time-points. B) Activation markers for the above described populations. For 

both A and B, data are represented as mean±SEM, p values are calculated with one way 

ANOVA and compared to the pre-T level  *p<0.05, **p <0.01, where not otherwise specified 

statistical values are not significant. C) Spleens harvested 1 day (n=4) or 52 days (n=3) after 4 

treatments with R848 and compared to the ones of acetone-treated animals (n=4). Ratio 

between spleen weight and body weight is represented on the left, while the absolute number 

of splenocytes is represented on the right. Absolute no. of monocytes (CD45+Lin-

CD11b+CD115+) is represented, along with the monocyte subpopulations Gr1high (CD45+Lin-

CD11b+CD115+Gr1high) and Gr1low (CD45+Lin-CD11b+CD115+Gr1low). Data shown as 

mean±SEM, p values are calculated with one way ANOVA, *p<0.05, **p <0.01, ***p <0.001, 

ns= non significant, where not otherwise specified, statistical values are not significant. Data 

are representative of a single experiment. 
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5.2.7.  Source of skin-driven monocytosis 

 

Monocytes represent a heterogeneous population of phagocytic cells that play a crucial role in 

the innate immune response, tissue homeostasis, and during inflammation181,193,194. They 

originate from the BM and are released into circulation181,193.  In mice, 2 main subsets have 

been identified, the “inflammatory” subset expresses Gr1highCCR2highCX3CR1low, has a short 

half-life and promptly extravasates to the peripheral tissues during inflammation giving rise to 

macrophages and DC193. The second subset is called “patrolling”, expresses 

Gr1lowCCR2lowCX3CR1high and surveys the endothelium in search of damage or infection, these 

cells have a longer half life and do not normally extravasate under steady state181,194. Several 

are the mechanisms governing myelopoiesis and monocyte trafficking (reviewed in 

181,193,194,191) and in this section I sought to investigate which mechanisms underpinned the 

striking monocytosis induced by chronic topical stimulation with R848. In particular, I 

investigated the possible roles of spleen, BM, and monocyte conversion. 

 

5.2.7.1. Spleen does not act as reservoir of monocytes following R848 

exposure 

In 2009, Swirski et al have identified the spleen as a source of undifferentiated monocytes195 

in mice, breaching the dogma stating that monocytes differentiate irreversibly into DC and 

macrophages when they migrate into the tissues. The authors elegantly demonstrated that, in 

response to cardiac ischemic injury, the splenic monocytes could migrate to the injured tissues 

to promote wound healing. Following this observation, we questioned whether the spleen could 

act as a monocytes reservoir in our model. In order to test this, I splenectomised BALB/c mice 

and treated splenectomised and WT naïve mice with topical R848 for 6 times (figure 5.11A), 

and compared the systemic effects in the 2 groups of animals. A group of splenectomised mice 

treated topically with acetone was used as control. The number of total CD45+ cells plummeted 

in both groups of R848-treated mice after the first treatment and subsequently raised during the 

course of the experiment (figure 5.12B). The levels of neutrophils remained relatively stable 

following the treatment, and subtle variations from the baseline could be explained by the 

repeated blood withdrawals (figure 5.12C). As previously shown in the course of this chapter, 

the absolute number of total monocytes raised promptly after the second topical application of 

R848 regardless of the presence or absence of the spleen (figure 5.12D). In addition, the pattern 
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of increase of the monocyte subpopulations mirrored the one described previously (initial 

increase of both Gr1high and Gr1low -after 2 treatments- followed by a dramatic increase of the 

Gr1low only) (figure 5.12E). 

On testing the levels of lymphocytes in the peripheral blood, the numbers of CD4+ and CD8+  

T cells dropped soon after the first application of R848 in absence or not of the spleen (figure 

5.13A). The levels of B cells instead decreased more significantly in the group of mice with 

the spleens, possibly because of an entrapment of B cells into the splenic tissue (figure 5.13 

A). However, in the mice not splenectomised the B cells appeared to be more activated as 

shown by the expression of the MCH MHC class II (figure 5.13 B). Collectively, this 

experiment demonstrated that the spleen does not act as a monocyte source following the 

topical application of R848. 
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Figure 5-12 Effects of splenectomy on R848-induced monocytosis 

A) Schematic representation of the treatment schedule. BALB/c mice (n=7) underwent 

splenectomy and were left to rest for 7 weeks. Among these, a group (n=4) was treated topically 

with 100 gR848 every 48 hours for a total of 6 times, the remaining mice (n=3) were treated 

with acetone. WT BALB/c mice non splenectomised were simultaneously treated with R848 

(n=4). Mice were tail-bled 24 hours after each treatment. B) Absolute number of CD45+ cells 

in the peripheral blood C) Absolute number of eutrophils (CD45+ CD11b+Gr1high) in the 

peripheral blood D) Absolute number of monocytes (CD45+ CD11b+CD115+) in the peripheral 

blood, and E) monocyte subpopulations Gr1high and Gr1low calculated by FACS analysis. Data 

are shown as mean±SEM, statistical analysis is performed with unpaired t test between the two 

R848-treated groups. *p<0.05, **p <0.01, where not otherwise specified statistic values are not 

significant. 
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Figure 5-13 R848 treatment: effects of splenectomy on blood lymphocytes 

Mice treated as described in figure 11A. A) Absolute number of CD4+ T cells, CD8+ T cells and 

B cells in the peripheral blood at the indicated time-points. B) Expression of MHC MHC class II 

on B cells, expressed as delta of mean fluorescence intensity (the MFI of the isotype control 

sample is subtracted from the MFI of each sample, FACS machine settings are maintained 

constant through the course of the experiment). All data are expressed as mean±SEM, statistical 

analysis is performed with unpaired t test between the two R848 treated groups. *p<0.05, where 

not otherwise specified statistic values are not significant. 
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5.2.7.2.  The expansion of the Gr1low population does not depend on 

Gr1high to Gr1low conversion 

The origin and differentiation of the monocyte subpopulations Gr1high and Gr1low is a 

controversial topic in the literature. Hanna et al196 and Carlin et al192 have shown that Ly6Clow 

(or Gr1 low) and Ly6Chigh (or Gr1 high) monocytes derived from BM precursors and their 

maturation and extravasation depend on two different molecules, NRA41 and CCR2, 

respectively. The absence of the transcription factor NRA41 would result in a reduced 

production and extravasation of monocytes, mainly Ly6Clow  192,196.  Another group, guided by 

Steffen Jung, have demonstrated that, in the steady state, the majority of blood Ly6Clow 

monocytes are derived from CCR2+ Ly6Chigh. The suppression of CCR2 resulted in a hindered 

egression of  Ly6Chigh  from  the BM and  in a subsequent profound reduction of Ly6Clow 

monocytes197, confirming that Ly6Chigh monocytes efficiently convert into Ly6Clow monocytes.  

Guided by this finding, I decided to investigate whether the predominance of Gr1low monocytes 

in the R848 model, was secondary to an enhanced conversion from Gr1high to Gr1 low 

monocytes.  To address this, I studied the uptake of the thymidine analog BrdU (5-bromo-2'-

deoxyuridine) by the monocyte subpopulations, as previously described by Yona et al 197.  After 

3 topical applications of R848 or acetone, mice were injected with 3 pulses of 2 mg of BrdU 2 

hours apart and peripheral blood monocytes were monitored for up to 5 days (figure 5.14A). 

As previously shown, the percentage of BrdU+ cells among the Gr1high  subpopulation peaked 

rapidly at 1 and 3 days and BrdU label was lost  at  day 5. On the contrary, the BrdU 

incorporation in the Gr1low monocytes increased more steadily and surpassed the BrdU+ 

fraction of the Gr1high subpopulation at day 5, as reported by the same group197(figure 5.14B). 

The kinetic of the BrdU+ incorporation by the monocyte populations is consistent with the 

hypothesis that the thymidine analogue is acquired by the monocyte precursors that 

differentiate in Gr1high  and subsequently convert into Gr1low monocytes197. Interestingly, no 

difference in the BrdU uptake was observed between R848 and acetone treated animals (figure 

5.14B and 5.14C). From this experiment I could conclude that the expansion of Gr1low 

subpopulation does not depend on an enhanced conversion from Gr1high to Gr1low. 
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Figure 5-14 R848 does not enhance Gr1high to Gr1low monocyte conversion 

A) BALB/c mice were treated topically with either R848 (n=4) or acetone (n=3) for 3 times 

every 48 hours. Simultaneously to the third treatment, mice were injected i.p. with 3 pulses of 

2 mg of BrdU, 2 hours apart. At day 1, 3, and 5 after the BrdU injections, tail blood withdrawals 

were performed to monitor the BrdU+ fraction among monocytes.  R848 treatment every 48 

hours was continued. B) Plot of BrdU+ cells among Gr1high and Gr1low subpopulations. Black 

squares represent BrdU+ cells among Gr1high population, black triangles represent BrdU+ cells 

among Gr1low population, and both are from animals treated with R848. Blue empty squares 

and triangles represent the BrdU+ fractions of mice treated with acetone. Data are expressed as 

mean±SEM. P values are calculated with unpaired t test, where not otherwise specified, 

statistical analysis is not significant. C) Representative FACS dot plots of Brdu+ cells among 

Gr1high(red squares) and Gr1low  subpopulations (blue squares). Acetone- and R848-treated 

mice are compared. 
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5.2.7.3. Fraktaline receptor, CX3CR1, is not required for R848-triggered 

monocytosis 

CX3CR1, the receptor for fraktaline (CX3CL1), is expressed on several cell types including T 

and NK cells, brain microglia, DC, blood monocytes198,199,200. Its ligand fraktaline is produced 

by activated vascular endothelial cells, neurons, epithelial cells, smooth muscle cells, DCs, and 

macrophages201,202,203,204. CX3CR1-CX3CL1 interaction has been shown to mediate monocyte 

homeostasis and migration, in particular of Gr1low monocytes where CX3CR1 is highly 

expressed187,205. In keeping with these observations, I investigated if the chronic topical 

challenge with the TLR7-agonist R848 promoted the expansion of Gr1low monocytes through 

CX3CR1. In order to do so, I treated B6.129p CX3CR1gfp/gfp mice with R848 or acetone, and 

compared the responses to those developed by WT C57BL/6 mice. After 2 and 4 topical 

treatments, all R848-treated mice developed comparable levels of leukopenia (figure 5.15A) 

whereas neutrophil levels remained steady. Although the basal level of monocyte was lower in 

CX3CR1gfp/gfp, in line with what previously described205, repeated exposure to R848 induced 

peripheral blood monocytosis, represented predominately by Gr1low monocytes (figure 5.15B). 

The study of monocyte activation markers, CD11b and LFA-1, revealed an equal degree of 

activation between the groups of R848-stimulated animals (figure 5.15C and 5.15D). Taken 

together these data show that the fraktaline receptor does not play a role in the prominent 

monocyte expansion and activation driven by the chronic skin exposure to TLR7 agonist.   
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Figure 5-15 CX3CR1 role in R848-induced monocytosis 

 B6.129p CX3CR1gfp/gfp mice (n=3), and WT C57BL/6 mice (n=3) were treated with 100g of 

R848 on the dorsal side of the right ear every 48 hours for a total of 4 times. An equal number 

of control mcie were treated with acetone. Animals were bled 24 hours after the 2nd and 4th 

treatment.  A) Absolute number of CD45+ cells and neutrophils (CD45+ CD11b+Gr1high) in 

peripheral blood. B) Total number of monocytes (CD45+ CD11b+CD115+) and of the monocyte 

subpopulations Gr1high (CD45+ CD11b+CD115+ Gr1high) and Gr1low (CD45+ CD11b+CD115+ 

Gr1high) in peripheral blood. C) CD11b expression on Gr1high and Gr1low monocytes expressed 

as MFI after 2 or 4 treatments with R848. D) LFA-1 expression on Gr1high and Gr1low 

monocytes is shown as  MFI. Data as mean±SEM, statistical analysis is performed with 

unpaired t test between the 2 R848 treated groups, ns=non significant. 

  

 

5.2.7.4. CCR2 deficiency does not affect the R848-triggered monocytosis 

Having demonstrated that the R848-triggered monocytosis does not depend on an increased 

conversion Gr1high->low, I decided to examine whether the CCR2 receptor would impact on the 

expansion/circulation of Gr1low monocytes. If CCR2 is essential for the egression of Gr1high 

monocytes from the BM206,207 and Gr1low monocytes merely derive from the conversion of BM 

egressed Gr1high monocytes, then CCR2-/- animals should not exhibit any expansion of Gr1low 

monocytes following treatment with R848. I therefore utilised hCD68GFP/CCR2-/- mice145, 

and hCD68GFP/CCR2+/+ mice were used as controls. The topical exposure of 

hCD68GFP/CCR2-/- mice to R848 revealed that CCR2 was dispensable for the induction of a 

robust Gr1low monocytosis. As previously reported, at the steady state CCR2-/- mice exhibited 

very low levels of total monocytes (figure 5.16A) and, among these, the only sizeable 

population was the Gr1low one197 (figure 5.16C). After the start of the R848 treatment, CD45+ 

cells dropped in both R848-treated groups (figure 5.16A), and total monocytes significantly 

increased (figure 5.16B). As the number of monocytes at baseline is lower in CCR2-/- mice, to 

compare the groups of mice I calculated the changes as a fold of increase. Interestingly this 

revealed that the increase was slightly higher in CCR2-/- mice than in WT mice after 2 

treatments, and comparable after 4 treatments (figure 5.16C). As depicted in the representative 

FACS plots in figure 5.16C, the subpopulation accountable for monocyte expansion in the 

CCR2-/- mice was the Gr1low one, whereas the Gr1high population was not well-defined (figure 

5.16D). 
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Figure 5-16 Monocytosis in CCR2-deficient mice following R848 treatment 

hCD68GFP/CCR2-/- mice (n=3) and hCD68GFP/CCr2+/+ mice (n=3), were treated topically 

with 100g R848 every 48 hours for a total of 4 times. Control mice were treated with acetone 

with the same schedule. Peripheral blood was obtained by tail bleeding after 2 and 4 treatments. 

A) Absolute number of circulating CD45+cells, neutrophils (CD45+ CD11b+Gr1high) B) 

Absolute number of total monocytes (CD45+ CD11b+CD115+). For all the above, data 

represented as mean±SEM, statistical analysis is performed with unpaired t test between the 2 

R848-treated groups. **p<0.01, ns=non significant. C) Fold increase in the number of total 

monocytes from baseline after the 2nd and 4th application of R848. Mean±SEM, unpaired t test, 

*p<0.05, ns=non significant. D) Representative FACS dot plot of total monocytes (top, gated 

on CD45+ cells) and monocyte subpopulations (bottom) at baseline and after 2 and 4 

applications in hCD68GFP/CCR2-/- mice.  
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5.2.7.5. R848 promotes BM progenitor proliferation 

Monocytes arise from haematopoietic stem cells in the BM, mature, and are subsequently 

released in the blood stream207. I tested here whether the topical administration of R848 was 

responsible for enhancing the myelopoiesis that occurs in the BM. Of note, mice genetically 

overexpressing TLR7 through a bacterial artificial chromosome transgene (TLR7.1 mice), were 

previously reported to exhibit an enhanced myelopoiesis208. FACS analysis (figure 5.17A and 

5.17B) of the BM from C57BL/6 mice treated topically with R848 for 4 times as previously 

described (figure 5.4A), revealed that the percentage and total number of mature monocytes 

was significantly augmented in the R848-treated animals compared to the acetone-treated 

controls (figure 5.17C 17C). When analysing the ratio between the 2 monocyte subpopulations, 

the markedly increased percentage of Ly6C (Gr1)low evidenced following R848 (figure 5.17D), 

suggesting an enhanced Ly6Clow production in the BM. Haematopoietic stem cells (HSCs) give 

rise to macrophage/DC common progenitors (MDPs) and this generates both common DC 

progenitors (CDP) and common monocyte progenitors (cMoPs) (figure 5.18A)207. By utilising 

the gating strategy proposed by Hettinger et al207 (figure 5.18B) I identified cMoP and MDP 

populations in the BM of the experimental animals and found no differences between treated 

and control mice (figure 5.18C). 

Guided by the evidence that the BM from R848-treated mice harboured more mature 

monocytes despite an equal level of progenitors, I decided to test the proliferating status of the 

progenitors by monitoring their BrdU uptake.  As the main escalation in peripheral blood 

monocyte levels takes place after the 2nd treatment of R848 (figure 5.4B), I decided to inject 

mice i.p. with BrdU simultaneously to the 2nd topical administration of R848 and to harvest the 

BM 18 hours later (figure 5.19A). FACS analysis showed that the percentage of monocyte was 

increased by R848 (figure 5.19B) and that the BrdU+ fraction within the monocytes and the 

subpopulations was markedly increased (figure 5.19B and 5.19C). The study of the BM 

progenitors revealed that R848 dramatically increased the fraction of proliferating cells among 

HSC, MDP, and cMoP (figure 5.20A-5.20C). Noticeably, the proportion of megakaryo-

erythrocyte precursors (MEP) was not affected by the treatment, supporting the hypothesis that 

the topical application of R848 specifically boosts myelopoiesis (figure 5.20D).  
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Figure 5-17 Monocyte expansion in BM of R848-treated animals 

WT C57BL/6 mice were treated on the dorsal side of the right ear with 100g of R848 (n=4) 

or acetone (n=3) every 48 hours for 4 times. One day after the last treatment, mice were 

sacrificed and BM single cell suspensions were stained and analysed by FACS. A) Gating 

strategy for identifying mature monocytes in the BM is shown B) Representative FACS plots 

of the BM monocyte subpopulations after R848 or acetone treatment. C) Percentage and 

absolute number of total monocytes (Lin-CD11b+CD115+) in acetone and R848 treated mice. 

D) Percentage of Ly6Chigh and Ly6Clow following R848 treatment. Data are represented as 

mean±SEM, p values are calculated with unpaired t test, * p<0.05, **p <0.01, ***p <0.001. 
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Figure 5-18 BM progenitors 

A) Brief schematic representation of monocyte ontogeny. LT-HSC= long term-haematopoietic 

stem cells, CLP= common lymphoid progenitor, CMP= common myeloid progenitor, MEP= 

megakariocyte-erythroid progenitor, GMP= granulocyte-macrophage progenitor, MDP= 

monocyte-macrophage progenitor, CDP= common clonogenic plasmacytoid and dendritic cell 

progenitor, cMoP= common monocyte progenitor. cMoP gives rise to Gr1high monocytes, thus 

released into the circulation. Gr1high monocytes in the BM and blood stream give rise to the 

Gr1low subset by losing Gr1 expression, according to the current dogma. Whether Gr1low 

monocyte can arise directly from MDP and/or cMoP, or from another independent progenitor 

remains to be clarified. As the authenticity of MDPs has been recently questioned, the MDP is 

circled with a dotted line.  B) Gating strategy for cMoP and MDP populations in the BM. C) 

Absolute number of MDP (CD117+CD115+CD135+) and cMoP (CD117+CD115+CD135-

CD11b-) in BM of mice treated topically with R848 or acetone for 4 times. Data are represented 
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as mean±SEM, p values are calculated with unpaired t test, where not specified p values are 

not significant.  

 

 

 

Figure 5-19 BrdU uptake by BM mature monocytes 

A) WT C57BL/6 mice were treated topically with R848 (n=4) or acetone (n=4) twice, every 

48 hours. Simultaneously with the 2nd treatment, all mice were injected with BrdU and 

sacrificed 18 hours later. B) Percentages of monocytes (Lin-CD11b+ CD115+) and of the BrdU+ 

fraction among the monocyte population in the BM. BrdU+ cells within the Ly6Chigh and 

Ly6Clow populations are represented. For all the above graphs, data are represented as 

mean±SEM, p values are calculated with unpaired t test, * p<0.05, ***p <0.001,****p 

<0.0001. C) Representative FACS plot showing the differences in the BrdU+ fractions of 

Ly6Chigh and Ly6Clow populations after only 2 R848 treatments.  
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Figure 5-20 BrdU incorporation by BM progenitors 

BM single cell suspensions were analysed from the experimental mice in fig. 18A. A) 

Percentages of HSC-enriched population within live BM cells (Lin-CD117+Sca+CD34-) are 

shown after acetone or R848 application. BrdU+ cells among HSCs is represented. B) 

Percentages of MDP (CD117+CD115+CD135+) on the left panel and of the BrdU+ cells within 

the MDP population on the right panel. C) Fraction of cMoP (CD117+CD115+CD135- CD11b-

) within live BM cells on the left and the BrdU+ fraction on the right. D) Percentages of MEP 

among total live BM cells (Lin-CD117+Sca-CD34-) on the left and BrdU+ cells within MEP 

population on the right. For all the above graphs, data are represented as mean±SEM, p values 

are calculated with unpaired t test, * p<0.05, ***p <0.001, ****p <0.0001, when not otherwise 

specified statistic are not significant. 
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5.2.7.6. Monocytosis does not depend on IFN- 

Previous reports have shown that type I interferon was responsible for boosting myelopoiesis 

in mice genetically overexpressing TLR7 and in WT mice injected with TLR7-agonists208. 

Having shown in paragraph 5.8.5 that R848 applied topically swiftly enhances the proliferation 

of myeloid BM precursors, I investigated whether the effect was mediated by the IFN 

triggered by the TLR7 engagement 209,210. I addressed this experimental question using 

IFNreceptor-/- (IFNAR1-/-) mice. Following R848 treatments (figure 5.21A), IFNAR1-/-animals 

developed a comparable leukopenia and a robust monocytosis comparable to the one of WT 

mice (figure 5.21B and 5.21C). As previously shown, the monocytosis was predominantly 

represented by an expansion of the Gr1low population (figure 5.21C). The activation profiles of 

Gr1high and Gr1low monocytes, indicated by the expression of LFA-1, were similar in the 2 

groups of R848-treated, irrespective of the signalling through IFNR (figure 5.21D).  

Following this surprising result showing that the R848-triggered monocytosis is independent 

of the IFN pathway, I decided to analyse the changes in the splenic compartment. 

Splenomegaly was reduced in IFNAR1/ mice, compared to the R848-treated WT, although the 

difference was not statistically significant, (figure 5.22A). FACS analysis of the splenic single 

cell suspensions revealed an expanded monocyte population (figure 5.22B and 22C), mainly 

represented by Gr1low monocytes  (figure 5.22B and C).  The study of the spleen suspensions 

also revealed that the number of DCs and pDCs was also increased following topical exposure 

to R848, but no significant difference were found in the absence of IFNR (figure 5.22 D and 

E). As expected the activation marker CD86 was less expressed on pDCs of R848-treated 

IFNAR1-/- mice as these cells express high levels of   IFNR.  

I then analysed the lymphocyte compartment and tested the serum for autoantibodies. 

Interestingly, the number of B220+ cells, CD4+ and CD8+ T cells was comparable between the 

groups of R848-treated mice (figure 5.23A), but the degree of activation of these cells was 

significantly reduced in the IFNAR1-/- mice (figure 5.23B). The IFNAR1-/- mice had the same 

number of GC to the WT mice, but a reduced number of PCs (figure 5.23C). The latter finding 

was also reflected in the reduced amount of anti-RNP antibodies in the IFNAR1-/- mice (figure 

5.23D).  

Collectively this experiment revealed that signalling through IFN is not required for the 

development of the monocytosis. However, splenic T and B cells were significantly less 

activated in the absence of IFNR and a trend towards a reduced activation of pDC was also 
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found. Importantly, autoantibody production was slightly impaired in the IFNAR1-/- mice 

compared to the WT animals indicating that the autoimmune features may not be linked to the 

monocytosis.  
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Figure 5-21 Monocytosis is not IFN- dependent 

A) Schematic representation of the treatment schedule. C57BL/6 IFNR mice (n=5) or 

C57BL/6 WT (n=4) were treated on the ear skin with 100g of R848 every 48 hours for a total 

of 8 times. A group of C57BL/6 IFNR mice (n=4) was treated only with the vehicle acetone. 

Tail blood withdrawals were performed 24 hours after the 2nd, 4th and 8th treatment. B and C) 

Cell counts obtained by FACS with the use of counting beads (ThermoFisher) according to the 

manufacturer’s protocol. Absolute numbers of CD45+ cells, neutrophils 

(CD45+CD11b+Gr1high), monocytes (CD45+CD11b+CD115+), monocyte subpopulations 

(CD45+CD11b+CD115+ Gr1high or Gr1low). Data are represented as mean±SEM, p values are 

calculated between the 2 R848-treated groups with unpaired t test, when not otherwise 

specified statistic are not significant. D) Expression of LFA-1 on monocyte subpopulations 

Gr1high or Gr1low is shown as MFI at the different time-points. Data are shown as mean±SEM, 

p values are calculated between the 2 R848-treated groups with unpaired t test, * p<0.05, **p 

<0.01. Data are representative of a single experiment. 
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Figure 5-22 Splenic compartment of WT and IFNAR1-/- mice treated with R848 

Mice treated with the protocol described in figure 5.21A.  A) Absolute number of splenocytes 

in the 3 experimental groups. B) Representative FACS plots of total monocytes (top panels) 

and monocyte subpopulations (bottom panels) in the spleens. C) Absolute number of splenic 

monocytes (Lin-CD11b+CD115+) (left panel) and the proportion of Ly6Chigh and Ly6Clow 

subpopulations (right panel). D) Number of pDC (live CD19- B220+SiglecH+) and surface 

expression of MHC class II and CD86. E) Number of cDC (live CD19- CD11chighClassIIhigh) 

and expression of MHC class II and CD86. For all the above graphs, data are represented as 

mean±SEM, p values are calculated with unpaired t test between the 2 R848-treated groups, 

**p <0.01, ns=non significant. 
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Figure 5-23 Splenic compartment of R848-treated WT and IFNAR1-/- mice 

Mice treated with the protocol described in figure 5.21A. A) Total number of B cells 

(liveB220+) and T cells (CD4+ and CD8+). B) Markers of activation for the above 

populations. C) Number of GC (live B220+GL7+Fas+) and PC (live B220-CD3- 

CD138+Fas+). D) Levels of anti-RNP IgG antibodies in the serum collected at the end of 

the experiment. Results are expressed as arbitrary ELISA units (AEU). Samples were 

tested at the same time.  
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5.2.7.7.  IL-1 is not responsible for R848-triggered monocytosis 

My data show that topical application of R848 induces a much more marked monocytosis 

compared to the systemic administration, suggesting that a signal originating from the skin acts 

on the BM promoting myelopoiesis. Monocytosis and enhanced myelopoiesis triggered by 

peripheral tissue signals has previously been illustrated in obesity143, supporting the idea that 

resident tissue cells can influence the haematopoietic niche.  Interestingly, the authors had 

found that S100a8 protein produced by visceral tissue adipocytes, would signal through the 

TLR4 expressed on adipose tissue macrophages and induce their production of IL1The latter 

would interact with the correspondent receptor expressed on the BM progenitors and enhance 

the mylopoiesis143.  

In the context of skin pathology, the heterodimeric complex S100a8/a9 is known to be highly 

expressed during cutaneous inflammation and wound healing153and likewise IL-1 is promptly 

released by keratinocytes following injury and inflammation211. In the light of this evidence143, 

I hypothesised that locally released IL-1 could be responsible for the enhanced myelopoiesis 

and blood monocytosis induced by cutaneous R848 application. I therefore antagonised IL-1 

using the IL-1 receptor antagonist Kineret® (Anakinra). Mice were treated i.p. with a dose of 

50 mg/kg of Anakinra  for 7 consecutive days, while topical R848 was administered every 48 

hours (figure 5.24A). As shown in figure 5.24B, the number of total CD45+ cells in the 

peripheral blood dropped, as previously described in this chapter, following the R848 

treatment, but no difference was exerted by the administration of Anakinra. Similarly, total 

monocytes increased after topical R848 administration, with a predominance of Gr1low cells, 

independently from the anti-IL-1R treatment (figure 5.24C). In addition, Anakinra® did not 

affect the expression of LFA-1 on the monocyte subpopulations (figure 5.24D). 

 



151 

 

 

Figure 5-24 Blocking IL-1R does not impact the R848-triggered monocytosis 

A) BALB/c WT mice (n=8) were treated topically with 100g of R848 every 48 hours for 4 

times; 4 of these mice received 50 mg/kg of Anakinra® i.p. for 7 consecutive days, whilst the 

other 4 mice received 200l of PBS i.p.   A group of BALB/c WT mice (n=4) were treated 

topically with acetone and with 50 mg/kg of Anakinra® i.p. for 7 consecutive days. Tail blood 

withdrawals were performed 24 hours after the 2nd and 4th topical treatment. B) Peripheral 

blood cell count of CD45+ cells and neutrophils (CD45+CD11b+Gr1high). C) Number of total 

monocytes (CD45+CD11b+CD115+) and monocyte subpopulations (CD45+CD11b+CD115+ 

Gr1high or Gr1low). D) Expression of LFA-1 on monocyte subpopulations (Gr1high and Gr1low) is 

shown as MFI at the different time-points. All the above data are shown as mean±SEM, p 

values are calculated between the 2 R848-treated groups with unpaired t test, * p<0.05, ns= 

non significant. 
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5.2.7.8. Characterisation of the cutaneous response to R848 

Differently to the systemic administration, R848 applied on the skin drives systemic 

monocytosis by enhancing BM myelopoiesis, suggesting that TLR7 signalling through the skin 

fosters a unique tissue to BM pathway. In order to define the changes occurring in the skin 

populations, I analysed the skin of mice treated once or twice with R848 or acetone (figure 

5.25A). FACS analysis of skin DCs revealed an increased proportion of Langerhans cells and 

a reduction of conventional DCs (figure 5.25B and C), especially after the first R848 treatment. 

The percentage of monocytes increased progressively with the number of treatments, while 

neutrophil levels peaked after one application (figure 5.26A). Basophils and mast cells are 

constitutively present in the skin in very small portions, but can be recruited during 

inflammation. Following R848 stimulation, basophils, but not mast cells, were expanded  

(figure 5.26B). 

 

I assessed also the immunological response to R848 in the draining lymph-nodes and found 

that it showed a marked increase in the monocyte infiltration associated with a slight expansion 

of the DC population (figure 5.27A and 5.27B). The analysis of lymphocytes revealed a striking 

expansion of B cells, but not of CD4+ and CD8+ T cells. On the contrary, the proportion of 

CD4+ and CD8+ T cells was significantly reduced after 2 treatments. 
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Figure 5-25 Skin changes following R848 application: dendritic cells 

A) Schematic representation of the experimental schedule. BALB/c WT mice were treated once 

(n=3) or twice (n=3) with 100g of R848 on the dorsal side right ear. Control BALB/c WT 

mice were treated once (n=3) or twice (n=3) with 100l of acetone. Treated skin and dLN were 

harvested 24 hours after the last treatment B) Gating strategy for DC in the skin. cDC were  

defined as CD45+CD64-CD11c+CD11b+CD207-, Langerhans cells as CD45+CD64-

CD11c+CD11b+CD207+, doublets were excluded during the analysis. C) Percentage of 

Langerhans cells and cDCs among total DCs. Data shown as mean±SEM, p values are 

calculated with unpaired t test, * p<0.05,**p<0.01, ns= non significant. 
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Figure 5-26 Skin changes following R848 application: other innate cells 

Mice treated as described in figure 5.25A.  A) Representative dot plots, and percentage of 

monocytes (Ly6C+Ly6G-, gated on live CD11b+CD45+) and neutrophils (Ly6C-Ly6G+, gated 

on live CD11b+CD45+) in the R848- and acetone-treated skin. B) Representative dot plots, and 

percentages of basophils (IgE+c-Kit-, gated on live CD45+) and mast cells (IgE+c-Kit+, gated 

on live CD45+) in the R848- and acetone-treated skin. All data shown as mean±SEM, p values 

are calculated with unpaired t test, * p<0.05, **p<0.01, ns= non significant. 
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Figure 5-27 Changes in draining LN following R848 application 

Mice treated as described in figure 5.25A. A) Gating strategy for DCs and monocytes in the 

draining LN of mice treated with R848. B) Percentage of monocytes  (Ly6C+MHC class II+, 

gated on live CD11b+CD45+) and cDC (CD11c+ClassII+,gated on CD45+). C) Percentage of B 

cells (CD19+), CD4+ T cells (CD4+CD8-), CD8+ T cells (CD4-CD8+) among total cells. All 

data are shown as mean±SEM, p values are calculated with unpaired t test, * p<0.05, **p<0.01, 

ns= non significant. 
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5.2.7.9. Mast cells do not have a role in R848 skin-induced monocytosis 

Although the proportion of mast cells in the skin of R848-treated animals was not increased, 

the previous  experiment did not address their role. Skin mast cells activated by topical 

application of the TLR7 agonist cream Aldara® have been reported to induce the migration of 

LC to the correspondent dLN through the secretion of TNF- and IL1212. Enhanced LC 

migration resulted in an increased cross-presentation of small antigens to cytotoxic 

lymphocytes (CTL), highlighting the role of mast cells in bridging the innate and adaptive 

immune system. By using Cpa3Cre/+ mice213, I tested whether R848-activated mast cells  played 

a role in amplifying the inflammatory signal. Cpa3Cre/+ mice were created by targeted insertion 

of Cre-recombinase into mast cell cpa A3 locus; this resulted in the deletion of mast cells in 

connective and mucosal tissues without compromising the rest of the animals immune 

system213.  Animals were treated with the standard regime of 4 R848 treatments every 48 hours 

and peripheral blood staining revealed that Cpa3Cre/+ mice were able to develop a robust 

monocytosis, comparable to that of WT R848-treated mice (Figure 5.28). In addition, the  

lymphocyte counts fell similarly in the WT and Cpa3Cre/+ mice.  
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Figure 5-28 Monocytosis develops in mast-cell deficient mice upon treatment 

Cpa3Cre/+ mice (n=4) and BALB/c WT littermates (n=4) were treated for a total of 4 times with 

topical R848. A control group of BALB/c WT (n=4) were treated topically with acetone. Tail 

bleeding was performed 24 hours after each treatment. A) Number of CD45+ cells, B cells 

(CD19+CD45+), CD4+ T cells (CD4+CD8-CD45+), CD8+ T cells (CD4-CD8+CD45+), 

neutrophils (CD45+CD11b+Gr1high) and  monocytes (CD45+CD11b+CD115+) in the peripheral 

blood of all experimental animals. All data are shown as mean±SEM, p values are calculated 

with unpaired t test, were not otherwise indicated p values are not significant. 
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5.2.7.10. Tissue 12-O-tetradecanoylphorbol-13-acetate (TPA) does not 

induce monocytosis 

To investigate the specificity of R848 in inducing monocytosis and to rule out the possibility 

of a common effect associated with skin damage, I decided to investigate the effects of the 

chronic application of another type of skin irritator, TPA. Acute and chronic topical application 

of TPA on murine skin represents an established model of cutaneous inflammation214,215 and 

systemic effects have been previously described, although no data on the myeloid compartment 

have been reported216. Following the treatment of BALB/c mice with 5 nmol of TPA for a total 

of 4 topical application, I found that the monocyte counts in the peripheral blood of the 

experimental animals were comparable to those of naïve mice, and no differences were 

observed in the monocyte subpopulations (figure 5.29). However, there was a slight 

neutrophilia in TPA-treated mice.  
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Figure 5-29 Peripheral blood cells counts in TPA-treated mice 

BALB/c mice (n=4) were treated on the dorsal side of one ear every 72 hours  with 5nmol of 

TPA dissolved in ethanol,  for a total of 4 times. Peripheral blood was obtained with tail 

bleeding 24 hours after the last treatment.  Represented are the number of monocytes (CD45+ 

gated, CD11b+CD115+), neutrophils (CD45+ gated, CD11b+ Gr1high) and monocyte 

subpopulations (monocytes gated, Gr1high and Gr1low). 
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5.3.   Discussion  

 

Autoimmunity has been traditionally considered as an excessive response of the adaptive 

immune system against self-structures 176,177. However, recent evidence has highlighted that an 

aberrant response of the innate immune system against self may also represent a crucial 

pathogenic mechanism 105,178,179. Endosomal TLR7 and TLR9 have been shown to promote 

systemic autoimmunity both in SLE patients and in murine models 105,120. Activation of TLR7 

and TLR9 boosts the adaptive immune response and also promotes myeloid expansion128 

raising the possibility of a central role of the myeloid-monocyte compartment in the 

pathogenesis of SLE.  Evidence of monocyte abnormalities has already been described in 

genetic models of SLE134,217,185, but the effects of a chronic cutaneous stimulation of  TLR7 or 

TLR9 on monocytes have never been addressed before.     

In this chapter I showed that chronic skin challenge with the TLR7 agonist Resiquimod (R848) 

induces a robust monocytosis of the treated animals. Interestingly, although systemic routes of 

administration (i.p. and i.v.) induced a mild monocytosis, the monocytosis triggered by the 

cutaneous challenge was markedly more pronounced (8-10 times the baseline value) and 

peaked after 4 weeks of R848 application. Analysis of the monocyte subsets revealed a 

prevalence of Gr1low monocytes in the skin-treated mice, while only a trend towards an 

increased Gr1low subpopulation was observed in the animals treated i.p. or i.v..  

Guided by these intriguing results, I decided to investigate the kinetic of the topically induced 

monocytosis by analysing the peripheral blood of the treated mice 24 hours after every 

treatment. This approach revealed that, after the first R848 application, lymphocyte and 

monocyte counts dropped. While lymphocytes subsequently increased steadily to normal 

levels, monocyte counts rose promptly by 8-10 times above the baseline value. Of note 

neutrophils were not significantly affected by the R848 treatments indicating no systemic 

inflammation. Mouse monocyte subpopulations, Gr1high and Gr1low, have been shown to exhibit 

different roles. Gr1high monocytes are defined as the “inflammatory” population, that  promptly 

extravasates to the inflamed tissues and can produce reactive oxygen species (ROS) in response 

to bacterial infections such as Lysteria monocytogenes or parasites such as Toxoplasma gondii, 

and type I interferon in response to viruses140,191. These monocytes have a limited response to 

TLR7. On the contrary, the Gr1low monocytes have been defined as “patrolling” monocytes and 

survey the blood vasculature in search for local tissue damage and infection140,191. This 
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subpopulation rarely extravasate in steady state, and was suggested to contribute to tissue repair 

in the myocardium218. Differently to the Gr1high, the Gr1low subpopulation responds vigorously 

to TLR7 signals and produces TNF-, IL-1 and CCL3113. In this context, I analysed the changes 

in the monocyte subpopulations in my experimental setting and unveiled the onset of an early 

global monocytosis (after 2 treatments), followed by a regression of the Gr1high monocytes to 

normal values and by a striking rise of the Gr1low monocyte counts.  Chronic cutaneous TLR7 

stimulation not only expanded vigorously the Gr1low subpopulation, but also enhanced the 

surface expression of LFA-1, critical for monocyte patrolling and crawling189. CD11b levels 

instead, were amplified in both monocyte subpopulations at an early stage (after 2 treatments) 

and normalised after subsequent treatments. Of note, the effects of R848 on the monocyte 

phenotype were present on both BALB/c and C57BL/6 animals.  

The use of the intravital microscopy helped me to corroborate the observations obtained by 

flow cytometry. I utilised CX3CR1GFP/GFP mice to visualise in vivo the changes in the Gr1low 

subpopulation following topical application of R848. CX3CR1 is predominantly expressed on 

Gr1low monocytes and the GFP protein expressed in its place was visualised by intravital 

microscopy189. Gr1low monocytes exhibited a pronouncedly increased crawling, rolling and 

track displacement times in the R848-treated mice compared to the vehicle controls, confirming 

the profound changes occurring in this monocyte subset, indicating enhanced patrolling. 

According to the current dogma in monocyte biology, during the course of inflammation, 

Gr1high monocytes extravasate to the peripheral inflamed tissues and give rise to tissue resident 

macrophages and DC, while GR1low monocytes patrol the endothelium and respond to local 

danger signals via TLR7191,192. In the light of the rapid expansion of the peripheral blood 

monocytes prompted by the cutaneous application of R848 and in view of the kinetic above 

described, I hypothesised that Gr1high monocytes extravasated to the peripheral tissues after the 

initial expansion in the blood, while Gr1low monocytes accumulated in the intraluminal space. 

Ex-vivo analysis of spleen and LNs after only 4 treatments identified an expanded monocyte 

population in both draining LNs and spleens and an increase in conventional DC in the spleen 

of R848-treated mice. In addition, the staining of lung and liver with CD68 evidenced a marked 

increase of myeloid-derived cells. These data confirmed my hypothesis and suggest that topical 

R848 boosts a global monocytosis characterised by egression of Gr1high monocytes to the 

tissues and intravascular increase of Gr1low monocytes that survey the endothelium. 
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Source of TLR7 ligands in nature are represented by ssRNA and nucleic acids, and cutaneous 

exposure to these components can occur during a cutaneous viral infection or prolonged UVB-

exposure. My findings suggest that, under homeostatic cutaneous stimulation of TLR7, 

monocytes are increased in the peripheral blood, secondary lymphoid organs and peripheral 

tissues. To measure the duration of these effects, I monitored for almost 2 months the blood of 

mice whose topical treatment with R848 was discontinued after 4 applications. Interestingly 

blood monocytes, which were markedly increased after the 4th R848 treatment, regressed very 

slowly and reached normal levels 52 days after treatment discontinuation. Following a marked 

skewing towards the Gr1low population, the proportion between the monocyte subpopulation 

reversed to equal levels 24 days after the interruption of R848 application.   The spleens from 

the same animals, although significantly reduced in size when compared to those of the R848-

treated mice, still displayed higher numbers of monocytes, indicating that a short course of 

repeated exposure to R848 induced profound and long-lasting systemic and peripheral effects. 

The histological study of the peripheral organs of the treated animals could help understand the 

length and degree of permanence of the monocytic infiltrate in the tissues.  

In this chapter I showed the identification of a powerful model of monocytosis triggered by 

chronic cutaneous stimuli of TLR7. Noticeably, this effect was specific to the topical 

stimulation and was only marginal if TLR7 was triggered via a systemic route of 

administration. In order to investigate the mechanisms and signalling networks mediating the 

onset of the described monocytosis, I adopted a systematic approach to determine the role of 

spleen, BM, skin, and of relevant monocyte survival signals. 

Spleen was described in mouse as a reservoir for undifferentiated monocytes in the event of 

acute inflammation or tissue damage195. By treating splenectomised animals with R848, I 

demonstrated that spleen does not act as monocyte reservoir in this model. 

CCR2 and its ligand MCP-1 play a fundamental role in the egression of Gr1high monocytes 

from the BM193. In 2012 Steffen Jung’s group demonstrated that Gr1low monocytes originated 

from the conversion of Gr1high monocytes in the blood, therefore CCR2 inhibition resulted in 

a pronounced impairment of the Gr1low subpopulation191,197. By monitoring blood monocyte 

BrdU uptake, I showed that topical administration of R848 did not enhance the conversion of 

Gr1high to Gr1low monocytes. In addition, the topical treatment with R848 of mice lacking CCR2 

surprisingly showed that Gr1low monocytes were markedly expanded in these animals, 
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breaching the dogma of the origin of the Gr1low subpopulation from Gr1high and supporting the 

possibility of a separate origin of the 2 monocyte subpopulations in the BM 192.  

Another pivotal molecule in monocyte homeostasis is the receptor CX3CR1. The interaction 

with its ligand CX3CL1 mediates BM egression and maturation of the Gr1low monocytes where 

CX3CR1 is mainly expressed187,205. As previously described205, I confirmed that naïve 

CX3CR1gfp/gfp mice exhibit a reduced level of Gr1low monocytes compared to the WT 

counterpart and demonstrated that the same animals develop a marked blood monocytosis upon 

topical R848 challenge. Of note, the degree of monocytosis and of surface activation was 

comparable between WT and CX3CR1gfp/gfp treated mice demonstrating that CX3CR1 is 

dispensable for monocyte expansion and activation in this model. 

Having shown that the R848-induced monocytosis does not depend on the spleen as reservoir 

or an enhanced conversion or CCR2 or CX3CR1, I decided to study possible changes in the 

myeloid progenitors in the BM.   Monocytes maturate in the BM before egressing to the 

circulation and mice genetically mutated to overexpress TLR7 (TLR7.1 mice) were previously 

reported to exhibit an enhanced myelopoeisis208.  I illustrated in this chapter that repeated R848 

topical application enriched the mature monocyte population after 2 treatments. Interestingly, 

although the numbers of MDPs and cMoPs were comparable between R848- and acetone-

treated mice, the proportion of progenitors incorporating BrdU was significantly higher in 

R848-exposed animals, demonstrating that topical TLR7 activation boosts the proliferation of 

myeloid progenitors promoting their maturation.  

The enhanced myelopoiesis observed in TLR7 transgenic mice was shown to depend on IFN-

208. Also, IFN is a key cytokine in SLE patients90 and might participate to fuel the monocyte 

expansion. The use of animals lacking the IFNR revealed that the monocytosis triggered by 

topical R848 does not depend on IFN signalling. Intriguingly, IFNAR1/ mice developed the 

same degree of monocytosis and GR1low expansion of WT animals upon R848 application. 

Lymphocytes, in particular B cells, and pDCs were less activated in IFNAR1/ mice, as expected 

given the presence of a high expression of TLR7 on these cells. Although the titres of anti-RNP 

antibodies were lower in the IFNAR1/ mice, the number of GCs was equal between the treated 

groups. This could indicate that if on the one hand IFN is indispensable for an early onset of 

autoimmunity, on the other hand GC formation does not depend on IFN, and is dependent on 

TLR7. Keratinocyte-derived IL-1 represented a potential candidate for the enhanced BM 

myelopoiesis observed in this model. Keratinocytes are a major source of IL-1 in damaged 
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skin219 and tissue-derived IL-1 was previously shown to boost the myelopoiesis in a murine 

model of obesity143. By administering an anti-IL-1R antagonist (Kineret®), I demonstrated that 

IL-1 is not responsible for the marked R848-induced monocytosis, as the monocytosis and 

surface activation rose independently of the IL-1R inhibition. 

Skin represents a continuous interface between the body and the environment and is constantly 

exposed to external challenges. It harbours a complex network of immune and not-immune 

cells that finely cooperate to ensure both tissue homeostasis and adequate response against 

pathogens63,220. Although local skin immune activity can spark systemic responses, as shown 

by the activation of T cell responses by LC following their migration to the LN 221,222, the casual 

link between skin and systemic inflammation is poorly described. In this context I decided to 

investigate the early changes occurring in the skin and in the draining LNs after the topical 

application of R848, in search for a cellular key player that could bridge the cutaneous and the 

systemic response.  Topical application of the TLR7-agonist IMQ has been shown to promote 

skin infiltration of pDCs, which then induce an IFN--driven reduction of skin carcinoma223. 

IMQ was also shown to induce LC migration to the LN and to activate mast cells224,212.  In my 

study I found that, following R848 application, LCs were rapidly recruited together with 

monocytes and neutrophils. Interestingly, the basophil population expanded, whereas the 

number of mast cells was not changed by the treatment. In the draining auricular LN monocytes 

and conventional DCs were increased by R848, whereas B cells represented the main 

lymphocyte infiltrate. These findings, however, did not provide any functional insight. To 

address this limitation I used the Cpa3Cre/+ mice and demonstrated that mast cells do not mediate 

the systemic monocytosis induced by R848.  

In summary in this chapter I demonstrated that chronic challenge with R848 induced a 

remarkable monocytosis with extravasation of Gr1high to the peripheral organs and intraluminal 

accumulation of Gr1low monocytes with enhanced patrolling features. This effect was specific 

to this compound and was significantly more pronounced if the R848 was administered 

topically rather than systemically. While molecules like CCR2 and CX3CR1 did not play any 

role in this model, I demonstrated that the monocytosis was supported by an enhanced BM 

myelopoiesis. I failed to identify the cellular mediator of the effects triggered by R848 in the 

skin, but importantly I excluded the participation of strong candidates such as mast cells. In the 

attempt to identify the signalling network reverberating between skin and BM upon R848 
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challenge, I excluded the involvement of 2 known enhancers of myelopoiesis, INF- and IL-1 

(figure 5.30).  

I described in this chapter a novel model of systemic inflammation induced by the topical 

application of a TLR7 agonist and characterised by a striking expansion/activation of the 

mononuclear phagocytic system. My study shows that repeated skin exposure to viral ssRNA 

or to nucleic acids released by dying cells could translate in an expansion of monocyte 

population and potentially determine a detrimental inflammatory response. These effects could 

be particularly relevant for SLE patients who bear genetic aberrations of apoptotic cell 

handling. Monocyte-driven inflammation, sparked by chronic stimulation of TLR7 in the skin, 

could represent a crucial environmental trigger for lupus exacerbations.  

 

 

 

5-30 Monocyte trafficking following cutaneous TLR7 stimulation 

TLR7 stimulation in the skin enhances myelopoiesis in the BM after 2 applications.  This effect 

is not mediated by mast cells, and is independent from IFN- and IL-1.  Following an initial 

expansion of both Gr1high and Gr1low, Gr1low monocytes remain strikingly expanded in 

peripheral blood. The egression of the monocytes from the BM was not affected by the lack of 

CCR2 or CX3CR1. I have also excluded that Gr1low expansion was driven by conversion 

Gr1high


low in the peripheral blood. Finally, topical R848 enhances the patrolling of Gr1low 
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monocytes along the endothelium and the extravasation of Gr1high monocytes to peripheral 

tissues such as lung and liver. Of note, infiltrating monocytes were also found in the skin 24 

hours after the first and second topical R848 application, when their level is low in the blood, 

suggesting that they might be recruited into peripheral tissues at an early stage prior to the 

enhanced myelopoiesis. 
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6. Overall discussion 
 

Recent advances in the complement field have shifted away from the classical view of the 

complement cascade as a mere effector arm of the innate immunity and revealed its central role 

in bridging innate and adaptive immune responses3,4. In addition, locally produced complement 

components, rather than liver-secreted ones, have been described to modulate tissue specific 

immune responses in a number of peripheral organs including heart and kidney225,40,35. Also, a 

novel role in angiogenesis and tissue repair has been recently attributed to C1q13,55. Despite 

evidence of the production of complement proteins in human and mouse skin, the role of 

complement in the skin remains poorly understood and controversial (discussed in chapter 

1.1.3.1). My study revealed a previously undescribed pro-inflammatory role for C3 in a murine 

model of psoriatic-like skin inflammation induced by topical IMQ (chapter 3). Upon IMQ 

application, C3 was identified in the dermis with confocal microscopy and ex-vivo derived 

dermal stromal cells were shown to secrete C3 upon pro-inflammatory stimuli.  Daily IMQ 

topical application resulted, in C3 deficient mice, in a milder psoriatic phenotype (expressed 

by the clinical data and epidermal thickness) and in the downregulation of gene expression of 

pro-inflammatory mediators typically present in psoriasis (figure 3.2). Importantly, I 

demonstrated that C3 supports the production of IL-17 by  T cells in skin and dLN (figure 

3.5 and 3.6). These data support previous evidence of C3 being indispensable for the IL-17 

production by CD4+ T cells in a model of arthritis and encephalomyelitis26,27 but, so far, my 

study is the first to link local C3 with the secretion of IL-17 by a population of tissue resident 

T cells. Organ-tailored immune responses represent an expanding focus of interest in 

immunology in recent years. Tissues are not considered mere passive recipients where 

stereotypical immunological responses take place, but they are active players in shaping the 

local response226. My findings deepen the understanding of tissue–specific immune responses, 

as they illustrate that local complement supports the cytokine production of a tissue resident T 

cell. I could speculate that topical IMQ stimulates the production of C3 by resident dermal 

stromal cells through the release of IL-1 by damaged keratinocytes and TNF-, IL-36 by DC. 

Activated fragments C3a and C5a might act indirectly (by driving a pro-inflammatory 

environment), and directly via the C3aR/C5aR to boost the cutaneous inflammation and IL-17 

production. I did not have time to investigate the presence of complement receptors on  T 

cells, but this could be an important point to assess, especially in light of the pathogenic role 

of IL-17 in psoriasis and the therapeutic interventions centred around this cytokine227,157.  In 
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addition, IMQ treatment of chimeric mice (WT animals  reconstituted with BM from C3-/- mice 

and vice versa) could help to confirm the contribution of local C3 production in the IMQ model 

and to rule out C3 production by infiltrating cells. 

 

Led by the interesting findings of the immunomodulatory role of C3 in a model of psoriasis 

induced by short term application of IMQ, I decided to investigate the possible impact of 

complement in the onset of systemic autoimmunity induced by the chronic application of the 

same IMQ compound. Yokogawa et al83 were the first to describe this model and its novelty 

resides, rather than in the confirmation of the crucial role of TLR7 in autoimmunity105,115 

(discussed in 1.3.3.3.1), in the fact that systemic autoimmunity was induced by a cutaneous 

challenge and not by a systemic one. The repeated application of a TLR7-agonist would mimic 

the cutaneous stimulation of TLR7 that may occur as a result of UV-induced keratinocyte death 

with release of nucleic acids, or during viral infection. As exposure to UV-light and viral 

infections are known triggers of SLE flares, Yokogawa’s model recapitulates well the human 

disease. Skin involvement affects about 90% of SLE patients163,  but the mechanisms linking 

UV-damage and disease relapses are largely unclear. In vitro data have shown increased 

sensitivity of lupus keratinocytes to UV exposure, as demonstrated by the translocation of lupus 

autoantigens on the surface of apoptotic blebs228 and by the enhanced UVB-induced death 229. 

On the other hand, the in vivo observations have been inconclusive, as some studies have 

evidenced an increased number of apoptotic keratinocytes in SLE patients, whereas others 

failed to find any difference in the number of apoptotic keratinocytes, but revealed an enhanced 

inflammatory infiltrate230. Interestingly, in the lupus-prone BXSB mice bearing TLR7 genetic 

duplication, exposure to UV-light accelerated the SLE-features163,231.Disease acceleration was 

not observed in other lupus prone mouse strain, like NZB/NZW or in C1q deficient mice, 

suggesting that UV irradiation may promote autoimmunity through TLR7163. Skin-induced 

systemic autoimmunity was also described in transgenic mice with keratinocyte overexpressing 

inflammatory cytokine such as IFN-and TNF-163. Collectively these findings suggest UV 

exposure and cutaneous inflammation as possible initiators and promoters of systemic 

autoimmunity and, together with the known role of complement in SLE pathogenesis, provided 

the background of my second aim: is the cutaneous complement production mediating the onset 

of systemic autoimmunity triggered by the chronic challenge with IMQ?  Having demonstrated 

that, following a short term IMQ application, C3 modulates the production of IL-17 by  T 
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cells and considering that this cytokine is gaining interest in SLE, as it was reported to be 

elevated in SLE serum232, I then hypothesised that complement may also play a role in the 

initiation of the systemic manifestations. 

 

The experimental model reported by Yokogawa was not reproducible at the published dose of 

5% IMQ cream, and only when I tested a higher dose I could induce mild autoimmune features, 

distant from the severity described in their study (chapter 4). My results showed lower levels 

of autoantibodies (anti-ssDNA, anti-chromatin and anti-RNP antibodies) compared to those of 

established SLE models. Indeed, it is important to note that in my assays autoantibodies are 

measured using as standard reference the serum of lupus prone MRL/lpr mice and that the 

optical density (O.D.) of the experimental samples laid at the mid-bottom part of the standard 

curve. In addition, the renal histology after 10 weeks of treatment showed mild 

glomerulonephritis and none of the mice developed crescents, which is a common finding in 

lupus nephritis. In the context of these mild systemic autoimmune features, the absence of C3 

did not modify the onset of the disease indicating that the induction of autoimmunity in this 

model bypasses complement handling of apoptotic cells. A potential explanation for the failure 

to recapitulate the data described by Yokogawa is that the composition of IMQ cream utilised 

by the Japanese group may differ in the vehicle and the excipients. I therefore tested the effects 

of the chronic topical application of another TLR7 agonist, R848, dissolved in acetone and 

applied 3 times a week, similarly to IMQ cream. The topical application of R848 induced a 

powerful systemic inflammation, with mice developing splenomegaly and early onset of anti-

RNP antibodies. After 4 weeks of treatment they appeared distressed, pale and had to be 

sacrificed. On the contrary, the animals treated i.p. or i.v. with the same dose of R848, did not 

develop splenomegaly or autoantibodies confirming the unicity of the skin data (chapter 4). In 

addition, as observed following chronic IMQ application, the absence of C3 and C1q did not 

influence the induction of systemic autoimmunity. These results confirmed that the induction 

of systemic autoimmunity depended on a signal triggered by TLR7 in the skin. Yokogawa et 

al. suggested that this role was mediated by the recruitment to the skin of pDCs, with 

subsequent triggering of type I IFN. Infiltration of pDCs has been observed in skin lesions of 

SLE patients233,234 and, in a mouse models of cutaneous SLE, pDC infiltration correlated with 

the IFN signature and with the development of lupus skin lesions, but not with systemic 

disease235. Despite pDCs represent an attractive hypothesis for the systemic features in this 

model as they are the main producers of IFN- and express high levels of TLR7, the antibody 
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used in the original paper (anti-PDCA-1) to deplete pDCs is rather unspecific.  PDCA-1 is 

widely expressed on myeloid cells in an IFN- enriched environment236 and thus the anti-

PDCA-1 antibody may deplete other cells such as myeloid DCs, macrophages, monocytes that 

could be involved in the disease process. 

 

Interestingly, a feature of the chronic treatment with IMQ that was even more prominent with 

R848, was the expansion of the monocyte/myeloid compartment in the peripheral lymph-nodes 

and spleen. This effect was specific of the topical application, suggesting a unique response 

mediated by the skin upon R848 stimulation. An in-depth analysis of peripheral blood 

monocytes in R848-treated mice (chapter 5), revealed that the topically applied TLR7 agonist 

determined profound changes in the monocyte subpopulations, inducing an expansion of both 

subpopulations, Gr1high and Gr1low monocytes, at early stages (after 2 treatments), followed by 

a striking increase of the Gr1low subset (figure 5.4). These quantitative changes were 

accompanied by an activated phenotype (increased LFA-1 and CD11b levels) and by an 

increased patrolling activity as evidenced with intravital microscopy. It was rather intriguing 

to notice that the profound changes in the number and phenotype of the monocytes occurred 

very rapidly (after 2-4 cutaneous treatments) and lasted for up to 2 months after the treatment 

was discontinued (figure 5.10 and 5.11), suggesting an important role for TLR7 activation in 

the skin in monocyte homeostasis. Overall, this part of my study uncovered two novel 

observations: 

 The skin specificity of the effects determined by R848 application.  

 The enhanced myelopoiesis determined by topical R848 treatment. 

 

Topical TLR7 activation had also been shown to increase the levels of intracranial tumour 

infiltrating CD4+ and CD8+ lymphocytes237, and to modulate DC, NK, and B cell numbers in 

the lungs238. Also, a more marked inflammatory response was noted in the brain of rats treated 

with s.c. IMQ compared to i.p.239. My findings corroborate the evidence that skin activation of 

TLR7 can result in systemic immunomodulation. However, my work is the first to analyse the 

long term effects of chronic topical TLR7 stimulation. Importantly, alongside with the striking 

blood Gr1low monocytosis, I observed a markedly increased monocyte/macrophage population 

in several organs (figure 5.9). Unfortunately, during the course of my PhD study I failed to 

identify the skin cells mediating the systemic effects triggered by the R848 treatment. My initial 
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working hypothesis was centred around specialised skin cells, reflecting the distinct effects 

mediated by the skin. Mast cells represented strong candidates, as they have been shown to 

express TLR7and to mediated Langerhans cells trafficking to the LN, partially through TNF-

and IL-1 signalling212. However, by using mice lacking mast cells (CPA3-Cre), I ruled out 

the mast cells as mediators of the systemic inflammation (figure 5.28). An important limitation 

in the study of TLR7 is the absence of specific antibodies to detect TLR7-expressing cells in 

tissues. Keratinocytes, Langerhans cells, and basophils have been described to not express 

TLR7 and therefore are less likely to directly sense and mediate the R848 effects, even if LC 

and basophils were increased after R848 application (figure 5.25 and 5.26). A role for 

conventional DC in the skin response to IMQ was hinted by Tortola et al as cDC were 

responsive to IMQ in culture and depletion of cDC was protective toward the development of 

skin inflammation76. Also a study conducted with human skin biopsies revealed that topical 

application, but not intradermal injection, of IMQ induced DC migration and maturation 

alongside the production of pro-inflammatory cytokines and priming of CD8+ T cells240, 

demonstrating a distinct skin-mediated immunomodulation through TLR7 with important 

implications in the vaccine field. Clearly skin DC could act as pivotal mediators of the 

inflammatory response caused by topical R848 and further investigations are needed to assess 

this possibility.  

 

The prominent enhancement of myelopoiesis following a chronic cutaneous challenge is the 

other interesting aspect of my study. In particular, this is the first demonstration that a chronic 

topical stimulus can induce proliferation of BM progenitors HSC, MDP and cMoP (figure 5.20) 

and as a result of this, the number of mature monocytes was noticeably augmented within the 

BM (figure 5.19) and in circulation (figure 5.4). In particular, the Gr1low population was 

strikingly increased in the BM (figure 5.17) and in circulation. In disagreement with some 

previous studies claiming that Gr1low monocyte derive from conversion of Gr1high after their 

CCR2-mediated egression from the BM197, my study demonstrated that the Gr1low monocyte 

egression and expansion in R848-treated mice occurred even in the absence of CCR2 (figure 

5.16). These data, therefore, support the hypothesis of two different progenitors for these 

monocyte subpopulations181. Importantly, by utilising CX3CR1 deficient mice, I demonstrated 

that R848-induced monocytosis was also independent from the CX3CR1-CX3CL1 signalling, 

which has previously been extensively described as crucial for Gr1low homeostasis205,189. 

Therefore, the TLR7-induced myelopoiesis is mediated by another pathway which bypasses 
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both Ccr2 and CX3CR1. Nuclear receptor NR4A1, described as a critical transcription factor 

required for the production and maturation of Gr1low monocytes in the BM196,192, is an attractive 

candidate. Testing the effects of R848 application on Nr4a1-/- mice, could help shed light on 

the involvement of NR4A1 in this model. My findings further challenge the existing literature 

by demonstrating that the enhanced myelopoiesis observed is independent from type I IFN. 

Buechler et al had previously shown that, in mice genetically overexpressing TLR7 and in WT 

mice injected i.v. with TLR7-agonists, type I IFN drives the enhanced myelopoiesis208, while 

my data demonstrate that the myelopieisis induced by topical R848 is totally independent from 

IFN- signalling (figure 5.21). The presence of a feedback loop between peripheral tissues and 

BM has recently been described by Prabhakara et al, who demonstrated that S100A8/A9 

produced in the adipose tissue induced an inflammasome-dependent IL-1 production, which 

directly stimulated mylopoiesis143. In their study however, both monocyte subpopulations were 

enhanced and neutrophil counts were increased as well. As IL-1 is promptly released by 

keratinocytes when damage and also represents a crucial player in autoinflammatory diseases, 

characterised by skin rashes, splenomegaly and monocytosis241,242, I hypothesised that this 

cytokine could be the key mediator of the interplay between skin and BM. However, blocking 

of IL-1R with Kineret®, did not alter the onset of the R848-induced monocytosis (figure 5.24). 

Although during my PhD I failed to identify the signalling responsible for the R848-induced 

myelopoiesis, I have excluded several important candidates as CCR2, CX3CR1, IL-1 and IFN-

  

 

The observation of an enhancement of myeloid cells in the spleens of animals with increased 

dose of TLR7 gene was previously described by Deane at al by using TLR7.Tg.1 mice128. These 

animals developed severe SLE-features, and the severity of the clinical features was dependent 

on the TLR7 gene dose. Noticeably, the mice were anaemic, had enormous spleens and 

extramedullary haematopoiesis, resembling the findings of topically treated R848 animals 

under my experimental conditions. Although the role of innate immune receptors, such as 

TLR7 and TLR9, in the onset of inflammation and autoimmunity has been subject of extensive 

investigations over the last decade105,115,133,123,120, the role of monocytes in this context remains 

unclear. Monocytes from SLE patients were shown to express aberrant surface markers and an 

abnormal production of pro-inflammatory cytokines182. Also, a peripheral infiltrate of “non–

classical” monocytes, defined as CD16+CD14dim, was identified in kidneys of SLE patients and 
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correlated with tissue damage and disease activity184. My findings advocate a potential role for 

monocytes in the exacerbation of SLE induced by viral agents or excessive apoptosis in the 

skin. Chronic cutaneous availability of endogenous nucleic acids or ssRNA could trigger 

monocytosis with tissue infiltration, systemic inflammation and splenomegaly. Interestingly, 

in my experimental model auto-antibody production was dependent on IFN- signalling figure 

5.23), whereas Gr1low monocytosis was not influenced by INFR deficiency. As IFNAR1-/- 

mice topically treated with R848 still had enlarged GC and PC populations (figure 5.23) and 

pDC activation (figure 5.23), it is tempting to speculate that monocytes might be dispensable 

for breaking the tolerance, but could be important for promoting a pro-inflammatory 

environment. 

 

The biological explanation for the boosting of a Gr1low monocytosis by chronic topical R848, 

differently from the mild monocytosis determined by its systemic administration, remains an 

open question. Skin acts as a crucial physical/immunological barrier, and the induction of a 

rapid innate response following cutaneous viral stimuli might be central for an adequate 

response to external antigens. However, this might be detrimental in predisposed subjects with 

altered checkpoints for TLR7 activation (e.g. reduced apoptotic cell clearance, presence of 

autoreactive B cells or defects of intracellular proteases), in whom TLR7 can be more easily 

triggered.    
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6.1. Summary and conclusions 

 

My study highlights the participation of complement in skin inflammation and the link between 

skin and systemic inflammation/autoimmunity. I demonstrated that complement C3 

exacerbates skin inflammation and promotes the production of pathogenic IL-17 by resident  

T cells in the skin in a model of psoriasis induced by application of TLR7-agonist in the form 

of IMQ cream (see figure 3.9). Also, I found that topical IMQ cream was only capable of 

generating a mild autoimmune response, if applied at very high doses and for a very prolonged 

period, differently from what previously described by another group83. The lack of C3 did not 

modify the IMQ-induced autoimmunity.   

As the chronic application of the IMQ cream failed to trigger an overt autoimmune response, I 

then used the synthetic compound R848 that mimics more closely the TLR7 activation induced 

by ssRNA viruses. Unexpectedly I found that prolonged stimulation of TLR7 with R848 leads 

to monocytosis (10 times the normal levels) and massive systemic immune activation with 

functional disruption of the secondary lymphoid organs resembling virus-associated 

pathologies. These R848-mediated effects were evident only if the compound was 

administrated topically via the skin and not systemically. The lack of C3 or C1q did not 

influence the immune effects of R848. I have investigated the cellular and molecular 

pathway(s) underlying this hyper-immune activation and revealed that myelopoiesis is 

markedly enhanced and this occurs independently from IL-1, IFN-, CCR2 and CX3CR1. 

Also, in the attempt to discern the cellular mediator responsible for the feedback loop between 

skin and BM, I excluded the mast cells. A graphical summary of the findings regarding the 

skin-BM-blood loop is represented in figure 5.30.  By identifying a novel role for cutaneous 

TLR7 stimulation in promoting a rapid and robust systemic inflammation, my findings might 

mimic the immunological response induced by virus infection or exposure to the sun in SLE 

patients. 
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6.2. Future work and wider implications 

My PhD study has risen several interesting questions that need to be addressed in future work 

 What is the signalling pathway that mediates, within the skin, the induction of systemic 

inflammation?  

The transcriptomic analysis of R848-treated skin using unbiased approaches like 

NanoString Technology or RNASeq could help to identify the key pathways triggered 

by R848.  In this context, it would be important to define the transcriptomic signature 

of the epidermis and dermis separately.  

 

 Which is the cellular source of the inflammatory mediators responsible for R848-

induced  monocytosis?  

A more in depth study of the skin cellular composition and the cellular expression of 

TLR7 following R848 treatment might help identify the cellular mediator. BM 

transplant experiments using the TLR7-/- mice (already obtained by my supervisors) 

could be a key approach to define the BM origin or not of the cells.  

 

 Are Gr1low monocytes pathogenic in SLE? 

Despite displaying low levels of autoantibodies, R848-treated IFNR-/- mice had active 

pDCs, enlarged GC and PC populations, and marked monocytosis. This might suggest 

a role for systemic monocytosis in promoting a pro-inflammatory environment 

responsible for SLE exacerbations. Analysis of monocyte populations in the peripheral 

blood of SLE patients experiencing disease flares due to viral illness or/and exposure 

to sunlight could help understand the biological relevance of my findings in the human 

disease. 

 

 What are the implications beyond SLE? 

Topical R848 application induced functional disruption of the secondary lymphoid 

organs resembling virus-associated pathologies. My findings could be important to 

further understand the immune response sparked by TLR7–sensed microorganisms 

invading the skin (e.g. vesicular stomatitis virus, Borrelia Burgdorferi, West Nile virus) 

or transmitted via mucosal contact (e.g. influenza virus, HIV). Stimulation of TLR7 at 

the mucosal interface might trigger a similar response as in the skin. Also, my findings 
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support the potential advantage of using R848 as vaccine-adjuvant via skin application, 

rather than i.m., in order to boost a more profound immune repose. 
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Appendix 

 

A.1 Dermal stromal cell staining 

 

Appendix figure 0-1.  DSC phenotype 

Phenotypic analysis of primary skin stromal cells by flow cytometry. Representative dot plots. Whilst 

the lineage markers CD45 and CD11b were negative, the cultured cells expressed stromal cell markers 

such as Sca-1, PDGFR-

of CD71 
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