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Ag antigen 

APC antigen presenting cell 

Balb/C indicated mouse strain 

bp base pair 

BSA bovine serum albumin 

CCL-2 chemokine (CC motif) ligand 2 

CCR-2 chemokine (CC motif) receptor 2 

CD cluster of differentiation 

CDNA       complementary DNA 

CD18hypo    CD18 hypomorphic mutation 

CD18null     CD18 null mutation 

CD18wt      CD18 wild type 

CFSE       5- (and 6-) carboxyfluorescein diacetate succinimidyl ester 

cM        centi-Morgan 

cpm counts per minute 

CTL cytotoxic T lymphocyte 

C57BL/6J indicated mouse strain 

DAPI       4’,6-Diamidino-2-phenylindole) 

DC dendritic cell 

DLN       draining lymph nodes 

DMEM dulbecco’s modified eagle medium 

DMSO dimethylsulfoxide 

DN         double negative  

Dnase deoxyribonuclease 

DNTP deoxynucleoside triphosphates 

DP        double positive  

DTT ditiothreitol 

EAE experimental allergic encephalomyelitis 

ECF-L    eosinophil chemotactic cytokine 

EDTA      ethylenediaminetetraacetic acid 
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ELISA    enzyme linked immunosorbent assay 

FACS fluorescence activated cell sorter 

FCS fetal calf serum  

GAPDH    glyceraldehyde-3-phosphate dehydrogenase 

GM-CSF  granulocyte-macrophage colony stimulating factor 

HE        hematoxylin and eosin 

HEPES 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic acid 

HLA human leukocyte antigen 

HPF      high power field 

ICAM-1   intercellular adhesion molecole 1 (CD54) 

iNOS inducible nitric oxide synthase 

IL interleukin 

LAD leucocyte adhesion deficiency 

LFA-1    lymphocyte function-associated antigen-1  

LPS lipopolysaccharide 

mAbs monoclonal antibodies 

MAS       marker assisted selection 

MCP-1 monocyte chemoattractant protein-1 

MHC major histocompatibility complex 

MLR      mixed lymphocytes reaction 

NF-κB nuclear factor κ-B 

NK natural killer cells 

Oligo (dT)   oligo-deoxythymidine 

PASI      psoriasis activity and severity index  

PBMC peripheral blood mononuclear cells 

PBS phosphate buffered saline 

PCR polymerase chain reaction 

PE phycoerythrin 

PLC  phospholipase C 

PMA  phorbol-12-myristate-13-acetate 

PL/J  indicated mouse strain 



                                 7   

PSD1       psoriasiform skin disease locus 1  

PSORS psoriasis susceptibility loci 

QTL quantitative trait loci 

rJE/MCP-1   recombinant JE/MCP-1 

Rnase ribonuclease 

rTNF-α  recombinant TNF-alpha 

RT-PCR      reverse transcription PCR 

s.c.          subcutaneously  

SCID severe combined immune deficient 

SDS sodium dodecyl sulphate 

SEM standard error of the mean 

SLB sample lysis buffer 

SP         single positive 

SSLP simple sequence length polymorphism 

TBE tris-borate-EDTA buffer 

TBS tris-buffered saline 

TCR T cell receptor 

TE tris-EDTA buffer 

TEMED       N,N,N’,N’-tetramethylethylenediamine 

TFU        total fluorescence units  

TGF-β1     transforming growth factor-beta1 

TGF-β1m+    membrane-bound transforming growth factor-beta1 

TNF-α tumor necrosis factor-alpha 

TNFR tumor necrosis factor receptors 

Treg         CD4+CD25+ regulatory T cells 

Tresp     CD4+CD25- responder T cells 

UV ultraviolet  

129/SvEv indicated mouse strain 
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1.1. Psoriasis 

Psoriasis is an ancient and universal inflammatory skin disease, initially described at 

the beginning of medicine in the Corpus Hippocraticum (460–377 BCE). Hippocrates 

used the term psora, meaning "to itch." While the cause of psoriasis remains unknown, 

it appears to result from a combination of genetic and environmental factors. Psoriasis 

often develops at skin sites where minor trauma may occur, such as elbows and 

buttocks. Induction of psoriatic lesions by trauma is referred to as the Köbner 

phenomenon. Figure 1 provides a clinical view of untreated chronic stationary plaque 

psoriasis distributed on the lower back, as also described previously (1). 

 

Epidermis

Dermis

 
 

 

FIGURE 1. Clinical and histological overview of stable chronic psoriatic 
plaques. (A) Note the well-demarcated erythematous plaques covered by 
white-silvery scale. (B) Histology of a chronic psoriatic plaque reveals markedly 
thickened skin due primarily to accumulation of scale and elongation of rete ridges. In 
addition, there is loss of the granular cell layer, increased layers of epidermal 

A B

ksk
Text Box
1.      INTRODUCTION
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keratinocytes, and an influx of lymphocytes, dendritic cells, and macrophages into the 
dermis, accompanied by the presence of dilated and tortuous blood vessels. 
 

1.2.1. Clinical picture and histology of psoriasis 

Although clinical features and severity vary between individuals and with time, 

psoriasis is characterized by four abnormalities (2). First, vascular changes occur 

where the papillary blood vessels become dilated and tortuous. This results in 

redness or erythema, one hallmark of psoriasis. Second, Inflammation, where 

polymorphonuclear leukocytes from the dermal vessels enter the epidermis. Lesions 

are also rich in activated CD4+ and CD8+ T cells that release proinflammatory 

cytokines. Third, hyperproliferation of the keratinocytic layer (acanthosis). Fourth, 

altered epidermal differentiation where keratinocytes retain their nuclei in the cornified 

layer (parakeratosis) and the granular layer is lost. These changes in the epidermis 

result in scaling another hallmark of psoriasis. 

 

1.2.2. Heredity of psoriasis 

Twin studies reveal that monozygotic twins have a concordance of psoriasis of 72% 

compared with 15% in dizygotic twins (3). This corresponds to a heritability of 

90-100% given the 2-3% prevalence in the Danish population (3). Similarly, Farber et 

al. observed concordance rates of 70% in monozygotic twins and 23% in dizygotic 

twins in the USA (4). Interestingly, when monozygotic twins are concordant for the 

disease, it tends to be similar in age of onset, body distribution, severity and course; 

an observation not made in dizygotic twin pairs (4). This would suggest that genetic 

factors play a role in these variables. Also evident from twin studies is that although 

genetic factors play a significant role in the pathogenesis of psoriasis, the actual 

expression of disease is under environmental influence, since concordance never 

reaches 100% in any given population. 

Elucidating the inheritance of psoriasis has been plagued with all the problems 

associated with a common and complex disease. Sometimes sporadic cases can be 

mistaken for familial segregations because the disease is so common. Other factors 

that confound linkage analyses are incomplete penetrance of the trait in susceptible 
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individuals and variations in phenotypic expression that may depend on age, gender, 

modifier genes and environmental trigger factors. The existence of genetic 

heterogeneity is likely, again decreasing the ability to detect linkage by combining 

scores from different families (2). Rapid advancements in human genetic studies have 

led investigators beyond classical mendelian approaches to use other research 

methods, including association-based fine mapping of haplotypes harboring 

disease-susceptibility alleles with single-nucleotide polymorphism (SNP) analysis.  

By using genome-wide scans, investigators have mapped at least six different 

susceptibility loci, designated PSORS1–PSORS6 (1). Several other 

psoriasis-susceptibility loci have been mapped, including PSORS7 (1p) and PSORS9 

(4q31) (5, 6).  

 

1.2.3. The immunological synapse and psoriasis 

The signaling molecules linked to the immunological synapse have become the focus 

of geneticists interested in defining the molecular basis of autoimmunity (1). It has 

been suggested that alterations in TCR signaling, which is critical for central tolerance 

(elimination of autoreactive T cells), may cause a breakdown in thymic negative 

selection and hence mediate appearance of autoreactive T cells (7). Thus, it is 

possible that psoriasis patients have inherited mutations that block removal of T cells 

bearing TCRs with a high affinity for self-antigens, such that upon activation, and 

these autoreactive T cells interact with APCs and keratinocytes to create psoriatic 

plaques. It should be noted that the field involving the molecular basis that regulates 

formation of the mature T cell repertoire is complex and rapidly changing. Therefore, 

caution is warranted in ascribing specific roles to the immunological synapse and TCR 

signaling as regard to negative selection in human subjects (1). 

In mature lymphocytes, T cell receptor (TCR) signaling is mediated by formation of a 

multimolecular complex at the T cell–APC interface, referred to as the immunological 

synapse (8). The immunological synapse is a discrete cluster of molecules formed 

between a T cell and an APC that facilitates immune cell interactions. Two major 

technologies have been used to define events in the immunological synapse: live-cell 
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fluorescent imaging of T cells in contact with supporting plasma bilayers, and real-time 

confocal imaging of the T cell–APC interface. Key molecular components include the 

TCR and, surrounding it, a ring of adhesion molecules, such as LFA-1, which can bind 

to ICAM-1 expressed by the adjacent cell, e.g., a keratinocyte or APC. The LFA-1 

component of the synapse is especially important in psoriasis, as a therapeutic agent 

(anti–LFA-1 antibody; efalizumab) that blocks this adhesive interaction has recently 

been approved by the US Food and Drug Administration (FDA) for the treatment of 

psoriasis (9). While the immunological synapse controls T cell activation, additional 

contributory molecules, including other adhesion molecules and costimulatory 

molecules, also influence T cell responsiveness.  

 

1.2.4. Animal models for psoriasis 

It has been difficult to delineate definitively whether psoriasis results from a primary 

abnormality in the epidermis or is immunologically based. Overwhelming 

circumstantial evidence is accumulating to indicate that it has an immunologic basis 

(10). As there is no naturally occurring animal disease mirroring both phenotype and 

immunopathogenesis of psoriasis, research into the pathogenesis of this common 

disorder has been severely hampered. Several spontaneous mutations, transgenic 

animals, xenotransplantation models, or T cell transfer models have been utilized to 

study aspects of psoriasis. Some of these models corroborated existing hypotheses, 

others allowed important and sometimes unexpected new insights into defined steps 

of the pathogenic cascade. Here, the major animal models and their potential value 

for psoriasis research are reviewed. Their major characteristics are summarized in 

Table 1 (11). 
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D'Armiento et 
al. 1995nonon.d.

3.5-fold increase in 
keratinocyte
proliferation, 
acanthosis

haptoglobin/
collagenase

Carroll et al.
1995

severely affected 
animalsyes

focal parakeratosis, 
altered 
differentiation

keratinocyte
proliferation in most 
animals

involucrin/α2.α
5, or β1-
integrin

Hammer et al.
1990 Taurog
et al. 1993 
Breban et al.
1996yesyesfocal

marked in some 
animalsHLA-B27/β2m

Detmar et al.
1998non.d.noNoK14/VEGF

Blessing et al.
1996yesyes

parakeratosis in two 
lines with moderate 
and patchy 
transgene
expression

marked in two lines 
with moderate and 
patchy transgene
expressionK10/BMP-6

Guo et al.
1993nono

hyperproliferative
changes of keratin 
expression

up to 2-fold increase 
in keratinocyte
proliferationK14/KGF

Vassar & 
Fuchs 1991some animals

some 
animals

parakeratosis in 
some animals at 
sites of iritation. 
altered 
differentiation

acanthosis and 2-
fold increased 
proliferation in the 
basal layerK14/TGF-β

Carroll et al.
1997occasional

yes (no T 
cells in 
epidermis)

parakeratosis in 
severely affected 
animals

2.4 to 9.6-fold 
increased 
proliferation

Involucrin/
IFN-γ

Turksen et al.
1992nonono

orthohyperkeratosis, 
especially on tail 
and pawsK14/IL-6

Groves et al.
1995

severely affected 
animals

severely 
affected 
animalsrarely parakeratosis

severely affected 
animals of one lineK14/IL-1α

Transgenic rodents (Overexpression of distinct proteins)

Sundberg et 
al. 1990 
Sundberg et 
al. 1994yes

strain 
dependentfocal parakeratosissevereflaky skin (fsn)

Hogen Esch et 
al. 1994yesn.d.focal parakeratosismarked

chronic 
proliferative
dermatitis 

Gates & 
Karasek 1965 
Brown & 
Hardy 1984 
Rogozinski et 
al. 1986nonono

moderate 
orthohyperkeratosisasebia (ab)

Spontaneous mutations

References
Intraepidermal
microabscesses

T cell 
infiltrate

Altered 
keratinocyte
differentiation

Acanthosis and 
hyperproliferationModel
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References
Intraepidermal
microabscesses

T cell 
infiltrate

Altered 
keratinocyte
differentiation

Acanthosis and 
hyperproliferationModel

Boehncke et 
al. 1994 
Nickoloff et al.
1995 
Boehncke et 
al. 1996 
Kunstfelf et al.
1997 Gilhar et 
al. 1997yesyesyes

maintenance of 
psoriatic phenotype 
and experimental 
induction

human tissue 
onto scid/scid
mice

Xenotransplantation models

Schön et al.
1997yesyes

altered keratin 
expression, focal 
parakeratosis

up to 20-fold 
increased 
proliferation, 
acanthosis

CD4+/CD45RB
hi transfer into 
scid/scid mice

T cell transfer

Bullard et al.
1996yesyesfocal parakeratosismarked

PL/J CD18
hypomorphic

Knockout rodents (Partial or full deficiency of defined proteins)

Zenz, et al. 
2005yesyes

hyperkeratosis, 
parakeratosis

a strongly thickened 
epidermis with 
prominent rete
ridges

JunB and c-
Jun 

Sano, et al. 
2005noyes

hyperkeratotic
lesions in the tail 
and spread to the 
dorsum and hind 
feet in some mice 

keratinocytes in 
lesions were highly 
positive for Ki67, a 
marked hyperplasia 
of the epidermis 
(acanthosis)K5.Stat3C 

Allen G Li et 
al. 2004yesyes

parakeratosis, 
hyperkeratosis,

transgene-
expressing 
keratinocytes and 
increased 
proliferation of 
keratinocytes, 
acanthosisK5.TGF1wt 

Pasparakis et 
al., 2002yesyesfocal parakeratosis

markedly thickened 
epidermis,pronounc
ed hyperkeratosisIKK2 

D'Armiento et 
al. 1995nonon.d.

3.5-fold increase in 
keratinocyte
proliferation, 
acanthosis

haptoglobin/
collagenase

 
TABLE 1. Animal models for psoriasis. Modified from (11), n.d., not determined. 

 

1.2.5. Immunological therapy in psoriasis 

The history of the treatment of psoriasis is also of interest, as it reflects not only the 

uncertainty regarding its pathogenesis, but also the limited options available to 

clinicians in the past.  
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In the first approach, small molecules were developed that prevent cytokine release 

from immunocytes. Initial success was obtained using cyclosporin A, which is a 

calcineurin inhibitor that blocks signal transduction pathways responsible for cytokine 

release. Another calcineurin inhibitor is tacrolimus, which is 50–100 times more potent 

than cyclosporin A (12). These agents are derived from various soil fungi, contrasting 

sharply with a new wave of biological agents produced using recombinant DNA 

technology. The other two strategies, based on use of biotechnology, attempt to 

neutralize cytokines once they are produced. Several agents target TNF-α, although 

many other approaches that target different cytokines such as IFN-γ and the p40 

subunit shared by IL-12 and IL-23 are under active study. One strategy, using 

recombinant biotechnology to neutralize TNF-α, is to produce highly specific mAb’s 

that bind TNF-α, thereby preventing it from interacting with its surface receptors. 

Examples of such neutralizing antibodies against TNF-α include both chimeric 

antibodies, such as infliximab (13), and the fully humanized antibody adalimumab (14). 

The second strategy, proteins containing a predominantly human backbone sequence 

combined with murine amino produces soluble receptors lacking signaling domains so 

that they bind to and thereby neutralize TNF-α. This strategy derived from 

consideration of how viruses escape immunosurveillance using soluble receptors. 

Examples of soluble receptors are etanercept, which binds TNF-α and improves 

psoriatic arthritis and skin lesions (15, 16).  

Finally, counterattack of existing cytokines, investigators are also producing 

recombinant human Th2 cytokines, and administering them to try to neutralize the 

Th1-type cytokines or facilitate selective cytokine skewing of pathogenic T cells. 

Examples include delivery of IL-10 (17), IL-11 (18), or IL-4 (19). While 

anti-inflammatory effects of IL-10 and IL-11 were relatively modest compared with 

those of the TNF-α inhibitors, clearly the entire field is rapidly moving from nonspecific 

treatments such as arsenic, corticosteroids, methotrexate, and UV light to more 

selective treatments aimed at defined pathogenic targets for patients with psoriasis 

and other chronic inflammatory diseases (1).  
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1.2. The CD18 hypomorphic PL/J mouse model of psoriasis 

Research into the pathogenesis of psoriasis has long been hampered by the lack of 

suitable animal models (20, 21). Most of these, however, reveal only a single or a few 

aspects resembling human psoriasis (22-26). Previously, we have reported a 

polygenic mouse model that develops a T cell-mediated psoriasifrom skin disease in 

homozygous CD18 hypomorphic PL/J mice (27-29). This PL/J CD18hypo psoriasis 

murine model, in contrast to other previously reported models strongly resembles 

human psoriasis clinically, histologically, in its T-cell dependent pathogenesis, its 

polygenic base and in its response to therapy (28). 

 

1.2.1. Structure and function of CD18 

β2 integrins (CD11/CD18) are leukocyte adhesion molecules exclusively expressed 

on hemopoietic cells and responsible for cell-cell contacts in a variety of inflammatory 

interactions (30, 31). The common β-chain (CD18) associates with four different α 

subunits, αL, αM, αX, and αD, forming distinct functional heterodimers termed LFA-1 

(CD11a/CD18), Mac-1 (CD11b/CD18), gp150,95 (CD11c/CD18), or CD11d/CD18 (31, 

32). These interact with more than 20 ligands, of which the most prominent belong to 

the family of ICAM (Figure 2) (33, 34).  

Absence of CD18 leads to leukocyte adhesion deficiency type 1 (LAD1) in humans 

(35, 36). In the absence of CD18, severe defects in cell-cell cooperation occur, 

leading to a lack of homotypic lymphocyte adhesion (37, 38) and impaired T cell 

activation (39, 40), accompanied by a reduced IL-2 release (41). Recently, in a murine 

model for LAD1 with a CD18 null mutation (CD18null), it has been shown that lack of 

the β2 integrin subunit markedly impairs T cell extravasation (42). 
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I Domain

extracellular

intracellular

I-like Domain

α β

CD18
LFA-1 CD11a
Mac-1 CD11b
P150/95 CD11c

CD11d
 

 

FIGURE 2. Structure of β2 integrins. The common β-chain (CD18) associates with 
four different α subunits, αL, αM, αX, and αD, forming distinct functional heterodimers 
termed LFA-1 (CD11a/CD18), Mac-1 (CD11b/CD18), gp150,95 (CD11c/CD18), or 
CD11d/CD18. CD11/CD18 heterodimeric molecules are involved with cell/cell and 
cell/extracellular adhesion in immune and inflammatory responses. 

 

1.2.2. The psoriasiform skin disease in CD18 hypomorphic PL/J mice 

Introduction of an insertion mutation in the murine CD18 gene resulting in a 

duplication of exons 2 and 3 yielded a mouse model with a severe reduction of CD18 

expression with only 2–16% of wild-type levels (27). Due to this hypomorphic 

(CD18hypo) mutation, a skin disease develops in PL/J mice, which strongly resembles 

human psoriasis clinically, histologically, and in its response to therapy (28) (Figure 

3).  
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FIGURE 3. Clinical features and histopathology of psoriasis in the mouse 
model of CD18 deficiency.  (A) Homozygous CD18 PL/J animal (mouse on the 
right) showing mild erythema and alopecia in the facial area; a heterozygote littermate 
is shown on the left. (B) Severe dermatitis with progressive alopecia, severe 
erythema, scales, and crusts. (C) Histology of normal skin from PL/J mouse. Note that 
the epidermis (e) consists of two or three cell layers. Embedded in the dermis (d) are 
hair follicles (h) and sebaceous glands (s). (D) Histology of CD18 PL/J diseased skin 
showing hyperplasia of the epidermis, subcorneal microabscesses (*), and 
hyperorthokeratosis (arrow). In the dermis, a diffuse inflammatory cell infiltrate is 
observed. (E) Higher magnification of D showing granulocytes within a microabscess. 
(F) Higher magnification of D. Note the hyperorthokeratosis and dilated capillaries in 
the dermis (arrow). (C and D, x 100; E and F, x400) (28) 
 

As in patients treated for severe psoriasis (43, 44), the psoriasiform dermatitis in the 

underlying mouse model can be suppressed by corticosteroids (dexamethasone), 

suggesting the involvement of an autoimmune or otherwise inflammatory process (28). 
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CD4+ T cells, but not CD8+ T cells, were identified to be crucial in the pathogenesis of 

the dermatitis of this psoriatic mouse model. The pathogenic involvement of CD4+ T 

cells depended on a gene dose effect with a reduced expression of the CD18 protein 

in PL/J mice (29). 

 

1.3. Role of macrophages in psoriasis 

Macrophages (Greek: "big eaters", makros = long, phagein = eat) are white blood 

cells, more specifically phagocytes, acting in the nonspecific defense as well as the 

specific defense system of vertebrate animals. Their role is to phagocytize cellular 

debris and pathogens, either as stationary or mobile cells. The skin serves as an 

important boundary between the internal milieu and the environment, preventing 

contact with potentially harmful antigens. In the case of antigen/pathogen penetration, 

an inflammatory response is induced to eliminate the antigen. This response leads to 

a dermal infiltrate that consists predominantly of T cells, polymorphonuclear cells, and 

macrophages. The latter produces a wide range of mediators and exert a multitude of 

biological functions in inflammatory skin (45).  

 

1.3.1. Heterogeneity and activation of macrophages 

Macrophage heterogeneity is a well-documented phenomenon, perhaps first 

observed by Metchnikoff (46), who described a progression of infiltrating cell types in 

inflammatory exudates. It has also long been recognized that macrophages isolated 

from different anatomical sites display a diversity of phenotypes and capabilities. The 

nomenclature of individual macrophage types (particularly inflammatory) is rather 

confusing and terms such as stimulated, activated, induced, elicited etc. are often 

used interchangeably. Basically, two main macrophage groups can be distinguished: 

resident (normal) and inflammatory (exudate) macrophages.  

The function of macrophage is largely determined by their local environment and 

macrophage-derived effector molecules can in turn influence the microenvironment. 

Macrophages produce reactive oxygen products and proteolytic enzymes that can 

directly damage tissue (47) . Under normal conditions, they regulate proliferation of 
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extracellular matrix-forming cells such as fibroblasts (48). 

The most-studied macrophage phenotype is the classically-activated macrophage 

(characterized by the production of TNF-α and iNOS) which develops in response to 

pro-inflammatory stimuli such as Th1 cytokines or bacterial products (49).  

Macrophages that differentiate in the presence of Th2 cytokines have been called 

alternatively-activated macrophages (characterized by enhanced Dectin-1 expression, 

eosinophil chemotactic factor (Ym1/ECF-L) and Arginase-1) to distinguish them from 

classically-activated macrophages (50).  

 

1.3.2. Macrophages in psoriasis 

It is well known that activated macrophages are major producers of proinflammatory 

cytokines, such as TNF-α, interleukin (IL)-1β, and IL-6 (51), and play a crucial role in 

controlling and directing immune responses (52, 53). Macrophages are 

heterogeneous and versatile bone-marrow derived cells that produce a wide range of 

mediators and exert a multitude of biological functions (54). They exert important 

immunoregulatory functions and in this way play a crucial role in controlling and 

directing immune responses (52, 55, 56). They can serve as antigen presenting cells, 

but also directly inhibit antigen presentation by dendritic cells (55). T cell proliferation, 

phenotype, and ultimately the type of immune response induced, can be influenced by 

macrophages (53, 56-58). During inflammatory responses, notably in skin, interaction 

between macrophages and T cells may lead to a vicious cycle, which by itself is 

capable of maintaining local inflammation without the necessity of external stimuli (59).  

In psoriasis, the number of epithelium-lining macrophages was reported to increase in 

lesional skin. These macrophages which lined dermo-epidermal junctions may play a 

role in the regulation of epidermal growth (60, 61) or vigorous interactions between 

macrophages and keratinocytes (61), and may be involved in the pathogenesis of 

psoriasis (60, 61). Macrophages secrete TNF-α, IL-1β, IFN α/β, IL-6, IL-10, IL-12 and 

IL-18 cytokines under different conditions (62). 
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1.4. Role of TNF-α and MCP-1 in psoriasis 

TNF-α and macrophage chemoattractant protein (MCP)-1 are essential mediators of 

the inflammatory responses. Previous reports considered that TNF-α and MCP-1 are 

involved in the pathogenesis of psoriasis (15, 63, 64).  

 

1.4.1. TNF-α 

TNF-α is a multifunctional cytokine that mediates inflammation, immune response, 

and apoptosis (65). Inappropriate production or persistent activation of TNF-α 

participates in a wide spectrum of diseases, including septic shock, diabetes, cancer, 

graft rejection, rheumatoid arthritis, and Crohn's disease (66). Accumulating evidence 

indicates that TNF-α also has a significant role in normal development and 

homeostasis of several organs. Mice deficient in TNF-α lack germinal centers and 

show increased susceptibility to microbial pathogens due to incomplete inflammatory 

responses (67). TNFR1-mutant mice show similar abnormalities, in addition to 

defective formation of Peyer's patches (68). In skin, TNF-α is the master cytokine 

regulator in inflammatory diseases, such as psoriasis, contact dermatitis, drug 

eruptions, cutaneous T-cell lymphoma, etc. (69). TNF-α is found in skin after injury (70) 

and is considered essential for angiogenesis during wound healing (71). 

TNF-α is a homodimer of 157 amino acid subunits produced primarily by activated 

macrophages but also by other cell types, including epidermal keratinocytes (72). A 

low level of TNF-α is present in the upper layer of the healthy epidermis, but its 

synthesis and release from keratinocytes are greatly augmented by injury, infection, 

UV irradiation, and contact sensitizers (70). Of the two distinct cell-surface receptors 

for TNF-α, TNFR1 and TNFR2, keratinocytes mainly express TNFR1 (66). The 

binding of TNF-α to TNFR1 triggers a series of intracellular events resulting in the 

activation of transcription factors, including NFκB, AP-1, CCAAT enhancer-binding 

protein β, and others (73), which are responsible for the induction of genes important 

for diverse biological processes, including cell growth and death, oncogenesis, and 

immune, inflammatory, and stress responses (72). TNF-α activates the immune 

responses through inducing the production of additional signals, such as interleukin 1 
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(IL-1) and IL-8, transforming growth factor type β (TGF-β), intercellular adhesion 

molecule 1 (ICAM-1), etc. (66).  

 

1.4.2. Anti-TNF-α therapy in psoriasis 

In the past 20 years, it has become clear that these epidermal changes are secondary 

to robust immune activation within psoriatic plaques characterized by increased 

numbers and activation of both T lymphocytes and dendritic cells (DCs) (professional 

APCs) (74-76). Animal models demonstrate a role for T cell activation, local 

cutaneous T cells, and TNF-α (77, 78). Clinically, agents that specifically block T cells 

or TNF-α clear psoriasis (16, 79-82). TNF-α blocking induced by either etanercept, a 

form of soluble p75 TNF-α receptor that binds both TNF-α and lymphotoxin (LT), or 

infliximab, a chimeric, monoclonal anti-TNF-α Ab, clears psoriasis. This clinical 

remission is associated with substantially decreased numbers of intraepidermal T 

cells and by normalization of epidermal proliferation and differentiation, as measured 

by decreased epidermal thickness and normalized protein expression of keratin 16 

(K16) (80). It is not known whether the clinical and histological remission induced by 

TNF-α/LT blockade is due to effects on T cells, DCs, or both. Etanercept is an ideal 

agent with which to study the effect of TNF-α blockade on cellular immune regulation 

in plaques because its actions are thought to be due to neutralization of TNF-α and 

not to depletion of cells bearing cell surface TNF-α. 

 

1.4.3. MCP-1 

Murine MCP-1 (CCL-2), originally termed JE, is considered to be the equivalent of 

human MCP-1, even though it has an extra 49-amino-acid fragment at the C terminus. 

Murine MCP-1 is a 125-amino-acid (25–30 kDa) member of the C-C subfamily of 

chemokines (83). It is produced by immune and nonimmune cells in response to 

various stimuli including TNF-α, IL-1ß, IL-4, viruses, and endotoxins. MCP-1 has been 

shown to have chemoattractant properties for monocytes, memory T cells, natural 

killer (NK) cells, mast cells, and basophils (84, 85). MCP-1 is postulated to be involved 

in several diseases, including arteriosclerosis, rheumatoid arthritis, and multiple 



                                 22   

sclerosis (86, 87). These data indicate that MCP-1 is a major proinflammatory 

cytokine. Studies using a murine model of Schistosoma mansoni induce pulmonary 

granuloma, a murine model of acute septic peritonitis, and studies of murine models of 

LPS-induced sepsis indicate that MCP-1 can also act as an anti-inflammatory cytokine 

(88-90). Another role for MCP-1 has been described in development of T helper cell 

(Th)1 and Th2 (91).  

MCP-1-deficient mice (MCP-1-/-) have been generated (92). They develop normally 

and have normal hematologic profiles, including a normal number of macrophages. 

Data show that despite the expression of other chemokines in these mice, MCP-1 is 

essential for monocyte recruitment (92). In addition, a role for MCP-1 in 

arteriosclerosis and experimental autoimmune encephalomyelitis (EAE) has been 

demonstrated in MCP-1-/- mice. MCP-1-/- mice fed a high cholesterol diet have less 

lipid deposition throughout the aorta than do wild-type mice (93-95). MCP-1 plays an 

important role in the initiation of monocyte accumulation and lipid deposition in 

atherosclerosis. Similarly, MCP-1-/- mice appear to be markedly resistant to EAE after 

active immunization, with drastically impaired recruitment of macrophages to the 

central nervous system (CNS) (96). MCP-1 is necessary for Th1 immune responses 

during EAE, and macrophage recruitment to the inflamed CNS is essential for primed 

T cells to execute a Th1 effector program in EAE. 

 

1.4.4. MCP-1 in psoriasis 

Monocytes form a significant component of the inflammatory reaction occurring in the 

skin of atopic dermatitis and psoriasis, MCP-1 and CCR2 interaction is likely of 

importance for the monocyte/macrophage trafficking of inflammatory skin disorders 

(97). Previous studies demonstrated that the strongest MCP-1 message in psoriatic 

lesions is found above the dermal-epidermal junction and this may explain the 

characteristic sub-basal distribution of dermal macrophages suggesting that MCP-1 is 

important in regulating the interaction between proliferating keratinocytes and dermal 

macrophages in psoriasis pathogenesis (63).  
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1.5. Role of T cell in psoriasis 

T lymphocytes constitute the "cellular" arm of acquired/specific immunity. T cells see 

fragmented, linear antigenic peptides when these are bound to proteins encoded by 

MHC genes. T lymphocytes play a central role in controlling the acquired immune 

response and furthermore serve as crucial effector cells through antigen specific 

cytotoxic activity and the production of soluble mediators called lymphokines (the 

cytokines produced by lymphocytes). There are two major subsets of T lymphocytes 

that differ in effector function, MHC restriction and accessory molecule usage. 

 

1.5.1. T cell in psoriasis 

Psoriasis bears many features of a T cell-mediated autoimmune disease and shares 

predisposing genes with the common forms of autoimmunity targeted to peripheral 

organs, such as multiple sclerosis (98) and Crohn’s disease (5). Psoriatic skin lesions 

are sharply demarcated, erythematous, raised, scaling plaques containing 

hyperproliferating keratinocytes and endothelial cells as well as a variable infiltrate of 

granulocytes and a dense mononuclear infiltrate with activated T cells and 

hyperstimulatory APCs (4, 99). Although the pathogenesis of this disease is not well 

understood, a variety of studies suggest that intralesional activated T cells produce 

cytokines that trigger primed basal stem cell keratinocytes to proliferate and 

perpetuate the disease (100, 101). Clinical trials demonstrate that targeting of 

pathogenic activated and memory T cells with fusion proteins or Abs specific for CD2+ 

and CD25+ T cells can result in clinical improvement of the disease (102-107). 

Activated T cells from psoriasis patients, but not from healthy controls, induced 

psoriasis-like changes when injected into human skin samples transplanted onto 

SCID mice (77). T cell clones established from psoriatic skin lesions had the select 

capacity of enhancing the proliferation of keratinocytes from uninvolved skin of 

patients with psoriasis (108, 109), thus translating T cell reactivity in the tissue into 

organ dysfunction.  
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1.5.2. Immune balance between regulatory T cells and effector T cells  

The balance between regulatory and effector functions is important for maintaining 

efficient immune responses, while avoiding autoimmunity. The thymus clonally 

deletes self-reactive T cells with high avidity TCRs for self Ags expressed in the 

thymus (110, 111). It may also render some self-reactive T cells anergic (112, 113). 

Although our understanding of the mechanism of clonal deletion or anergy has 

substantially advanced recently, these mechanisms alone may not be sufficient for 

controlling self-reactive T cells. Especially those that react with self Ags expressed 

outside the thymus. CD4+ T cells with regulatory properties are generally divided into 

two subtypes, natural and adaptive, based on their ontogeny and mode of action 

(114-116). Natural regulatory T (Treg) cells are generated in the thymus, constitutively 

express high levels of CD25, require the transcription factor FoxP3, and mediate their 

suppressive effects in vitro in a cell contact-dependent manner. Adaptive Treg cells are 

generated in the periphery, require IL-2 for their survival and function, and are 

believed to suppress immune responses by releasing anti-inflammatory cytokines 

such as IL-10 and TGF-β. Both subtypes of CD4+ Treg cells control pathological 

processes, including graft versus host disease, autoimmunity, and infections (114). 

Most of the work defining these regulatory subsets has been carried out in murine 

models, and studies of human Treg cells are limited. In psoriasis, dysfunctional blood 

and target tissue CD4+CD25+ Treg cell activity has been reported that leads to reduced 

restraint and consequent hyperproliferation of psoriatic pathogenic T cells in vivo 

(101). 

 

1.5.3. CD18 and regulatory T cells 

The mechanisms by which CD4+CD25+ Treg cells mediate suppression of immune 

responses have not been fully elucidated. Many studies demonstrate a requirement 

for cell-cell contact (117). However, the molecules mediating this contact have not yet 

been identified. Potential candidate adhesion molecules expressed on CD4+CD25+ T 

cells include ICAM-1, P-selectin, CD18, β7, CD103, and L-selectin (118), but  ICAM-1 

and P-selectin were found not to be required for CD25+-suppressive function in a 
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model of experimental autoimmune encephalomyelitis (119), and β7 integrins were 

recently found not to be required for CD25+-mediated protection from colitis (120). 

Although high expression of L-selectin and CD103 on CD4+CD25+ Treg cells identifies 

a more potent suppressive subset, a functional role for these adhesion molecules has 

not been defined (118, 121). Interestingly, a recent study reported that CD18 is 

required for the optimal function of murine CD4+CD25+ T cells, either in vitro or in vivo 

(122). In addition, the role of CD18 in the development of CD4+CD25+ T cells has been 

reported in this study as well. Another recent report describes the ability of human Treg 

cells to mediate autologous target cell death and that this process depends on CD18 

(123). 

 

1.6. Identification of modifier genes using a speed congenic approach 

In CD18 hypomorphic PL/J mouse model, psoriasiform dermatitis occurred only when 

the CD18hypo mutation was backcrossed on the PL/J, but not on the C57BL/6J or 

129/Sv inbred mouse strains. Homozygous mutant mice on a (PL/J x C57BL/6J) F1 

background did not develop the disease, despite the CD18hypo mutation. Backcross 

analysis suggests that, in addition to CD18, a small number of other genes determines 

susceptibility to the disease (28). To identify these modifier genes, congenic strains 

have been proven to be useful (124). Traditionally, congenic strains are developed by 

introgressing QTL alleles from a donor strain, whose boundaries are defined by 

genetic markers, on the genetic background of a recipient strain via backcrosses. 

Numerous conventionally developed and speed congenics have been used to 

successfully isolate mouse QTL for a wide array of traits. 

 

1.6.1. Congenic strains 

A congenic strain is generated by backcross of mice which carry a locus of interest to 

mice of another inbred strain for successive generations. Thus, successive 

generations of the recipient strain always have the locus of interest but increasingly 

less loci from the donor. A congenic is considered incipient after only five to nine 

backcrosses (N5 to N9) and fully congenic after ten generations (N10). At N10, except 
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for the locus of interest, some linked genes, and random elements throughout its 

genome, a full congenic is genetically identical to the inbred strain to which it was 

backcrossed.  

Congenics have many advantages in research. First, maintaining a mutation on a 

defined inbred background increases genetic and phenotypic uniformity and reduces 

experimental variability. Secondly, congenic strains allow researchers to identify and 

analyze modifier genes that may be present in an inbred strain (such modifiers may 

change the mutant phenotype by either interacting with the mutant protein product or 

altering the expression of the mutant gene). Thirdly, the background inbred strain 

provides an accurate control, allowing the investigator to maintain mutations and 

transgenes homozygously. 

Congenic strain development requires a series of backcrosses between the donor 

strain carrying the mutation, often on a mixed genetic background, and a host strain 

with a defined genetic background, as in inbred strains. With each successive 

backcross, the percentage of host genome increases logarithmically.  

Using traditional methods, after ten generations of backcrossing (N10), a congenic 

strain is statistically (99.9%) identical to the host inbred strain at all loci except those 

linked to the transferred gene of interest. Using the traditional process can take 

between 2.5 and 3 years. Therefore, the technique of “speed congnenics” have been 

developed. 

 

1.6.2. ‘Speed’ congenics 

The genomes of numerous inbred strains have now been mapped with over 6000 

DNA microsatellite markers. Data is accessible through the Mouse Genome Database 

at www.informatics.jax.org. Microsatellite markers are dinucleotide repeats present in 

noncoding regions of the genome. Inbred strains often differ from each other in the 

number of dinucleotide repeats that are amplified by many of the microsatellite marker 

primers. These marker differences are called simple sequence length polymorphisms 

(SSLPs). SSLPs between inbred strains are the basis of marker assisted, speed 

congenic strain development (125, 126). Speed congenic strains are created using a 
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panel of mapped SSLP markers that span the entire genome, except the X and Y 

chromosomes, and that are polymorphic between the donor and host strain genomes. 

"Speed congenics" permits the production of congenic strains equivalent to 10 

backcross generations in as few as 5 generations.  

 

  

FIGURE 4. Marker assisted selection (MAS) breeding.  The white mouse (PL/J) 
carried interesting fragment (red dot) was used as donor. The black mouse (B6) was 
recipient. Appropriate microsatellite markers distributed in the whole mouse genome 
could be used for typing. Donor mice which carry target genes or fragments cross 
onto recipients which should be inbred strain to generate F1 offspring.  Repeated 
backcrosses to this inbred (background) strain produce ‘Congenic strains’ at N4 or N5 
generation. Theoretically, the residual chromosomal region from donor is less than 1% 
of the whole genome. 
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1.7. Aim of the work 

Until today, the cause of psoriasis remains unknown. It is suggested to result from a 

combination of genetic and environmental factors. The aim of this study was a more 

detailed characterization and understanding of the molecular mechanisms involved in 

the initiation and maintenance of the psoriasiform skin disease in CD18 hypomorphic 

PL/J mice. In detail, the following questions were addressed: 

i. What is the role of activated macrophages in the initiation and maintenance of 

the psoriasiform skin disorder and the consequence of activated macrophages 

and CD4+ T cells of CD18 hypomorphic PL/J mice? 

ii. What molecular mechanisms of CD18 deficiency determine the psoriasiform skin 

disease developing in CD18 hypomorphic PL/J mice? Is the immune balance 

between CD4+CD25+ regulatory T cells and CD4+CD25- responder T cells 

affected by low expression of CD18? 

iii. Which susceptibility loci from the PL/J strain - in addtition to the CD18 

hypomorphic mutation - contribute to the development of the psoriasiform skin 

disorder? 

The overall aim is to experimentally answer these questions. Answers to these 

questions are of general relevance, as they may shed light on the pathogenesis of 

psoriasis of humans and may have important implications with regard to the 

development of potential therapeutics.  
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2. MATERIALS AND METHODS 

2.1. Materials 
 

2.1.1. Mice strains 

CD18 hypomorphic (tgb1<tm1Bay>) PL/J mice  

CD18 null (tgb2<tm2Bay>) mutant PL/J mice  

CD18 wild type PL/J mice 

PL/J mice (Jackson Laboratories: http://jaxmice.jax.org) 

CD18 hypomorphic (tgb1<tm1Bay>) C57BL/6 mice (Jackson Laboratories: 

http://jaxmice.jax.org/) 

 

2.1.2. Antibodies 

CD3 (Caltag Laboratories®, clone: 500A2) 

CD4 (Caltag Laboratories®, clone: RM4-5) 

CD4 (BD PharmingenTM, clone: RM4-5) 

CD8 (BD PharmingenTM, clone: 53-6.7) 

CD11b (Caltag Laboratories®, clone: M1/70.15) 

CD11c (Caltag Laboratories®, clone: N418) 

CD18 (BD PharmingenTM, clone: GAME-46) 

CD19 (BD PharmingenTM, clone: 1D3) 

CD25 (BD PharmingenTM, clone: PC61) 

CD31 (BD PharmingenTM, clone: MEC13.3) 

CD44 (BD PharmingenTM, clone: IM7) 

CD45RB (BD PharmingenTM, clone: 16A) 

CD54 (BD PharmingenTM, clone: 3E2) 

CD62L (BD PharmingenTM, clone: MEL-14) 

CD117 (c-Kit) (Caltag Laboratories®, clone: 2B8) 

CD152 (BD PharmingenTM, clone: UC10-4F10-11) 

CD205 (Acris, clone: NLDC-145) 

CD207 (Langerin) (Santa Cruz Biotechnology, clone:C-2) 
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CLA (BD PharmingenTM, clone: HECA-452) 

Gr-1 (BD PharmingenTM, clone: RB6-8C5) 

K14 (Hiss Diagnostics, clone: AF64) 

TNF-α (BD PharMingen, clone: MP6-XT22) 

F4/80 (Caltag Laboratories®, clone: CI:A3-1) 

MOMA-2 (Serotec®, clone: MOMA-2) 

MHCII (BD PharmingenTM, clone: AF6-120.1) 

Dectin-1 (R&D systems, clone: 218820) 

ECF-L (R&D systems, clone: 281926) 

iNOS (Affinity BioReagentsTM, clone: no description) 

FOXP3 kit (eBioscience, clone: FJK-16s Set) 

 

2.1.3. Chemicals 

[3H]-thymidine (Amersham Biosciences, Freiburg, Germany) 

1st Strand cDNA Synthesis Kit for RT-PCR (AMV)+ (Roche, Germany) 

Advantage GC Genomic PCR Kit (Clontech, Heidelberg, Germany) 

Antibody Diluent (Dako®, Danmark) 

SeaKem® LE agarose (FMC BioProducts, Rockland, ME)  

BSA endotoxin-free (Sigma-Aldrich, Steinheim, Germany) 

CFSE (Molecular Probes, Germany) 

CD4+CD25+ Regulatory T cell Isolation Kit (mouse) (Miltenyi Biotec, Germany) 

Clodronate (dichloromethylene diphosphonate) (Roche, Germany) 

RNase-free DNase 1 (Promega, Mannheim, Germany) 

dNTPs (Invitrogen, Karlsruhe, Germany) 

Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Karlsruhe, Germany) 

Etanercept (Wyeth Europa Ltd., Germany) 

EDTA (Titriplex III) (Merck KG, Darmstadt, Germany) 

FCS - fetal calf serum (Seromed, Berlin, Germany) 

OPTIMAX 2010 X-Ray film processor (Oberstenfeld, Germany) 

Recombinant murine MCP-1/JE (R&D systems, UK) 
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Recombinant Mouse ICAM-1/Fc Chimera (R&D systems, UK) 

Recombinant Mouse IL-2 (Cell Concepts, Germany) 

RIPA buffer (Boehringer, Mannheim, Germany) 

Recombinant Mouse TNF-α (R&D systems, UK) 

LPS from E. coli K-235 (Sigma-Aldrich, Steinheim, Germany) 

Mouse JE/MCP-1 ELISA Kit (Pierce Endogen, Rockford, Germany) 

CD4+CD25+ regulatory T cell isolation Kit (Miltenyi Biotech, Bergisch Gladbach, 

Germany) 

Propidium Iodide (BD PharmingenTM, Germany) 

PBS (w/o Ca 2+, Mg 2+) (Gibco, Karlsruhe, Germany) 

DAPI (4',6-Diamidino-2-phenylindole) (Fluka, Seelze, Germany) 

Protease inhibitor cocktail Set III (Calbiochem, La Jolla, CA, USA) 

RPMI 1640 (Gibco, Karlsruhe, Germany) 

Taq DNA Polymerase Recombinant (Invitrogen, Karlsruhe, Germany) 

Trizol Reagent (Invitrogen, Karlsruhe, Germany) 

 

2.1.4. Buffers and Solutions 

PBS 

137 mM NaCl, 2.7 mM KCl, 8.4 mM Na2HPO4, 1.4 mM KH2PO4, pH7.4 

TBS 

20 mM Tris, 137 mM NaCl, pH7.6 

TBS-T 

TBS, 0.1%(v/v) Tween 20 

20× SSC 

3M NaCl, 0.3M Sodium citrate, pH7.0 

100× Denhards 

2% ficoll, 2% polyvinylpyrrolidon, 2% BSA 

TBE 

89 mM Tris base, 89 mM boric acid, 2 mM EDTA 

TSE 
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10 mM Tris, 150 mM NaCl, 10 mM EDTA 

TAE (10×) 

2 M Tris, 5.7% (v/v) glacial acetic acid, 50 mM EDTA 

Protein extraction buffer 

50 mM Hepes (pH 7.4), 1% (v/v) Triton X-100, 50 mM NaCl, 100 mM NaF, 10 mM 

EDTA, 10 mM Na3VO3, 0.1% (w/v) SDS; supplemented with a cocktail of protease 

inhibitors (Leupeptin 10 ng/ml, Aprotinin 10 µg/ml, Benzamidine and PMSF 2 mM). 

RIPA buffer 

50 mM Tris (pH 7.5), 5 mM NaCl, 1 mM EGTA, 1% Triton X-100, 50 mM NaF, 10 mM 

Na3VO4, 1 mg/ml aprotinin, 1 mg/ml leupeptin, 1 mg/ml pepstatin A, 0.1 mM 

phenylmethylsulfonyl fluoride and 1 mM DTT 

Protein denaturing sample buffer (2×) 

0.5 M Tris-HCl, pH6.8, 10% glycine, 10% SDS, 0.1% Bromophenol 

Lysis buffer for DNA isolation 

50mM Tris-HCl (pH 7.5)                   

50mM EDTA PH 8                                          

100 mM NaCl   

5nM DTT                                       

0.5mM Spermidine                                                 

2% SDS 

H2O      

Taq polymerase 10x PCR buffer 

200 mM Tris-HCl (pH 8.4) 

500 mM KCl  

50 mM MgCl2 

TE buffer 

10 mM Tris-HCl (pH 7.5)  

1 mM EDTA 

Loading solution 

50% Glycerol 
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0.1% bromphenol blue 

0.1% xylene cianol 

RPMI 1640 containing 

1% L-Glutamine      

100 U/ml Penicillin            

100 µg/ml Streptomycin     

10% FCS         

Dulbecco’s modified eagle medium containing 

10% FCS  

100 U/ml Penicillin 

100 µg/ml Streptomycin    

    

2.2. Methods 

 

2.2.1. Mice  

Mice with a hypomorphic mutation of the CD18 gene (CD18hypo) and mice with a 

complete deficiency of the CD18 gene (CD18null) on the PL/J inbred strain were 

genotyped by Southern Blot (27). CD18+/+ littermates (CD18wt) resulting from 

heterozygote crosses served as wild-type controls. For some experiment affected 

CD18hypo mice with a strong psoriasiform phenotype and healthy CD18hypo mice which 

did not show any psoriasiform phenotype were used. For construction of congenic 

strains, CD18 hypomorphic C57BL/6 mice were used. In some experiments, congenic 

mice which showed the psorisiform phenotype were analyzed. All mice were kept 

under specific pathogen-free conditions. All experiments were done in compliance 

with the German Law for Welfare of Laboratory Animals.  

 

2.2.2. In vivo depletion of macrophages 

Macrophages were depleted in vivo by using dichloromethylene diphosphonate 

(clodronate) encapsulated in liposomes. Clodronate liposomes and control liposomes 

were prepared as earlier described (127). Clodronate was a gift of Roche Diagnostics 
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GmbH, Mannheim, Germany. Mice were anesthesized with 200 μl of narcotics 

(Ketanest® S; 7 mg/ml; Rompun 1.2 g/ml; dilute in 0.9% NaCl), and 200 µl clodronate 

liposomes or control liposomes were injected subcutaneously (s.c.) at four sites (50 

µl/site) into lesional skin on the back of each mouse. Repeated injections of 200 µl 

clodronate liposomes or control liposomes were performed every seven days for a 

period of 40 days. Macrophage depletion using clodronate liposomes was confirmed 

by staining skin cryosections with Alexa 488 conjugated rat anti-mouse F4/80 

monoclonal antibody (Caltag Laboratories, clone: CI: A3-1) or cervical lymph nodes 

cryosections with FITC conjugated rat anti-mouse macrophages/monocytes 

(MOMA-2) mAb (Serotec, clone: MOMA-2). Before and after treatment, disease 

severity was determined by assessment of the clinical picture using an adapted 

psoriasis activity and severity index (PASI) score as described below. 0 = no 

symptoms; 1 = slight erythema of the ears; 2 = strong erythema of the ears; 3 = slight 

hair loss at the head; 4 = extensive hair loss including the trunk; 5 = slight hair loss, 

isolated scaling; 6 = extensive hair loss, isolated scaling; 7 = extensive hair loss, 

widespread slight scaling; 8 = moderate scaling at a large area of the body; 9 = 

widespread hair loss, strong scaling at few, smaller areas; 10 = extensive hair loss, 

extensive scaling at a large area of the body. 

 

2.2.3. Immunohistochemical analysis 

Frozen cryosections of skin and skin DLNs from mice with the indicated genotype 

were fixed in ice-cold acetone for 10 min before staining. All antibodies were diluted in 

a 1% antibody diluent (Dako Cat. No.: S3022). Immunohistochemistry was performed 

using a previously described (128). Immunostainings were analyzed with a 

fluorescence microscope (Zeiss Axioskop 2 plus). 

  

2.2.4. Administration of etanercept 

Etanercept was administered i.p. every day for a period of 30 days to neutralize 

TNF-α. In parallel, injection of 0.9% NaCl was used as control. Effects of etanercept 



                                 35   

on the severity of the psoriasiform dermatitis were assessed by the adapted PASI 

score and immunostaining of skin cryosections as indicated before. 

 

2.2.5. FACS analysis 

All mAb were used for flow cytometry in the list of mAb. For each staining, 106 cells 

were incubated with mAb for 20 minutes at 4° C, and rinsed with PBS and analyzed 

by flow cytometry (FACScan, Becton Dickinson, CA).  

 

2.2.6. Reverse-transcriptase PCR  

Lesional skin of affected CD18hypo mice or normal skin of CD18wt mice was excised, 

immediately frozen in liquid nitrogen, and total RNA was extracted using TriFast 

(peqLab), followed by DNase treatment. The contamination of genomic DNA was 

checked using specific MCP-1 primers as described (129). cDNA was prepared from 

these samples using 1st Strand cDNA Synthesis Kit for RT-PCR (AMV)+ (Roche, 

Mannheim, Germany), Oligo-p(dT)15 primers was used for reverse transcription 

according to manufacturers’ instruction. A capillary real-time thermocycler 

(LightCycler; Roche) was used to perform quantitative PCR. 2 μl cDNA solution was 

mixed in a final volume of 20 μl with LightCycler-FastStart DNA Master SYBR Green I 

(Roche Diagnostics GmbH), 3 mM MgCl2, and 0.5 μM each of sense and antisense 

primers for relative quantification. MCP-1 was analyzed using real-time two-step 

quantitative RT-PCR as described (129). The specific MCP-1 PCR product (142 bp) 

was monitored on a 1% agarose gel after each running. The mRNA levels were 

normalized to GAPDH. Sequence-specific PCR primers were purchased from Thermo 

Electron Corporation (Ulm, Germany). The PCR primers of MCP-1 and GAPDH were 

used as previously described (129). cDNA derived from lesional skin of additional 

three affected CD18hypo mice or normal skin of CD18wt mice were pooled to perform 

semi-quantitative RT-PCR. Five μl of the pooled cDNA solution was mixed with 5 μl 

Buffer 10×, 1 μl dNTP mix (10 mM each), 38.3 μl H2O, 0.1 μl Taq polymerase and 0.5 

μM each of sense and antisense primers in a final volume of 50 μl. The PCR 

amplification comprised 30 cycles of 5 min at 95°C, 30 sec at 60°C and 30 sec at 72°C; 
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this was followed by one cycle at 72°C for 5 min. The PCR products were visualized by 

ethidium bromide in 1% agarose gels.  

 

2.2.7. ELISA 

Affected CD18hypo mice lesional skin or CD18wt mice normal skin samples were rinsed 

in ice-cold PBS, and snap frozen in liquid nitrogen. Frozen samples were ground 

using a micro-dismembrator (Biotech International, Göttingen, Germany), and 

resuspended in homogenization RIPA buffer (Roche, Mannheim, Germany) at 100 

mg/ml. The homogenate was centrifuged at 14,000 rpm for 20 min at 4°C. The 

supernatants were collected and stored at –80°C until ELISA was performed. Mouse 

specific MCP-1 ELISA kit (Pierce Endogen, Rockford, USA) was used according to 

the manufacturer's instruction to measure MCP-1 protein levels. MCP-1 values were 

standardized to milligram of tissue. 

 

2.2.8. Intradermal injection of recombinant JE/MCP-1 and TNF-α and LPS 

0.2 μg of mouse rJE/MCP-1 alone or in combination with mouse 0.2 μg rTNF-α, and 

in some experiments 25 μg LPS from E. coli 011:B4 in 200 μl of PBS was injected 

intradermally at four sites (50 μl/site) on the back of each healthy CD18hypo mouse. As 

control, 200 μl of PBS was injected. The injection of rJE/MCP-1 was carried out once 

a week (MCP-1) for a total time period of two months. Administration of LPS was 

carried out once a day in three mice or once a week in three mice for a total time 

period of six weeks. The injection of combination mouse rJE/MCP-1 and mouse 

rTNF-α was performed once four days for a total time of 10 days. Seven days after the 

last injection of rJE/MCP-1 or at two and 24 hours after the last administration of LPS 

or 48 hours after the second injection of combination mouse rJE/MCP-1 and mouse 

rTNF-α, injected skin areas were excised and subjected to immunohistochemistry. 

Cells from DLNs derived from both rJE/MCP-1 treated and PBS treated mice were 

prepared for FACS analysis. 
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2.2.9. Cell isolations 

CD4+CD25+ regulatory T cells and CD4+CD25- responder T cells were isolated from 

spleens and skin draining lymph nodes of CD18wt, CD18hypo and CD18null mice using 

CD4+CD25+ Regulatory T cell Isolation Kit according to the manufacturer's protocols. 

CD4+CD25+ and CD4+CD25- populations were >94% pure as determined by FACS.  

 

2.2.10. Adhesion assays 

For adhesion assay flat-bottom Maxisorp 96-well plates (NUNC) were coated at 4°C 

overnight with murine ICAM-1 Fc (5μg/mL PBS). Wells were washed with PBS and 

unspecific binding sites were blocked with 1% BSA for 1h at 37°C. Magnetic 

bead-sorted CD4+CD25+ and CD4+CD25- T cells purified from spleen of CD18wt, 

CD18hypo were adjusted to 5 x 105/mL in HBSS and labeled with CFSE at a final 

concentration of 2 μM for 8 minutes at 37°C, followed by three washing steps. The 

labeled lymphocytes were then added in triplicates to the precoated plates at 5 x 104 

cells/well (input cells) in 200 μL HBSS. The plates were left to adhere for 30 minutes 

at 37°C and non-adherent cells were removed by filling up the wells by gentle addition 

of warm PBS. Subsequently the plates were sealed and turned upside down for 15 

minutes at 37°C allowing the non-adherent cells to detach. Adhesion was quantified 

by recording emission intensity at 535 nm after excitation at 485 nm using a LB 940 

Multilabel Reader Mithras (Berthold Technologies, Germany). Specific adhesion was 

assessed by subtracting background adhesion (average values for wells coated with 

1% BSA) from the value of each well. Adhesion was expressed as a percentage of the 

total cell input. 

 

2.2.11. Suppression and Proliferation assays 

Magnetic bead-sorted CD4+CD25+ regulatory T cells and CD4+CD25- responder T 

cells were purified from spleen and skin draining lymph nodes of CD18wt, CD18hypo 

and CD18null mice. CD4+CD25+ T cells of CD18wt, CD18hypo and CD18null mice were 

evaluated for their ability to suppress proliferation by coculture with CD4+CD25- 

responder T cells derived from affected CD18hypo mice at 1:2 ratio respectively or 
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CD4+CD25- responder T cells of CD18wt, CD18hypo and CD18null mice were cultured 

alone for evaluation of their proliferation (1×105 cells/well). Indicated numbers of 

CD4+CD25- T cells, or CD4+CD25+ T cells and CD4+CD25- T cells together were 

cultured with plate-bound anti-CD3 (BD PharmingenTM, clone: 145-2C11) and soluble 

anti-CD28 (BD PharmingenTM, clone: 37.51) mAbs at 37°C and 5% CO2 for 3 d. 1 µCi 

[H3] thymidine was added for the last 18 h. Cells were harvested and [H3] thymidine 

incorporation was measured by scintillation counter. For some experiments, CD4+ 

CD25- cells were labeled in complete media with 2 µM CFSE for 8 min at 37°C and 

then washed three times for culture. 

 

2.2.12. Adoptive transfer 

For the treatment with CD4+CD25+ regulatory T cells of CD18wt, 1 x 106 sorted 

CD4+CD25+ T cells were transferred intravenously into affected CD18hypo monthly. To 

detect the proliferation of CD4+CD25- responder T cells of CD18wt, CD18hypo mice, 

sorted CD4+CD25- responder T cells were labeled with 2 µM CFSE, and 5 x 106 CFSE 

labeled cells were injected intravenously into CD18wt, healthy CD18hypo and affected 

CD18hypo respectively. Six days after adoptive transfer, CD4+CFSE+ responder T cell 

proliferation was examined by flow cytometry by analyzing CFSE dilution within the 

CD4+ T cell population in skin draining lymph nodes. To elicit the psoriasiform skin 

disease, 5 x 106 sorted CD4+CD25- responder T cells derived from blood of affected 

CD18hypo mice were transferred intravenously into healthy CD18hypo mice. One day, 4 

days and 14 days after transfer, ear thickness was measured and disease severity 

was determined by assessment of the clinical picture using an adapted psoriasis 

activity and severity index (PASI) score as previously described (29). Skin samples 

from ears or back were taken for cryosections or paraffin sections at indicated time 

points after transfer. 

 

2.2.13. Genotyping for “speed congenics” 

DNA was prepared from tail biopsies by a quick alkaline lysis protocol (130)). Briefly, tail 

biopsies were incubated in 50 mM NaOH for 2 h at 95°C, vortexed, and neutralized in 1 M 
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Tris-HCl, pH 8.0. After centrifugation the supernatant was used for PCR. PCR was 

performed with 10 ng of DNA in a reaction volume of 10 µl containing: Ten mM Tris-HCl, 

pH 9.0, 50 mM KCl, 1.5 mM MgCl2, 0.3 µM forward and reverse primer (MWG-Biotech AG, 

Ebersberg, Germany and Applied Biosystems UK, Warrington, Cheshire, UK), 100 µM 

dNTP (Amersham Biosciences, Uppsala, Sweden), and 0.25 U Taq DNA polymerase 

(Amersham Biosciences). Forward primers were labeled with fluorescent dyes. PCR was 

performed in a thermal cycler (MJ Research Inc., Waltham, MA) under the following 

amplification conditions: denaturation at 94°C for 2.5 min, annealing at 56°C for 45 s, 

polymerisation at 72°C for 1 min, followed by 30 cycles of 94°C for 30 s, 56°C for 45 s, 

and 72°C for 1 min. The final cycle ended by elongation at 72°C for 6 min. PCR products 

were analyzed on a MegaBACE 1000 (Amersham Biosciences), according to the 

manufacturer´s protocol. 

 

2.2.14. List of primers 
 

Chr cM(MGD) Locus Chr cM(MGD) Locus 

1 10 D1Mit430.1 3 66.2 D3Mit256.1 
1 (Chr10: 27) D10Mit44 3 83.5 D3Mit352.1 
1 25.7 D1Mit236.1 3 95 3qter 
1 39.1 D1Mcg101    
1 54 D1Mit440.1 4 17.9 D4Mit268.1 
1 66.8 D1Mit1001.1 4 7.5 D4Mit193.1 
1 92.3 D1Mit111.1 4 44.5 D4Mit9.1 
1 107.3 D1Mit292.1 4 66.6 D4Mit170.1 
1 127 1qter 4 82.7 D4Mit256.1 
   4 84 4qter 
2 1 D2Mit1.1    
2 29 D2Mit242.1 5 15 D5Mit387.1 
2 47.5 D2Mit100.1 5 20 D5Mit352.1 
2 66.9 D2Mit395.1 5 42 D5Mit201.1 
2 86 D2Mit285.1 5 59 D5Mit314.1 
2 105 D2Mit148.1 5 81 D5Mit101 
2 114 2qter 5 92 5qter 
      
3 28 D3Mit67.1 6 20.5 D6Mit274.1 

3 55 D3Mit57.1 6 41.5 D6Mit67.1 
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Chr cM(MGD) Locus Chr cM(MGD) Locus 
6 71.3 D6Mit14.1 13 10 D13Mit135 
6 75 6qter 13 35 D13Mit13.1 
   13 48 D13Mit144.1 
7 11 D7Mit267.1 13 65 D13Mit260.1 
7 24.5 D7Mit69.1 13 75 D13Mit78.1 
7 41 D7Mit350.1 13 80 13qter 
7 53.3 D7Mit98.1    
7 74 7qter 14 20.5 D14Sfk3 
   14 48 D14Mit106.1 
8 15 D8Mit63.1 14 54 D14Mit75.1 
8 33 D8Mit178.1 14 69 14qter 
8 49 D8Mit211.1    
8 67 D8Mit91 15 40.9 D15Mit67.1 
8 82 8qter 15 49 D15Mit107.1 
   15 55.6 D15Mit242.1 
9 17 D9Mit2.1 15 81 15qter 
9 29 D9Mit71.1    
9 42 D9Mit123.1 16 3.4 D16Mit107.1 
9 53 D9Mit355.1 16 23.4 D16Mit60.1 
9 65 D9Mit201.1 16 43.1 D16Mit139.1 
9 79 9qter 16 56.8 D16Mit153.1 
   16 72 16qter 

10 11 D10Mit213    
10 17 D10Mit86.1 17 22.9 D17Mit51.1 
10 62 D10Mit233 17 34.3 D17Mit20.1 
10 65 D10Mit14.1 17 45.3 D17Mit39.1 
10 77 10qter 17 51.9 D17Mit122.1 

   17 81.6 17qter 
11 17 D11Mit231.1    
11 29 Il4 18 22 D18Mit194.1 
11 55 D11Mit289.1 18 45 D18Mit186.1 
11 77 D11Mit48.1 18 60 18qter 
11 80 11qter    

   19 15 D19Mit96.1 
12 16 D12Mit60.1 19 34 D19Mit88.1 
12 38 D12Mit158.1 19 55.7 19qter 
12 50 D12Mit7.1    
12 66 12qter    

 

TABLE 2. List of microsatellite markers. Markers are found on the genetic map 
of the Mouse Genome Informatics (MGI) of The Jackson Laboratory 
(http://www.informatics.jax.org/). 
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2.2.15. Statistical analysis 

Quantitative results are presented as mean values ± standard deviation (SD). Mean 

values were tested by means of a two-tailed heteroscedastic Student's t-test, or in 

cases of a non-Gaussian distribution, Mann-Whitney U test was used. Differences 

were considered to be statistically significant at values of p <0.05 *, p <0.01 **.  
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3. RESULTS 

 

3.1. Activated macrophages are essential in a T cell-mediated murine 

psoriasis model   

Psoriasis is regarded as a T cell-mediated disease (25, 131), but there is an 

increasing body of evidence that macrophages may also be relevant for its 

pathophysiology (1). Macrophages lining the epidermal-dermal junction have 

repetitively been described in human psoriasis (60, 61, 131) and in addition, 

neutralization of TNF-α, the major cytokine released by macrophages, substantially 

improves human psoriasis (64, 132-134). The aim of this study was to investigate the 

role of macrophages in the psoriasiform skin disease of CD18hypo mice. 

 

3.1.1. Macrophages are markedly increased in lesional skin as well as in 

draining lymph nodes of inflamed skin in affected CD18hypo mice 

Increased numbers of macrophages are found in the dermis of lesional skin in human 

psoriasis (25, 60, 61). To investigate the composition of the inflammatory cellular 

infiltrate in the psoriasiform skin of CD18hypo mice and the respective skin DLNs, 12 

skin sections taken from CD18hypo and CD18wt mice (n =4) were immunostained with 

F4/80 to detect mature tissue macrophages and MOMA-2 mAb specific for the less 

mature monocyte/macrophage population in lymph nodes. Compared to CD18wt skin 

with only few macrophages in the dermis (Figure 5A), the number of macrophages 

was significantly increased in the dermis of lesional skin in affected CD18hypo mice (p 

<0.0001) (Figure 5B, C). In skin DLNs of wild type mice almost no macrophages were 

observed (Figure 5D), while many macrophages, which had apparently entered via 

the medullar and subcapsular sinuses of skin DLNs, were found in affected CD18hypo 

mice (Figure 5E, arrows). To better quantify and characterize macrophages in skin 

DLNs, we performed flow cytometric analysis for macrophages labeled with MOMA-2 

mAb (n =6). In contrast to wild type mice (Figure 5F), the number of MOMA-2+ 

macrophages was significantly higher in inflamed skin DLNs of affected CD18hypo 
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mice (p <0.01, Figure 5G, H). 
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FIGURE 5. Increase in macrophages numbers in lesional skin and skin DLNs 
of affected CD18hypo mice. Skin cryosections from CD18wt (A) and affected CD18hypo 
mice (B) were stained with F4/80-Alexa®488 for infiltrating macrophages (green) into 
the skin. Cell nuclei (blue) were counterstained with DAPI (original magnification, x40, 
inset original magnification x100). e, epidermis; d, dermis; h, hair follicle. Dotted lines 
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indicate the border between epidermis and dermis. (C) To quantify macrophages in 
the skin of affected CD18hypo and CD18wt mice, the positively stained cells were 
calculated. For all measurements, the median of macrophages counted in 12 high 
power fields (HPF) (n=4) is presented. (** p<0.0001 by Student’s t test). 
Immunostaining with macrophage/monocyte-FITC (clone MOMA-2) was performed 
on cryosections of skin DLNs from CD18wt (D) and affected CD18hypo mice (E). 
Infiltrated macrophages (green) were found in the medullar and subcapsular sinuses, 
as indicated by arrows. Cell nuclei (red) were counterstained with propidium iodide 
(original magnification, x20). To quantify macrophages in the skin DLNs of CD18wt (F) 
and affected CD18hypo mice (G), skin DLNs cells were labeled with MOMA-2-FITC 
mAb and analyzed by flow cytometry. Dotted line, isotype control; Solid histogram, 
MOMA-2 staining. (H) Total number of macrophages in skin DLNs of CD18hypo and 
CD18wt mice (n =6). One representative experiment out of 3 is shown. (** p<0.01 by 
Student’s t test). 

3.1.2. Macrophages are an important source of TNF-α in the lesional skin 

of affected CD18hypo mice 

To investigate whether activated macrophages are an important source of TNF-α in 

the lesional skin of affected CD18hypo mice, double immunofluorescence staining was 

performed on cryosections derived from the lesional skin of affected CD18hypo mice 

with TNF-α and F4/80 mAb. As expected, positive macrophage staining with F4/80 

was found in lesional skin of CD18hypo mice (Figure 6A). An identical staining pattern 

was found using TNF-α mAb (Figure 6B). DAPI staining indicates all nuclei (Figure 

6C). Staining with TNF-α, F4/80 and DAPI clearly indicates that almost all macro-

phages produced TNF-α in the lesional skin of affected CD18hypo mice (Figure 6D). 

Interestingly, both classically activated macrophages, characterized by the production 

of TNF-α (Figure 6D) and iNOS (Figure 6E) and alternatively activated macrophages, 

characterized by enhanced Dectin-1 (Figure 6F) and Arginase-1 (Figure 6G) 

expression are present in the lesional skin of CD18hypo mice. 

 

3.1.3. In addition to macrophages, infiltrating mast cells and endothelial 

cells are additional sources of TNF-α in the lesional skin of CD18hypo PL/J 

mice 

While in CD18 wild type mice almost no mast cells stained for TNF-α, the number of 

TNF-α-containing mast cells significantly increased in lesional skin of CD18hypo mice 
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(Figure 7A,B,C). In addition, endothelial cells did not stain for TNF-α in CD18 wild 
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FIGURE 6. Activated macrophages are an important source of TNF-α in the 
lesional skin of affected CD18hypo mice. Double immunostaining with anti-mouse 
TNF-α and F4/80 mAb was performed on cryosections derived from the lesional skin 
of affected CD18hypo mice (original magnification, x20). (A) Macrophages (green) 
stained with F4/80-Alexa®488. (B) TNF-α (red) stained with TNF-α-Cy3. (C) Cell 
nuclei stained with DAPI (blue). (D) Overlay depicting double staining of TNF-α and 
macrophages (yellow). Both classically and alternatively activated macrophages are 
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present in the lesional skin of CD18hypo mice. To characterize the activation pattern of 
macrophages infiltrating the skin of affected CD18hypo mice, cryosections from lesional 
skin were double stained with F4/80-Alexa®488 (green) together with the markers of 
classically activated macrophages TNF-α-Cy3 (red) (D) and iNOS-Cy3 (red) (E) or 
with the markers of alternatively activated macrophages Dectin 1-Cy3 (red) (F) and 
Arginase-1-Cy3 (G). Overlay (yellow) represents double positive cells depicting 
macrophages bearing specific activation markers. Cell nuclei counterstained with 
DAPI (blue) (original magnification, ×20). e, epidermis; d, dermis; h, hair follicle. 
Dotted lines indicate the border between epidermis and dermis. 

 

type mice, while there was distinct double staining for endothelial cells (CD31) and 

TNF-α in lesional skin of CD18hypo mice (Figure 7D,E,F). Neither in keratinocytes of 

CD18 wild type mice nor in the lesional skin of CD18hypo mice was TNF-α produced 

(Figure 7G,H,I). In contrast, macrophages represented an important source of 

TNF-α-producing cells in the lesional skin of CD18hypo PL/J mice, but not in wild type 

mice (Figure 7J,K,L). 

 

3.1.4. Blocking TNF-α by etanercept results in improvement of the 

psoriasiform skin inflammation and is accompanied by reduced numbers 

of macrophages and decreased expression of MHCII and TNF-α 

TNF-α has been shown to play a central role in the cytokine network of human 

psoriasis (135), and TNF-α inhibitory agents, including etanercept, have been 

successfully used in the treatment of human psoriasis (134, 136). Following the 

observation that macrophages are a major source for TNF-α,   its relevance in the 

formation of the psoriasiform skin disease was analyzed in this mouse model. It is 

interesting that macrophages were identified as an important source of TNF-α. TNF-α 

was then neutralized by administering etanercept once a day at a dose of 100 μg per 

mouse. This protocol significantly decreased the adapted PASI score after 30 days of 

treatment (Figure 8A) (6 ± 0.71 vs. 2.4 ± 0.55, p = 0.0079). In contrast, no significant 

improvement was observed in the mice treated with 0.9% NaCl (control) (Figure 8B) 

(p =0.6514). Interestingly, neutralization of TNF-α did not only reduce the numbers of 

MHCII+MOMA-2+ macrophages (Figure 8C-E), but also the numbers of MHCII+ 
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FIGURE 7. In addition to high numbers of TNF-α-containing macrophages, 
mast cells and endothelial cells are sources of TNF-α in the lesional skin of 
CD18hypo PL/J mice. To investigate the cellular origin of TNF-α in lesional skin 
infiltrate, skin samples from CD18wt and affected CD18hypo mice were double stained 
with anti-mouse TNF-α-FITC (green) or TNF-α-PE (red) together with the cell specific 
markers CD117-Cy3 anti-mouse for mast cells (red) (A, B), CD31-Alexa®488 for 
endothelial cells (green) (D, E), K14-Alexa®488 for keratinocytes (green) (G, H) and 
F4/80-Alexa®488 for macrophages (green) (J, K). The overlay (yellow) represents 
TNF-α producing cells. Cell nuclei were counterstained with DAPI (blue) (original 
magnification, ×20). e, epidermis; d, dermis; h, hair follicle. Dotted lines indicate the 
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border between epidermis and dermis. Quantitative analysis of the TNF-α producing 
cells was performed by counting the cells staining positively for both TNF-α and one 
of the cell markers CD117-Cy3 for mast cells (C), CD31 for endothelial cells (F), K14 
for keratinocytes (I) and F4/80 for macrophages (L) (yellow dots) in the lesional skin of 
CD18hypo mice compared to CD18wt mice. Data are presented as median of positive 
counts in 12 high power fields (n = 12); ** p < 0.01 by Student’s t test. 

 

cells in inflamed skin DLNs of CD18hypo mice (Figure 8F-H). Furthermore, 

neutralization of TNF-α also decreased expression of TNF-α in lesional skin of 

CD18hypo mice (Figure 8I), while TNF-α was broadly expressed in CD18hypo mice 

injected with NaCl (Figure 8J). In addition, the numbers of F4/80+ macrophages 

decreased in the dermis of etanercept-treated CD18hypo mice (Figure 8K) compared 

to affected CD18hypo controls (Figure 8L). 

 

3.1.5. Administration of clodronate liposomes into murine skin depletes 

macrophages, but has no significant effect on CD4+ T cells, CD3+ T cells, 

GR-1+ neutrophils, Langerhans cells and CD117+ mast cells 

It has been previously shown that macrophages can be selectively depleted by 

administration of clodronate liposomes. To confirm whether clodronate liposomes 

similarly deplete macrophages in the skin, clodronate liposomes were subcutaneously 

injected into the lesional skin. Twenty-four hours after injection, cryosections derived 

from the skin injected area of clodronate liposomes and PBS liposomes were stained 

with anti-mouse F4/80, CD4, CD3, Gr-1, MHCII+ as well as CD117 mAb. In line to 

previous studies (127), herein more than 92% F4/80+ macrophages are depleted in 

the lesional skin, compared to control (Figure 9A-C). In contrast, subcutaneous 

injection of clodronate liposomes had no significant effect on CD4+ (Figure 9D-F), 

CD3+ (Figure 9G-I), Gr-1+ (Figure 9J-L) cells. In addition, due to depleted 

macrophages express MHCII subcutaneous injection of clodronate liposomes 

significantly decreased MHCII+ cells in the dermis (Figure 9M-O), while it had no 

effect on the numbers of Langerhans cells in the epidermis (Figure 9P-Q), as well as 

CD117+ cells (Figure 9S-U). 
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FIGURE 8. Reduction of the psoriasiform phenotype of affected CD18hypo mice 
by administration of etanercept. A significant difference in the adapted PASI score 
appears after treatment with etanercept (A) (p=0.0079 by Student’s t test), but not 
after treatment with 0.9% NaCl control (B) (p=0.6514 by Student’s t test). Significantly 
reduced numbers of macrophages in skin DLNs of affected CD18hypo mice treated 
with etanercept were observed after 30 days (C, D), compared to controls. (** p<0.01 
by Student’s t test) Decreased numbers of MHCII+ cells in skin DLNs of affected 
CD18hypo mice treated with etanercept were detected after 30 days (F) (M1= MHCII- 
cells, M2=MHCII+ cells) compared to controls (G), ** p<0.01 by Student’s t test (n=4) 
(H). Decreased expression of TNF-α in the skin of affected CD18hypo mice treated with 
etanercept after 30 days (I), compared to controls (J) (TNF-α, red; cell nuclei, blue; 
original magnification, x20). Reduced numbers of F4/80+ macrophages in the skin of 
affected CD18hypo mice treated with etanercept after 30 days (K), compared to 
controls (L) (macrophages, green; cell nuclei, red; original magnification, x20). ** 
p<0.01 by Student’s t test. 

 

These results showed that macrophages can be selectively depleted in the lesional 

skin, and subcutaneous injection of clodronate liposomes had no significant effect on 

CD4+ T cells, CD3+ T cells, Gr-1+ neutrophils, CD117+ mast cells, epidermal MHCII+ 

Langerhans cells as well as mature dermal MHCII+ DCs. 

 

3.1.6. Improvement of the chronic psoriasiform skin inflammation with 

concomitant decrease in TNF-α expression after depletion of skin 

macrophages 

In order to analyze whether activated macrophages are mandatory in the 

pathogenesis of the psoriasiform skin inflammation in CD18hypo mice, macrophages 

were eliminated from skin of affected CD18hypo mice using clodronate liposomes. The 
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FIGURE 9. Selective depletion of macrophages in the skin following 
subcutaneous administration of clodronate liposomes. Clodronate liposomes or 
control PBS liposomes were injected subcutaneously at a dose of 200 µl in affected 
CD18hypo mice. Skin samples taken 24 hours after liposome administration were 
examined for qualitative and quantitative characterization of the inflammatory infiltrate. 
Cryosections derived from affected CD18hypo mice treated with clodronate liposomes 
or PBS liposomes were stained with anti-mouse F4/80-Alexa®488 for infiltrating 
macrophages (green) (A, B), anti-mouse I-Ab-PE (MHCII) for antigen presenting 
macrophages, dendritic cells and Langerhans cells (red) (D, E) anti-mouse 
CD207-Cy3 (Langerin) for Langerhans cells (red) (G, H), anti-mouse CD205-Cy3 for 
Langerhans/dendritic cells (red) (J, K), anti-mouse CD3-FITC for T cells (green) (M, 
N), anti-mouse GR-1-PE for granulocytes (red) (P, Q), and with CD117-Cy3 for mast 
cells (red) (S, T). Cell nuclei were counterstained with DAPI (blue) or PI (red) (original 
magnification, ×20). e, epidermis; d, dermis; h, hair follicle. Dotted lines indicate the 
border between epidermis and dermis. Quantitative analysis and comparison of the 
infiltrate was performed by counting lesional positively stained cells for F4/80 (C), 
MHCII (F), Langerin (I), CD205 (L), CD3 (O), GR-1 (R), and CD117 (U) in clodronate 
liposomes treated- compared to PBS-treated lesional skin of CD18hypo mice. Data are 
presented as median of positive counts in 12 high power fields (HPF) (x40) (n = 12); ** 
p < 0.01 by Student’s t test. 

 

specificity of clodronate liposomes for the depletion of phagocytic cells has repeatedly 

been shown (29, 137, 138). Depletion of macrophages in CD18hypo mice with a severe 

inflammatory phenotype (Figure 10A) led to a remarkable improvement of the 

psoriasiform skin inflammation after six weeks of treatment (Figure 10B). To evaluate 

US T 

RP Q 
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the severity of the psoriasiform phenotype, an adapted PASI score (29) was used for 

affected CD18hypo mice before and after treatment with clodronate liposomes or 

control liposomes. The reduction in severity and extent of erythema, plaque formation 

and scaling after treatment with clodronate liposomes was highly significant (7.67 

±1.03 vs. 2.33 ±0.52, p =0.0022) (Figure 10C). In contrast, no significant changes in 

PASI score were observed in four mice treated with control liposomes (p = 0.3429) 

(Figure 10D). Administration of clodronate liposomes resulted in an almost complete 

removal of macrophages from the injected skin areas (Figure 10F), as well as from 

skin DLNs (Figure 10H). This is in contrast to the treatment with control liposomes 

(Figure 10E, G). Immunohistochemical staining for TNF-α on cryosections of skin 

from affected CD18hypo mice treated with control liposomes showed strong TNF-α 

expression in affected skin (Figure 10I), while in skin treated with clodronate 

liposomes TNF-α expression was virtually undetectable (Figure 10J). Importantly, 

also by immunostaining for GR-1+ as performed 40 days after clodronate treatment of 

diseased CD18hypo PL/J mice, a time point at which skin inflammation and phenotype 

had completely resolved, almost no GR-1+ granulocytes were detected in 

clodronate-treated (7 ± 3.8 PMN per HPF) (Figure 10L) as compared to the severely 

affected PBS-treated mice (63 ± 17.8 PMN per HPF) (Figure 10K) (P<0.0001). This 

furthermore proved as measure for the successful resolution of the chronic 

inflammation after clodronate liposome injections. 

 

3.1.7. Neutrophils do not contribute to the development of the chronic 

psoriasiform skin inflammation in CD18hypo PL/J mice 

The presence of neutrophils is a constant feature in psoriatic lesions of humans, 

forming microabscesses of Munro, which are also a hallmark in inflammatory skin 

lesions of CD18hypo PL/J mice. To investigate a potential causal role of neutrophils in 
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FIGURE 10. Improvement of the psoriasiform phenotype of affected CD18hypo 

mice by depletion of macrophages after local injection with clodronate 
liposomes. Clodronate liposomes were injected subcutaneously at a dose of 
50mg/200 μl weekly. Representative clinical picture of a CD18hypo mouse with severe 
psoriasiform dermatitis before (A) and after 40 days of treatment with clodronate 
liposomes (B). The severity of the psoriasiform phenotype as assessed by the 
adapted PASI score was significantly reduced after clodronate treatment (C) but not 
after treatment with control liposomes (D) (p=0.3429 by Student’s t test). The 
efficiency of depletion was evaluated by immunostaining. After treatment with 
clodronate liposomes the numbers of F4/80+ macrophages were dramatically reduced 
in injected skin areas (F) and skin DLNs (H) of CD18hypo mice as compared to skin (E) 
and skin DLNs (G) from mice treated with control liposomes. (F4/80, green, E, F, 
original magnification, x40; G, H, original magnification, x10). Depletion of 
inflammatory macrophages also caused a decrease in TNF-α expression, as skin 
samples from affected CD18hypo mice treated with control liposomes showed strong 
TNF-α expression (I), while in the skin treated with clodronate liposomes TNF-α 
expression was virtually undetectable (J). (TNF-α, red; cell nuclei, blue; original 
magnification, x40). GR-1 staining of skin from CD18hypo mice at 40 days after 
injection of clodronate liposomes (K), a time point when skin inflammation and 
phenotype had completely resolved, revealed that granulocytes were removed, while 
40 days after PBS-liposome treatment (L), in diseased CD18hypo mice GR-1+ 
granulocytes were still present (GR-1, red; cell nuclei, blue; K, L original magnification, 
x40). e, epidermis; d, dermis; h, hair follicle. Dotted lines indicate the border between 
epidermis and dermis. ** p<0.01. 
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the pathogenesis of the psoriasiform inflammatory skin lesions in CD18hypo PL/J 

mutants, neutrophils were depleted using neutrophil depleting antibodies such as anti 

Ly-6c and Ly-6G (GR-1) mAb. FACS analysis confirmed successful depletion of 

neutrophils in peripheral blood (Figure 11F), while immunostaining for GR-1+ cells 

indicated the absence of neutrophils in the skin (Figure 11D, E). Complete depletion 

of neutrophils in the blood and in the skin even over 6 weeks did not result in 

significant improvement of the psoriasiform inflammatory skin disease, neither 

clinically, – as assessed by the adapted PASI score, – nor histologically (Figure 

11A-C). 

 

3.1.8. Both MCP-1 mRNA and protein levels are significantly enhanced in 

psoriatic lesions of CD18hypo mice 

As MCP-1 is an important chemokine for the recruitment of monocytes/macrophages 

(139), the question was addressed whether MCP-1 expression correlates with the 

observed macrophage infiltration in lesional skin of CD18hypo mice. Three samples 

derived from lesional skin of affected CD18hypo mice were pooled to perform a 

semi-quantitative real-time RT-PCR. Lesional skin from the psoriasis mouse model 

presented higher levels of MCP-1 mRNA compared to CD18wt (Figure 12A). To 

further characterize this difference, we performed a quantitative real time RT-PCR, 

which confirmed that MCP-1 expression is significantly increased in lesional skin of 

affected CD18hypo mice as compared to healthy CD18wt mice (n =3, p <0.05) (Figure 

12B). Additionally, ELISA of skin samples demonstrated that also on the protein level 

the concentration of MCP-1 was substantially higher in lesional skin of affected 

CD18hypo mice than in the skin of CD18wt mice (1061.8 pg/mg tissue vs. 251.9 pg/mg 

tissue, p <0.01) (Figure 12C). 

 

3.1.9. Administration of murine recombinant JE/MCP-1 recruits 

macrophages to the skin of healthy CD18hypo mice, but fails to cause 

psoriasiform skin disease  

It is interesting to know whether administration of MCP-1 would be sufficient to trigger 
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FIGURE 11. Neutrophils do not causally contribute to the development of the 
psoriasiform skin disease in the CD18hypo mouse model. To assess the 
contribution of neutrophils in the pathogenesis of the psoriasiform inflammatory 
lesions in the CD18hypo mouse model, neutrophils were depleted by repetitive 
administrations of 250μg neutralizing antibody anti-mouse GR-1 into severely affected 
CD18hypo PL/J mice. The clinical picture of a representative mouse (n = 3) prior to (A) 
and 42 days after treatment (B). Clinical assessment of the disease severity using the 
adapted PASI score shows that a slight increase in disease severity occurred after 
depletion of neutrophils most likely reflecting the natural course of the disease (C). 
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GR-1+ neutrophil depletion was confirmed by immunofluorescence staining of skin 
samples and FACS analysis of peripheral blood cells. Cryosections from skin samples 
of lesional skin before (D) and at day 42 of treatment with neutrophil depleting 
antibodies (E) stained with the neutrophil specific marker GR-1-PE (red). Depletion of 
GR-1+ neutrophils was fully achieved during the treatment. Cell nuclei were 
counterstained with DAPI (blue) (original magnification, x20). e, epidermis; d, dermis; 
h, hair follicle. Dotted lines indicate the border between epidermis and dermis. FACS 
analysis of whole peripheral blood confirmed the efficient depletion of GR-1 positive 
cells (F). 
 

mRNA

CD18hypo

CD18wt

 
FIGURE 12. Enhanced MCP-1 mRNA and protein levels in the lesional skin of 
affected CD18hypo mice. Total RNA was extracted from skin of affected CD18hypo and 
CD18wt mice (n =3). cDNA was analyzed for MCP-1 and GAPDH mRNA expression 
by semi-quantitative RT-PCR. Specific bands for MCP-1 (142 bp) and internal control 
GAPDH were visualized by ethidium bromide in 1% agarose gels (A). Both MCP-1 
mRNA levels as determined by quantitative real-time RT-PCR (B) and MCP-1 protein 
levels as determined by specific MCP-1 ELISA (C) were increased in lesional skin of 
affected CD18hypo mice, compared to CD18wt controls. The results of MCP-1 protein 

A 
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level are expressed in relation to tissue weight as the mean ±SD for triplicate samples 
of each mouse, * p< 0.05, ** p< 0.01.  
 

the psoriasiform phenotype in healthy CD18hypo mice. Healthy CD18hypo mice (n =4) 

were injected intradermally with either 0.2 µg murine rJE/MCP-1 or with PBS as 

control once a week. However, despite a significant accumulation of F4/80+ 

macrophages in the dermis after eight weeks of administration, rJE/MCP-1 and PBS, 

injected as a control, failed to trigger the psoriasiform skin disease in these mice (data 

not shown). To investigate the ability of rJE/MCP-1 to recruit macrophages, skin 

sections were stained for macrophage markers before and after treatment with 

rJE/MCP-1 or PBS. Skin of rJE/MCP-1-treated mice showed significant accumulation 

of F4/80+ macrophages in the dermis (Figure 13A), while macrophages were not 

recruited by PBS injections (Figure 13B). Similarly, rJE/MCP-1-treated mice showed 

an increased infiltration of monocytes/macrophages in skin DLNs of healthy CD18hypo 

mice (Figure 13C), when compared with PBS-treated control mice (Figure 13D). This 

increased macrophage recruitment was significant (p <0.05) (Figure 13E). However, 

macrophages recruited by rJE/MCP-1 were not able to recruit CD4+ T cells to the 

injected skin areas (Figure 13F) as observed in the lesional skin of affected CD18hypo 

mice (Figure 13G). This study addressed the question whether rJE/MCP-1 recruited 

monocytes may not have sufficiently been activated to release TNF-α. In fact, as 

shown by immunohistochemistry, TNF-α was not at all expressed in 

rJE/MCP-1-injected skin areas (Figure 13H), whereas a strong immunostaining for 

TNF-α was observed in lesional skin of affected CD18hypo mice (Figure 13I).  

 

3.1.10. Administration of LPS recruits and partially activates 

macrophages in the skin and skin draining lymph nodes, while it fails to 

cause psoriasiform skin disease in healthy CD18hypo mice 

Activation of macrophages appears to be required to elicit the psoriasiform 

inflammatory skin disease in healthy skin of CD18hypo mice. As macrophages were not 

activated to release proinflammatory cytokines such as TNF-α after rJE/MCP-1 

injection, we employed intradermal injection of bacterial LPS to recruit and possibly 
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FIGURE 13. No effect of local administration of rJE/MCP-1 on the phenotype of 
healthy CD18hypo mice. To investigate the clinical effect of rJE/MCP-1 treatment, 
rJE/MCP-1 or PBS as control were injected i.d. at a dose of 0.2 µg/mouse weekly. The 
efficiency of rJE/MCP-1 or PBS treatment was evaluated by immunohistochemistry of 
cryosections from injected skin areas. rJE/MCP-1-treated mice showed significant 
accumulation of F4/80+ macrophages in the dermis (A), while macrophages were not 
recruited by PBS injections (B).  (macrophages, green; cell nuclei, red; original 
magnification, x20). This situation was also reflected in skin DLNs as shown by FACS 
analysis, where MOMA-2+MHCII+ macrophages were increased in healthy CD18hypo 
mice treated with the rJE/MCP-1 (C) compared to controls treated with PBS (D). * p 
<0.05 (E). To investigate the recruitment of CD4+ T cells, rJE/MCP-1 injected skin and 
lesional skin of affected CD18hypo mice were subjected to immunofluorescence 
staining with FITC-conjugated rat anti-mouse CD4 (140) and propidium iodide for 
nuclei (red). Macrophages recruited by rJE/MCP-1 were not able to recruit CD4+ T 
cells to injected skin areas (F) as do macrophages in skin of affected CD18hypo mice 
(G) (original magnification, x20). TNF-α expression of infiltrating cells was assessed 
by staining with anti-mouse TNF-α mAb (red) and DAPI for nuclei (blue). TNF-α was 
absent in rJE/MCP-1-injected skin areas (H), whereas a strong immunostaining for 
TNF-α was observed in lesional skin of affected CD18hypo mice (I). (original 
magnification, x40). One representative experiment out of n (3 is shown. e, epidermis, 
d, dermis, h, hair follicle. Dotted lines indicate the border between epidermis and 
dermis. 
 

activate macrophages in vivo. As TNF-α has been reported to disappear rapidly after 

LPS injection (97), we administrated intradermally 25 μg LPS into healthy CD18hypo 

mice once a day or, alternatively, once a week for six weeks. Neither of the LPS 

injection schedules was sufficient to elicit the psoriasiform inflammatory skin disease 

even after an observation period of six weeks. Twenty-four hours after LPS injection, 

an abundant population of macrophages in the LPS injected skin areas was observed 

(Figure 14A), compared to PBS treated control mice (Figure 14B). A similar result 

was obtained in skin DLNs as assessed by immunofluorescence staining (Figure 

14C, D) or by quantification in FACS analysis of the lymph nodes after treatment with 

LPS (Figure 14E) or PBS control (Figure 14F). This increased macrophage 

recruitment was significant (p <0.05) (Figure 14G). To study whether TNF-α is 

transiently expressed following injection of LPS, immunostaining was performed on 

cryosections derived from injected skin areas two and 24 hours post-injection of LPS 

and from lesional skin of affected CD18hypo mice. In fact, TNF-α was detectable in the 
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dermis two hours after LPS treatment (Figure 14H), but no longer after 24 hours 

(Figure 14I). As expected, strong TNF-α expression was found in lesional skin of 

affected CD18hypo mice (Figure 14J), but not in healthy skin (Figure 14K). 
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FIGURE 14. No effect of local LPS administration on the phenotype of healthy 
CD18hypo mice. Twenty-five μg LPS in 200μl or PBS as control were injected i.d. at 
four sites (50 μl/site) on the back of healthy CD18hypo mice once a day (n =3) or once a 
week for six weeks (n =3). At two or 24 hours after the last injection, injected skin 
areas and cervical lymph nodes were prepared for immunohistochemistry or FACS 
analysis. An abundant population of F4/80+ macrophages was observed in the LPS 
injected skin areas (A), compared to PBS treated control mice (B). A similar result 
was obtained for MOMA-2+ monocytes/macrophages in skin DLNs of LPS-treated 
mice (C) when compared to controls (D) (F4/80, green; MOMA-2, green). Infiltrated 
macrophages in DLNs of LPS (E) and PBS (F) treated mice were quantified by FACS 
analysis, and the difference was found to be statistically significant. p <0.01(G). 
Cryosections derived from injected skin areas of healthy CD18hypo mice at two or 24 
hours after LPS injection and lesional skin of affected CD18hypo mice were stained with 
anti-mouse TNF-α mAb (red), respectively. TNF-α was transiently detectable in the 
dermis two hours after LPS treatment (H), but not any more after 24 hours (I). As 
expected, strong TNF-α expression was detected in lesional skin of affected CD18hypo 
mice (J). (K), negative control. One representative experiment out of ≥ 3 is shown. (A, 
B, H - N original magnification, x20; C, D original magnification, x10). e, epidermis; d, 
dermis; h, hair follicle. A-D and H-J, nuclei are in red (propidium iodide). K-M, nuclei 
are in blue (DAPI). Dotted lines indicate the border between epidermis and dermis. 
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3.1.11. Simultaneous injection of rJE/MCP-1 and rTNF-α results in the 

induction of the psoriasiform skin inflammation in healthy skin of 

CD18hypo PL/J mice  

Administration of murine recombinant JE/MCP-1 recruits but does not activate 

macrophages, while LPS recruits and only transiently activates macrophages with 

only low and intermittent production of TNF-α. Neither administration of rJE/MCP-1 

nor LPS nor rTNF-α alone resulted in the induction of chronic psoriasiform skin 

inflammation. In order to study whether the synergistic action of a factor recruiting 

macrophages and a macrophages-activating proinflammatory cytokine may result in 

the induction of the psoriasiform skin inflammation, rJE/MCP-1 and rTNF-α were 

simultaneously injected. Indeed, 4 days after combined administration of rJE/MCP-1 

and rTNF-α in unaffected skin of CD18hypo mice, skin lesions were induced around the 

injection site which were identical to those seen in the spontaneously occurring 

chronic psoriasiform skin inflammation in CD18hypo PL/J mice (Figure 15A-F). Inter-

estingly, the clinical manifestation of the chronic psoriasiform skin inflammation was 

reflected histologically and by immunostaining showing an accumulation and 

activation of macrophages (Figure 15G, H). However, virtually no recruitment of CD4+ 

T cells was observed at day 10 after treatment (Figure 15I, J). 
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FIGURE 15. The injection of a combination of recombinant MCP-1 and 
recombinant TNF-α induces psoriasiform inflammatory skin lesions in CD18hypo 
PL/J mice.  Neither injection of rJE/MCP-1 nor rTNF-α alone resulted in psoriasiform 
skin disease. A combination of 0.2 μg murine rJE/MCP-1 and 5000U of rTNF-α was 
injected in 200 μl PBS intradermally in the upper back skin of non-affected CD18hypo 
PL/J mice (A). Injections with 200 μl PBS served as negative controls. This 
combination leads to the appearance of erythematous plaques covered with scales 
and crusts starting at day 4 after administration in CD18hypo (B). Skin samples from 
paraffin sections were stained with hematoxylin-eosin before treatment (C). Ten days 
after treatment epidermal hyperplasia and an abundant inflammatory infiltrate was 
observed within the dermis (D). Cryosections from skin samples before (E) and after 
treatment were stained for the keratinocyte marker K14-Alexa®488 (green) showing 
an increase in epidermal thickness and enhanced expression of the K14 
proliferation-associated keratinocytes 10 days after treatment (F). To characterize the 
dermal inflammatory infiltrate, cryosections from skin samples before (G) and after 
treatment were double stained with the macrophage marker F4/80-Alexa®488 (green) 
together with the activation marker TNF-α-Cy3 (red). Overlay (yellow) depicting the 
dermal infiltrate as predominantly being activated macrophages (H). To investigate 
the presence of T lymphocytes in the dermal infiltrate cryosections from skin samples 
before (I) and after treatment ( J) were stained with CD4-FITC (green). Virtually no 
CD4+ T cells were present in the dermis after treatment with rMCP-1 and rTNF-α. Cell 
nuclei were counterstained with DAPI (114) (original magnification, ×20). e, epidermis; 
d, dermis; h, hair follicle. Dotted lines indicate the border between epidermis and 
dermis. 
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3.2. Low expression of CD18 causes immune imbalance in a murine 

psoriasis model 

The balance between regulatory and effector functions is important for maintaining 

efficient immune responses, while avoiding autoimmunity. In psoriasis, dysfunctional 

CD4+CD25+ Treg cells in association with accelerated proliferation of CD4+CD25- 

responder T cells facilitate it’s onset (101). The mechanisms that mediate Treg cells 

suppression of autoimmunity are largely unknown and are likely multifaceted. 

Cytokines produced by Treg cells that inhibit autoimmunity include interleukin 10 

(IL-10), and transforming growth factor-beta (TGF-β) are involved in this process. 

Other mechanisms may include suppression by unknown cell surface molecules or 

short-acting cytokines during T suppressor−T effector cell contact. The cytotoxicity of 

Treg cells is also reported to be dependent on CD18 adhesive interactions (123). 

Herein, the following experiments were set up to study the role of CD18 adhesion 

molecule in functional CD4+CD25+ Treg and CD4+CD25- Tresp cells, and my results may 

partly hint for mechanisms of Treg cells as well as better understanding the 

pathomechanisms of human psoriasis. 

 

3.2.1. CD18 is required for efficient generation of natural Treg cells 

FACS analyses showed that in thymus, blood, spleen and lymph nodes, the numbers 

of Treg cells are significantly decreased in healthy CD18hypo and CD18null mice 

compared with CD18wt mice (Figure 16A), suggesting that CD18 adhesion molecule 

is important for the homeostasis of Treg cells under healthy condition as the initially 

reduced numbers of Treg cells in the thymus may lead to reduced numbers of Treg cells 

in secondary lymphoid organs. GITR, CTLA-4 and Foxp3 are expressed on functional 

Treg cells (141-143). The CD4+CD25+ thymocytes from CD18hypo mice had much lower 

expression of glucocorticoid-induced TNFR family-related protein (GITR), cytotoxic 

T-lymphocyte-associated protein 4 (CTLA-4) and Foxp3 compared to CD4+CD25+ 

thymocytes derived from CD18wt mice (Figure 16B). Inerestingly, numbers of Treg 

cells were increased to identical numbers of CD18wt Treg cells in cervical lymph nodes 

of CD18hypo mice that developed the psoriasiform phenotype (Figure 16C). 
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Correspondingly, Foxp3 expression is also elevated in the CD4+ population (Figure 

16D) of affected CD18hypo mice. These data suggest that the reduced CD18 

expression does not influence local accummulation of Treg cells during the 

psoriasiform skin inflammation in CD18hypo mice.  
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FIGURE 16. Normal CD18 expression is required for efficient Treg cell generation 
and homeostasis, but not for Treg cell accumulation.  (A) The numbers of 
CD4+CD25+ Treg cells in thymus, blood, spleen and skin draining lymph nodes of 
CD18wt, healthy CD18hypo and CD18null mice. (B) GITR, CTLA-4 and Foxp3 expression 
on CD4+CD25+ thymocytes from three individual CD18hypo and CD18wt mice, 
quantified as linear total fluorescence units (TFU). (C) The numbers of CD4+CD25+ 
Treg cells in skin draining lymph nodes of CD18wt and affected CD18hypo mice. (D) The 
numbers of CD4+Foxp3+ cells in skin draining lymph nodes of CD18wt and affected 
CD18hypo mice. Data are representative of at least three independent experiments. * p 
< 0.05, ** p < 0.01 by Student’s t test. 
 

3.2.2. CD18 deficient Treg cells are dysfunctional in vitro and in vivo 

Treg cells derived from CD18hypo and CD18 null mutation (CD18null) mice revealed a 

significantly reduced capacity to suppress the anti-CD3 and CD28-induced 

proliferation of Tresp cells when compared to CD18wt Treg cells (Figure 17A). To further 

study whether dysfunctional Treg cells are present in CD18hypo mice in vivo, Tresp cells 

were isolated from spleen of affected CD18hypo mice, and labeled with 

carboxyfluorescein succinimidyl ester (CFSE). Five ×106 of these CFSE labeled Tresp 

cells were injected intravenously into CD18wt and healthy CD18hypo recipients, 

respectively. Six days after adoptive transfer, the CD4+CD25- donor population 

underwent substantial proliferation in the skin DLNs of healthy CD18hypo recipients. In 

contrast, the majority of CD4+CD25- donor population remained undivided in the skin 

DLNs of CD18wt recipients (Figure 17B), suggesting that in contrast to the 

suppressive function of Treg cells of CD18wt mice, Treg cells of CD18hypo mice failed to 

suppress the proliferation of Tresp cells in vivo. No proliferation of CFSE-labeled Tresp 

cells of CD18wt mice was observed in CD18wt recipients (Figure 17C). To specifically 

address the functionality of Treg cells, 1×106 sorted CD18wt Treg cells were monthly 

transferred intravenously into affected CD18hypo mice with the psoriasiform skin 

disease. As expected from the in vitro data, CD18wt Treg cells markedly reduced the 

psoriasiform phenotype, even as early as forty-two days after transfer (Figure 17D, E). 

Assessment of an adapted PASI score showed a significant improvement of the 

psoriasiform skin disease in all 5 affected CD18hypo mice studied after adoptive 

transfer of Treg cells from CD18wt mice (Figure 17F), compared to controls treated with 
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1×PBS (Figure 17G). These data provide strong evidence that, in contrast to the 

normal suppressive function of CD18wt Treg cells, dysfunctional Treg cells are present in 

CD18hypo mice. Indeed, CD18wt Treg cells can compensate for the deficiency of Treg cell 

activity in affected CD18hypo mice, eventually resulting in significant resolution of the 

psoriasiform skin disease. 
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FIGURE 17. Impaired inhibitory functions of CD18 deficient CD4+CD25+ Treg cells. 
(A) CD4+CD25+ T cells from spleen of either CD18wt, CD18hypo or CD18null mice mixed 
with CD4+CD25- T cells of affected CD18hypo at a ratio of 1:2, and cultured with 
plate-bound anti-CD3 and soluble anti-CD28 mAbs. Proliferation was assessed by 
3[H]-thymidine incorporation assay. (B) Representative CFSE dilution profile of gated 
CFSE+CD4+ T cells from DLNs of affected CD18hypo mouse 6 days after adoptive 
transfer into CD18wt and healthy CD18hypo recipients. (C) Control CD18wt mice were 
treated with CD4+CD25-T cells derived from CD18wt donors. (D, E) 106 CD4+CD25+ T 
cells purified from pooled spleen and LNs of CD18wt, and adoptively transferred into 
syngeneic affected CD18hypo recipients monthly. Representative clinical pictures of a 
CD18hypo mouse with severe psoriasiform skin disease before (D), and after 42 days 
of treatment (E) with Treg cells from CD18wt mice. To assess the severity of the 
psoriasiform phenotype before and after treatment with CD18wt Treg cells (F) or 
controls (G), an adapted PASI score was used (29). For CD18hypo mice, the PASI 
score was modified accordingly: 0 = no symptoms; 1 = slight erythema of the ears; 2 = 
strong erythema of the ears; 3 = slight hair loss on the head; 4 = extensive hair loss 
including the trunk; 5 = slight hair loss, isolated scaling; 6 = extensive hair loss, 
isolated scaling; 7 = extensive hair loss, widespread slight scaling; 8 = moderate 
scaling of a large area of the body; 9 = widespread hair loss, strong scaling of few 
smaller areas; 10 = extensive hair loss, extensive scaling of a large area of the body. 
Data are representative of at least four independent experiments, being combined for 
the bar graph. ** p < 0.01 by Student’s t test.  
  

3.2.3. Reduced CD18 expression impairs generation and activation of 

antigen-experienced Treg cells 

Persistent Treg cell-dendritic cell contacts preceded the activation of Treg cells for the 

inhibition of expanded Tresp cells in vivo (144, 145). As CD18 is an essential molecule 

for cell-cell contacts in a variety of inflammatory interactions (30, 31), it was studied 

whether reduced CD18 expression impairs generation and activation of 

F G
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alloantigen-specific Treg cells. Due to a reduced expression of the CD18 molecule on 

CD4+CD25+ T cells (Figure 18A), the adhesion of Treg cells derived from CD18hypo 

mice to ICAM-1-Fc was significantly reduced compared with CD18wt mice (Figure 

18B). I further investigated whether the reduced CD18 expression affects antigen 

presentation. Mixed lymphocyte reactions (MLRs) in co-culture of of purified CD4+ T 

cells from PL/J CD18hypo or CD18wt (H-2u) mice together with bone marrow-derived 

allogeneic DCs from C57BL/6J (H-2b) mice demonstrated that proliferation of CD4+ T 

cells derived from CD18hypo mice was significantly reduced when compared with 

CD18wt mice (Figure 18C). In order to study the role of CD18 in generation of 

alloantigen-specific Treg cells, DCs from C57BL/6J mice were cultured together with 

purified CD4+ T cells from PL/J CD18hypo and CD18wt mice, respectively.  After seven 

days of co-culture, a significant increase in numbers of aggregated cell clusters and 

also in proliferated CFSE labeled CD4+ T cells in the culture setting of allogeneic DCs 

and CD4+ T cells derived from CD18wt mice was observed, compared to only minor 

induction of cluster formation and proliferation of T cells derived from PL/J CD18hypo 

mice (Figure 18D). Clusters containing allogeneic DCs were surrounded by CD4+ T 

cells that were mostly CD25+ (Figure 18E). To address the question whether 

disruption of cell-cell contacts between CD4+ T cells and DCs due to low expression 

of CD18 could diminish the induction and antigen-specific education of Treg cells, I 

analyzed Treg cell markers of CD4+ T cells cultured with allogeneic DCs by FACS 

analysis. As reported (146), 47.5% ±5.3% (versus 10% before culture) and 32.0% ± 

2.7% (versus 9% before culture) of CD4+ T cells derived from CD18wt mice expressed 

CD25 and Foxp3 following MLR co-culture for 7 days. In contrast, only 14.6% ±3.8 

(versus 7% before culture) and 13.1% ±2.5 (versus 6% before culture) of CD4+ T cells 

derived from healthy CD18hypo mice expressed CD25 and Foxp3, respectively (Figure 

18F, first two horizontal panels). Co-culturing allogeneic DCs and CD4+ T cells 

revealed that low CD18 expression on CD4+ T cells derived from CD18hypo mice 

resulted in reduced expression of intracellular and membrane-bound TGF-β1 on 

expanded Treg cells (28.4% ±3.2% of CD18wt versus 6.8% ± 1.9% of CD18hypo; 30.4% 

±8.2% of CD18wt versus 4.7% ± 2.1% of CD18hypo respectively) (Figure 18F, third 
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and fourth horizontal panels). These data suggest that effective expansion of 

alloantigen-experienced Treg cells requires wild type expression levels of CD18 and 

critically depends on CD18 mediated physical cell-cell contacts between allogeneic 

DCs and CD4+ T cells.  To study whether reduced CD18 expression results in an 

impaired expansion of antigen-specific Treg cells in vivo, 10×106 CD4+ T cells were 

purified from spleen of either CD18wt or healthy CD18hypo mice, labelled with CFSE, 

and adoptively transferred into affected CD18hypo mice. FACS analysis was performed 

seven days after transfer. Similar to the herein reported in vitro data, adoptively 

transferred CD18wt CD4+ T cells revealed an increased expression of CD25 and 

Foxp3 (71.3% ± 4.2% versus 20.0% ± 3.8% respectively) (Figure 18G, first and 

second horizontal panels), compared with transferred CD18hypo cells. 

Correspondingly, expression of intracellular and membrane-bound TGF-β1 on 

expanded Treg cells derived from CD18wt mice was 70.4% ± 9.5% and 28.6% ± 5.7% 

compared to only 3.0% ± 1.2% and 0.8% ± 0.5% of the total transferred CD18hypo Treg 

cells repectively (Figure 18G, third and fourth horizontal panels). These results 

indicate that impaired expansion and/or activation of CD18hypo Treg cells with 

subsequent decreased expression of TGF-β1 may be involved in the development of 

psoriasiform skin disease. 
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FIGURE 18. Impaired generation and activation of alloantigen-specific Treg 
cells in CD18hypo mice. (A) Confocal microscopy displays reduced CD18 (red) 
experision on CD4+CD25+ T lymphocytes derived from CD18hypo mice (original 
magnification, ×63). (B) Percentage of adhered cells of each indicated cell type to 
ICAM-1. (C) CD4+ T cells from CD18wt, healthy CD18hypo and affected CD18hypo mice 
were stimulated with irradiated C57BL/6J DCs. 3[H]-thymidine incorporation assay 
were measured 72 hours later. (D) Numbers of aggregated clusters per-high power 
field in day 7-culture of CD4+ T cells derived from CD18wt and CD18hypo mice together 
with irradiated C57BL/6J DCs (left), and representative CFSE dilution profile of gated 
CFSE+CD4+ T cells in day 7-culture of CD4+ T cells derived from CD18wt and CD18hypo 
mice together with irradiated C57BL/6J DCs (middle and right). (E) One representative 
cluster of allogeneic DCs surrounding by activated CD4+ T cells of CD18wt and 
CD18hypo mice in day-7 culture (gray), and one representative cluster containing CD4+ 
T cells of CD18wt and allogeneic DCs was stained with anti-CD25 and MHCII (I-Ab) 
mAb (color). Cell nuclei were counterstained with DAPI (blue). Gray pictures, original 
mignification × 20. Color pictures, original mignification × 40. (F) Treg cells expanded 
by allogeneic irradiated C57BL/6J DCs in day-7 culture. (G) Expanded Treg cells in vivo 
into affected CD18hypo mice. Data are representative for at least three independent 
experiments. * p < 0.05 , ** p < 0.01 by Student’s t test.  
 

3.2.4. Reduced expression of TGF-β1 by CD18hypo Treg cells is 

responsible for the development of psoriasiform skin disease 

To provide further evidence that decreased expression of TGF-β1 by CD18hypo Treg 

cells is involved in the development of psoriasiform skin disease, I firstly analyzed 

TGF-β1 expression by Treg cells derived from CD18hypo and CD18wt in vivo.  

Interestingly, no membrane-bound TGF-β1 was expressed on CD25+ T cells in the 

lesional skin of CD18hypo mice (Figure 19A upper). FACS analysis further confirmed 

that neither intracellular nor membrane-bound TGF-β1 was expressed by CD25+ T 

cells derived from inflamed skin DLNs of affected CD18hypo mice (Figure 19A lower 

panel). Most interestingly, after adoptive transfer of Treg cells derived from CD18wt 

mice into affected CD18hypo mice with severe skin disease, strong TGF-β1 expression 

on the adoptively transferred CD18wt Treg cells was observed in the skin (yellow 

overlay) (Figure 19B) and skin DLNs (yellow overlay) (Figure 19C) of affected 

CD18hypo mice. This obervation is further comfirmed by FACS analysis of DLN cells 

(Figure 19D). These data demonstrate that CD18 at wild type expression levels is 

mandatory for the instruction of Treg cells to express TGF-β1 on their surface. 

Furthermore, these data show that CD18wt Treg cells are able to migrate into the 

diseased skin to suppress pathogenic Tresp cells, resulting in almost complete 
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resolution of the disease (Figure 19D-G). Furthermore, we observed 

membrane-bound TGF-β1 on CD18wt Treg cells (Figure 19E), but not on CD18hypo Treg 

cells (Figure 19F) is concentrated on side of contact with Tresp cells from CD18hypo in 

co-culture with allogeneic DCs in vitro. 
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FIGURE 19. Decreased expression of TGF-β1 by CD18hypo Treg cells. (A) 
Membrane-bound TGF-β1-Cy3 and CD25-FITC staining in the lesional skin (147), 
and FACS analysis of pooled spleen and skin DLNs from affected CD18hypo mice 
using TGF-β1 (intracellular and membrane-bound TGF-β1 staining) and CD25 mAb 
(lower). Original mignification × 20. To detect whether CD18wt Treg cells express 
TGF-β1 in affected CD18hypo mice, cryosections were prepared from skin samples and 
DLNs of affected CD18hypo mice 7 days after adoptive transfer of MACS sorted CD18wt 
Treg cells. These were double stained with CD18 and TGF-β1 mAb, overlay (yellow) 
depicting membrane-bound TGF-β1 on CD18wt Treg cells in the lesional skin (B) and 
DLNs (C) of CD18hypo mice. Original mignification × 40. (D) FACS analysis of pooled 
spleen and skin DLNs from affected CD18hypo mice 7 days after adoptive transfer of 
CD18wt Treg cells using TGF-β1 (for intracellular and membrane-bound) and CD25 
mAbs. This comfirmed that transferred CD18wt Treg cells expressed both intracellular 
and membrane-bound TGF-β1. To detect whether CD18wt Treg cells express 
membrane-bound TGF-β1 and contact with target Tresp cells of CD18hypo mice, 
magnetic bead-sorted Treg cells from CD18wt and CD18hypo mice were stimulated with 
irradiated C57BL/6J DCs for 7 days in the presence of sorted Tresp cells derived from 
CD18hypo mice, and cultured cells were double stained with CD25 and TGF-β1 mAbs. 
Overlay (yellow) depicting CD18wt Treg cells with expression of membrane-bound 
TGF-β1 and CD25 contacting with Tresp cell of CD18hypo mice. Membrane-bound 
TGF-β1 is concentrated on the side of contact (E).  No expression of 
membrane-bound TGF-β1 was detected on CD25+ cells derived from CD18hypo mice 
(F). Original mignification × 100. Data are representative for at least three independent 
experiments. ** p < 0.01 by Student’s t test. e, epidermis, d, dermis, h, hair follicle. 
Dotted lines indicate the border between epidermis and dermis. 
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3.2.5. CD4+CD25– Tresp cells of CD18hypo mice exhibit early proliferative 

responses 

Pre-activated Tresp cells are present in the blood of psoriasis patients (101). To 

address the question whether low CD18 expression elicits pre-activation of Tresp cells 

in CD18hypo and CD18null mice, we first studied the proliferation of Tresp cells derived 

from these mice using CFSE cell labeling. After 4 days of culture of CD4+CD25- T cells 

with TCR-mediated stimulation, proliferating Tresp cells derived from CD18wt, CD18hypo 

and CD18null mice were observed as distinct CD4+CFSE+ populations. Dividing 

capacity of Tresp cells derived from CD18hypo and CD18null mice was significantly 

increased compared to that of CD18wt mice (Figure 20A). 3[H]- thymidine 

incorporation assays further showed that Tresp cells derived from CD18hypo and 

CD18null mice, but not from CD18wt mice, exhibited an early and strong proliferation 

(Figure 20B). To determine whether Tresp cells of CD18hypo mice are also pre-activated 

in vivo, Tresp cells of affected CD18hypo and CD18wt mice were labeled with CFSE and 

transferred into healthy CD18hypo recipients. Six days after transfer, CD4+CD25- donor 

population from affected CD18hypo mice was detected in the skin DLNs of recipients 

with significantly enhanced proliferation. In contrast, almost no proliferation of 

CD4+CD25- donor population of CD18wt mice was found in the skin DLNs of recipients 

(Figure 20C). These data suggest that pre-activated autoreactive CD4+CD25- T cells 

occurred in CD18hypo, but not in CD18wt mice. 

 

3.2.6. Low CD18 expression enhances the generation of 

antigen-experienced T cells  

Depending on their history of antigen exposure, memory cells are characterized by a 

decrease in expression of markers like CD62L, CD45RA/B/C, and an increase in 

CD44 expression. Memory cells accumulate with age and antigen exposure, and are 

present at higher precursor frequencies with a lower activation threshold (148). To 

characterize phenotypes of CD4+ T cells in the periphery of CD18hypo mice, CD4+ T 

cells derived from the lesional skin and peripheral blood of affected CD18hypo mice 

were examined using FACS analyses. Interestingly, almost all CD4+ T cells were 
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FIGURE 20. Early proliferative response of Tresp cells of CD18hypo mice. Magnetic 
bead-sorted Tresp cells from CD18wt, CD18hypo and CD18null mice were labeled with 
CFSE and cultured with plate-bound anti-CD3 and soluble anti-CD28 mAbs. After 4 
days cells were harvested, stained with anti-CD4 mAb and anti-CD25, and analyzed 
by flow cytometry. (A) A representative result of four independent experiments is 
shown. (B) After 4 days of culture, these cells were harvested and assessed by 
3[H]-thymidine incorporation assay. Data represent the average results from at least 
four independent experiments. Results are expressed as the mean ± SEM. ** p < 0.01 
by Student’s t test. (C) Magnetic bead-sorted Tresp cells from CD18wt and affected 
CD18hypo mice were labelled with CFSE, and adoptively transferred into syngeneic 
healthy CD18hypo recipients. After 6 days skin DLNs cells of CD18hypo recipients were 
analyzed by flow cytometry. Representative CFSE dilution profiles of gated 
CFSE+CD4+CD25- T cells from affected CD18hypo (grey) and CD18wt donor mice 6 days 
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after adoptive transfer into healthy CD18hypo hosts. Data are representative of at least 
four independent experiments.  

 

CD44highCD62L-CD45RBlow in the lesional skin, and the numbers of these T cells were 

also increased in peripheral blood of affected CD18hypo, but not in CD18wt mice 

(Figure 21A). These data indicate that antigen-experienced memory CD4+ T cells are 

increased in lesional skin and peripheral blood of affected CD18hypo mice. FACS 

analysis demonstrated similar proportions of CD4+CD44+ T cells in the peripheral 

blood of CD18wt and healthy young CD18hypo mice (4 weeks of age). In contrast, the 

numbers of CD4+CD44+ T cells markedly increased when CD18hypo mice developed 

the psoriasiform skin disease at the age of 11weeks (Figure 21B). To study whether 

the absence of Treg cells promotes the generation of antigen-experienced autoreactive 

CD4+ T cells, we depleted Treg cells using anti-CD25 neutralizing mAb (PC61) in 

CD18wt and healthy CD18hypo mice.  PC61 mAb completely removed CD25+ Treg cells 

twenty-four hours after injection (Figure 21C). Interestingly, the number of 

CD4+CD44+ T cells rapidly increased in the blood with an accelerated onset of the 

psoriasiform phenotype in healthy CD18hypo mice after removal of Treg cells (Figure 

21D). In contrast, the depletion of Treg cells did not result in any significant change in 

the number of CD4+CD44+ T cells and consequently no development of the 

psoriasiform skin disease occurred in CD18wt mice (Figure 21E) even after 4 weeks 

of observation. These data show that dysfunction or lack of Treg cells promote an 

increase in effector/memory CD4+ T cells and the development of psoriasiform skin 

disease in CD18hypo, but not in CD18wt mice. 

 

3.2.7. CD4+CD25- T cells of affected CD18hypo mice are pathogenic in the 

development of the psoriasiform skin disease 

In order to study the contribution of CD4+CD25- memory T cells to the development of 

psoriasiform skin disease, 5×106 purified CD4+CD25- T cells derived from peripheral 

blood of affected CD18hypo mice were transferred into healthy CD18hypo recipients. Ten 

days after transfer all recipients developed erythema on the ears as well as erythema, 

hair loss and scales on the forehead (Figure 22A). The ear thickness of recipients  
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FIGURE 21. Reduced CD18 expression promotes the generation of 
antigen-experienced autoreactive CD4+ T cells. (A) The expression of CD44, 
CD62L and CD45RB of CD4+ T cells in lesional skin and periphery blood of CD18wt and 
affected CD18hypo are shown. (B) Percentages of CD4+CD44+ T cells of total CD4+ T 
cells in periphery blood of CD18wt, healthy CD18hypo and affected CD18hypo mice. Data 
represent the average results from 4 independent experiments as the mean ± SEM. ** 
p < 0.01 by Student’s t test. (C) Periphery blood samples were analyzed for the 
presence of CD4+CD25+ cells by flow cytometry before and 24 hours after treatment 
of neutralizing PC61 mAb or IgG control. Numbers in quadrants refer to percentages 
of Treg cells of gated cell populations. (D) Dot plots represent percentages of 
CD4+CD44+ cells in periphery blood of CD18hypo mice before and 14 days after 
treatment of neutralizing PC61 mAb. Representative clinical picture of a CD18hypo 

D 
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mouse with severe psoriasiform skin disease before (left) and after 14 days of 
treatment with PC61 mAb (right). An adapted PASI score showed accelerated onset 
of the psoriasiform skin disease for all 3 mice after 14 days of treatment with 
neutralizing PC61 mAb. (E) Dot plots represent percentages of CD4+CD44+ cells in 
periphery blood of CD18wt mice before and 14 days after a complete depletion of 
CD25+ T cells using neutralizing PC61 mAb. An adapted PASI score showed no 
changes of the psoriasiform phenotype for all 3 CD18wt mice after 14 days of 
treatment with neutralizing PC61 mAb. Data are representative of at least three 
independent experiments.  
 

was significantly increased 10 days post-injection of CD4+CD25- T cells (Figure 22B). 

Immunostaining showed an accumulation of CD4+ T cells, but neither macrophages  

(F4/80 staining) nor TNF-α expression were observed at day 5 after injection of 

purified CD4+CD25- T cells. At day 10, both CD4+ T cells and macrophages with 

strong TNF-α expression were detected (Figure 22C). Together with previous 

observations (29), these data suggest that CD4+ T cells first enter the skin followed by 

recruitment and activation of macrophages. 
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FIGURE 22. CD4+CD25- T cells are pathogenic in the CD18hypo psoriasis model. 
To study the contribution of CD4+CD25- T cells to the development of psoriasiform 
skin disease in our murine model, we transferred 5×106 purified CD4+CD25- T cells 
derived from periphery blood of affected CD18hypo mice into healthy CD18hypo 
recipients. (A) Clinical pictures of one representative mouse at day 0, day 10 and day 
20 after injection of CD4+CD25- T cells. (B) Ear thickness of recipients 10 days 
post-injection of CD4+CD25- T cells was measured (n=3). (C) Imumunostaining using 
anti-CD4 (green), F4/80 (green) and TNF-α (149) (red) mAb was performed as 
described in Material and Methods. Original mignification × 40. Results are expressed 
as the mean ± SEM. ** p < 0.01 by Student’s t test. e, epidermis, d, dermis, h, hair 
follicle. Dotted lines indicate the border between epidermis and dermis. 
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3.3. Identification of modifier genes of the psoriasiform skin disease by 

congenic strains in CD18 hypomorphic mice 

Psoriasis is a complex disease with both heritable and environmental factors 

contributing to disease onset and severity. The CD18 hypomorphic polygenic PL/J 

mouse model, which is characterized by reduced expression of the common chain of 

the β2 integrins (CD11/CD18), develops a skin disease that closely resembles human 

psoriasis. By contrast, CD18 hypomorphic C57BL/6J mice are resistant to the 

development of psoriasiform skin diaease. A genome-wide scan has been performed 

to locate loci involved in the manifestation of the psoriasiform skin disease under the 

condition of low expression of CD18 using a backcross between susceptible CD18 

hypomorphic PL/J mice and the resistant CD18 hypomorphic C57BL/6J strain. Two 

loci on chromosome 10 have been identified to be significantly linked to the disease 

and interacting in an additive fashion in disease development. An additional locus on 

chromosome 6 promoting earlier onset of disease in the most severely affected mice 

has also been identified (150). Here, experiments were set up to identify modfier 

genes which modify the development of psoriasiform skin disease in PL/J 

CD18hypo mice using congenic strains.  

 

3.3.1. Construction of congenics for PL/J alleles by Marker-Assisted 

Selection  

Two loci were previously identified on chromosome 10 significantly linked to the 

disease and interacting in an additive fashion in disease development as well as a 

locus on chromosome 6 promoting earlier onset of disease in the most severely 

affected mice (150). To determine which locus is essential for the development of 

psoriasifrom skin disease, these three loci were selected for congenic breeding with 

the resistant CD18 hypomorphic C57BL/6J inbred strain as background. Ninety-one 

informative markers covering the genome were optimized in each successive 

generation to precisely define the introgressed region derived from susceptible CD18 

hypomorphic PL/J mice. Backcrossing was carried out after 5 successive breedings 

for the elimination of PL/J alleles throughout the genetic background. Congenic mice 
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were established for chromosome 6 region (Figure 23A), Chromosome 10 regions 

(Figure 23B). 
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FIGURE 23. Construction of N5 congenic strains for recessive PL/J alleles by 
Marker-Assisted Selection. To determine which locus is critically essential for the 
development of psoriasifrom skin disorder, interesting loci derived from PL/J strain 
were selected for congenic breeding with the resistant CD18 hypomorphic C57BL/6J 
inbred strain as background. (A) Congenic strain which carrys interesting fragment of 
PL/J strain on chromosome 6, termed as Chr.6.  (B) Four congenic strains which 
carry interesting fragments of PL/J strain on chromosome 10, termed as Chr.10A, 
Chr.10B, Chr.10C and Chr.10D.  

 

3.3.2. Identification of 129/Sv alleles presenting in both CD18hypo PL/J 

strain and CD18hypo C57/B6 parental strain 

It has been shown that both PL/J CD18hypo and C57BL/6Jhypo parental strains in the 

present backcross contain the CD18hypo mutation on chromosome 10, which has been 

originally generated in 129/SvEv embryonic stem cells. Both PL/J CD18hypo and 

C57BL/6Jhypo still contain genomic DNA fragments from the 129/SvEv strain 

surrounding the CD18 gene on chromosome 10. To determine the exact position of 

129/SvEv strain insert in both PL/J CD18hypo and C57BL/6J CD18hypo parental strains 

used for congenic breeeding, additional markers for chromosome10 were used for 

typing. The insert of 129/SvEv strain in PL/J CD18hypo parental strain was identified to 

be from D10Mit 38 to D10Mit 178 (32cM), whereas the insert of 129/SvEv strain in 

Chr.10C B 



                                 93   

C57BL/6J CD18hypo strain was from D10Mit194 to D10Mit 178 (30cM) (Figure 24). 
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FIGURE 24. Location of the fragment originating from the 129/SvEv strain in 
both PL/J CD18hypo and C57BL/6J CD18hypo parental strains for congenic 
breeding. Additional markers of chromosome10 were used for typing of PL/J 
CD18hypo, C57BL/6J CD18hypo parental and 129/SvEv strains. The scale indicates 
positions in Centimorgan (cM) according to Ensembl mouse genome assembly 
(http://www.ensembl.org/Mus_musculus/). The interval ■ originally derived from 
129/SvEv strain that is presenting in both PL/J CD18hypo and C57BL/6J CD18hypo 
mice. 
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3.3.3. Fine mapping reveals the susceptibility locus of the psoriasiform 

skin disease is located in 11cM interval on Chromosome 10 

Five congenic lines have been generated using a speed congenic approach (125). A 

panel of 91 microsatellite markers was used to select breeding pairs. The congenic 

mice generated (Figure 25A, B) were named using the intervals derived from 

susceptible PL/J CD18 hypomorphic mouse on chromosome 6 and chromosome 10: 

chromosome 6 (D6Mit274–D10Mit14, 50cM), chromosome 10A 

(D10Mit75–D10Mit214, 19cM), chromosome 10B (D10Mit233–D10Mit271, 8 cM) and 

chromosome 10 (D10Mit75–D10Mit271, 70cM). 

Control strains were generated by 5 generations of backcrossing onto C57BL/6J 

CD18 hypomorphic stain and confirmation of the absence of PL/J CD18 hypomorphic 

mouse autosomes using 91 microsatellite markers. The psoriasiform skin disease 

developed in all 3 congenic strains which carry the common region 

(D10Mit214–D10Mit 194, this region is termed as Psoriasiform Skin Disease locus 1 

(PSD1) of chromosome 10 by 16 weeks. None of all other tested congenic strains and 

control strains showed psoriasiform skin disease (Figure 25C). These data clearly 

indicate that the psoriasiform skin disease susceptible locus is located in the 11 cM 

interval (D10Mit214–D10Mit 194) on chromosome10. 

 

3.3.4. Characterization of the psoriasiform skin disease in congenic mice 

carrying PL/J alleles on chromosome 10 

All congenic mice carrying PSD1 locus derived from CD18hypo PL/J parent developed 

a progressive psoriasiform skin disease, characterized by erythema, scale and crust 

formation on the back (Figure 26A). In contrast, control mice did not show any 

pathological skin phenotype (Figure 26B). The psoriasiform skin disease developed in 

C57BL/6J background containing PSD1 locus derived from CD18hypo PL/J parent 

showed similar clinical characterizations that occur in CD18hypo PL/J mice (28). 

Histological analysis of skin sections from PSD1 congenic mice but not control mice 

(Figure 26F) revealed hyperplasia of the epidermis, subcorneal microabscesses and 

hyperorthokeratosis (Figure 26C, D), and a diffuse inflammatory cell infiltrate was  
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FIGURE 25. Identification of the psoriasiform skin disease susceptible locus on 
chromosome 10. (A, B) Map of chromosome 6 and chromosome 10 showing 
microsatellite markers used for breeding chromosome 10A, chromosome 10B, 
chromosome 10C, Chromosome 10D and chromosome 6 congenic strains of mice. 
The scale indicates positions in Centimorgan (cM) according to Ensembl mouse 
genome assembly National Center for Biotechnology Information 32 
(http://www.ensembl.org/Mus_musculus/). The interval ■ selected for inclusion in the 
congenic strain and the interval □ between the selection markers for which inclusion 
or exclusion is not proven are indicated. The interval ■ originally derived from 
129/SvEv strain that is presenting in both PL/J CD18hypo and C57BL/6J CD18hypo mice. 
Location of the psoriasiform skin disease-associated locus (PSD1) is indicated on 
Chromosome 10 (D10Mit126-D10Mit38). (C) Onset of the psoriasiform skin disease 
for congenic and control mice. None of chromosome 10A congenic mice, 
chrsomosome 10D congenic mice, chromosome 6 congenic mice as well as control 
mice developed disease. One chromosome 10B mouse and all of 3 chromosome 10 
mice developed disease.  
 

observed in the dermis, (Figure 26E). It has been studied that the psoriasiform skin 

disease is dependent on CD4+ T cells and activated macrophages (151). To further 

analyze the cell infiltrate in lesional skin of PSD1 congenic mice, cryosections derived 

from affected congenic and control mice were stained with anti-mouse CD4 and 

anti-mouse F4/80 mAb. As expected, a marked CD4+ cell and macrophage infiltrate 

was observed in the dermis of congenic mice (Figure 26I, K), compared to control 

mice (Figure 26J, L). 

      CD44 expression was found to be elevated on CD4+ T cells in the lesional skin and 

peripheral blood of affected CD18hypo mice (Wang et. al., submitted). To characterize 

phenotypes of CD4+ T cells in the peripheral blood of PSD1 congenic mice, CD4+ T 

cells in peripheral blood of affected PSD1 congenic mice were examined using FACS 

analyses. Interestingly, the numbers of these CD4+CD44high T cells were also distinctly 

increased in peripheral blood of affected PSD1 congenic mice, compared to control 

mice (Figure 26M-Q). These data provide evidence that antigen-experienced memory 

CD4+ T cells are present in peripheral blood of affected PSD1 congenic mice identical 

to in affected CD18hypo PL/J mice. 
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formation on the back. (B) A littermate control mouse with the absence of PSD1 locus. 
(C) HE staining of skin sections from PSD1 congenic mice. (D) a higher mignification 
of arrow of C revealing subcorneal microabscesses with infiltration of neutraphils and 
hyperorthokeratosis. (E) A diffuse inflammatory cell infiltrate was observed in the 
dermis. (F) HE staining of skin sections from control mice. A marked CD4+ cell and 
macrophage infiltrate was observed in the dermis of congenic mice (I, K), compared to 
control mice (J, L). Increased numbers of CD4+CD44high T cells in periphery blood of 
affected PSD1 congenic mice, compared to control mice (M-Q). Cell nuclei were 
counterstained with DAPI (original magnification, ×20). e, epidermis; d, dermis; h, hair 
follicle. 
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4. DISCUSSION 
 
4.1. Activated macrophages are essential in a T cell-mediated murine 
psoriasis model   
Human psoriasis is regarded as a T cell-mediated disease (152). Earlier, it has been 

shown that CD4+ T cells are crucial for the generation of the psoriasiform skin disease 

in the PL/J CD18hypo psoriasis mouse model (29). In this study, an increased number 

of macrophages was observed directly beneath the epidermis of lesional skin of 

CD18hypo mice compared to CD18wt mice. Interestingly, the infiltrating macrophages 

presented both classically and alternatively activation markers, similar as described 

for human psoriasis (153). The pathogenic involvement of these subepidermally 

located macrophages designated as “epithelium lining macrophages” is largely 

unknown in human psoriasis (1, 25, 60, 61, 97). Therefore, in this study the PL/J 

CD18hypo mouse model was used to investigate a potential role of macrophages in the 

pathogenesis of this chronic psoriasiform skin inflammation. By means of 

macrophage depletion and neutralizing TNF-α this study shows that activated, 

TNF-α-releasing macrophages are causally involved in the pathogenesis of this 

psoriasiform skin inflammation. Both procedures resulted in a decrease of the 

adapted PASI score indicating improvement or resolution of the chronic psoriasiform 

skin inflammation.  

Since MCP-1 expression is high at the dermal-epidermal junction in human plaque 

psoriasis, and MCP-1 has strong macrophage recruiting properties (25, 139), this 

study investigated MCP-1 expression and its function in our mouse model of psoriasis 

in more detail. Both MCP-1 mRNA and protein levels were remarkably enhanced in 

lesional skin of affected CD18hypo mice compared to CD18wt mice. This may explain 

the strong infiltration by macrophages of the dermis in lesional skin of affected 

CD18hypo mice. A recent report further indicated that MCP-1 binds to the chemokine 

receptor CCR2 which was demonstrated to be expressed on peripheral blood 

monocytes from patients with psoriasis (97) and also on a subtype of murine 

monocytes principally involved in inflammation (29). Thus, MCP-1 and CCR2 
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interaction is likely to be of importance for monocyte/macrophage trafficking in 

inflammatory skin disorders (154). 

After intradermal injection of rJE/MCP-1, in fact, a distinct infiltration of mono-

cytes/macrophages was observed in the dermis of healthy CD18hypo mice. However, 

rJE/MCP-1 recruited macrophages failed to trigger psoriasiform skin disease in 

healthy CD18hypo mice even after eight weeks of observation. The data is in line with 

MCP-1 transgenic mice, in which MCP-1 overexpression led to a marked increase in 

monocytes/macrophages in lung and skin, but did not cause clinically relevant 

inflammatory phenotypes (155, 156). Even though intradermal injection of rJE/MCP-1 

caused a significant accumulation of monocytes/macrophages in the dermis of 

healthy PL/J CD18hypo mice, no TNF-α expression was observed in rJE/MCP-1 

injected skin areas. This data provides strong evidence that MCP-1 attracted 

macrophages were not activated. In a further attempt to induce the psoriasiform 

inflammatory skin disease in healthy skin areas of CD18hypo mice by activated 

macrophages, we injected LPS intradermally at a concentration of 25 μg daily or once 

a week for 6 weeks in the skin to recruit and activate macrophages (157). Both 

regimens led to recruitment of macrophages into skin. However, even daily LPS 

administrations were ineffective to induce the psoriasiform skin disease in healthy 

CD18hypo mice. Although injection of LPS resulted in the expression of TNF-α in the 

dermis of injected skin areas, TNF-α was not detectable in the injected skin areas 24 

hours post LPS injection, indicating that the activation of macrophages by LPS was 

only transient. Interestingly, single injection of rTNF-α did not have any effect on 

macrophage recruitment and consequently not on macrophage activation, while 

combined injection of rJE/MCP-1 and rTNF-α in healthy skin of CD18hypo PL/J mice 

resulted in the development of the psoriasiform skin inflammation at the injection sites 

both clinically and histologically identical to the observed spontaneously occurring 

psoriasiform inflammatory skin disease. Immunostaining showed that macrophages 

are found at the injection site, which reveals an activation state with further production 

of TNF-α. However, immunostaining did not detect any CD4+ T cells. These data may 

be in line with previous data showing that CD4+ T cells are able to activate 
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macrophages by the release of Th1 cytokines such as IFN-γ. In fact, CD4+ T cells of 

the CD18hypo mice have a 40-fold increase in IFN-γ release (29). However, once 

macrophages are activated directly from proinflammatory cytokines such as TNF-α 

they have the capacity to induce the psoriasiform inflammatory skin disease 

independent of CD4+ T cells. TNF-α has been recognized as a most important 

cytokine in the pathogenesis of psoriasis as early as 1991 (135). The cellular source 

of TNF-α release has been discussed to include T lymphocytes, mast cells and 

endothelial cells (158, 159). In this study, I found that macrophages represent an 

important source of TNF-α. Interestingly, in vitro data have earlier shown that TNF-α 

perpetuates macrophage activation with further TNF-α production (160). This finding 

is herein confirmed in vivo in our murine model of psoriasis. Hence, these data 

provide at least in part the mechanistic basis with activated, TNF-α-releasing 

macrophages playing an essential role in this chronic psoriasiform skin disease, which 

may help to understand the overall successful therapy of human psoriasis with a 

variety of TNF-α inhibitory agents (64, 132-134). 

As subcorneal microabscesses consisting of neutrophils and neutrophil infiltration of 

the dermis are histological features in human skin psoriasis (161), and in the herein 

studied PL/J CD18hypo psoriasis model as well (28), this study more precisely 

addressed their role in our model of chronic psoriasiform skin inflammation. This study 

showed that depletion of GR-1+ neutrophils using neutralizing antibodies, as 

controlled by FACS analysis and immunostaining of the skin, did not result in a 

decrease in the PASI score reflecting the severity of the skin inflammation. This very 

much suggests that the role of neutrophils is rather that of an innocent bystander, 

while macrophages do play a causal role in both models for psoriasiform skin 

inflammation. This is extremely interesting as it hints to a so far unknown multifaceted 

role of macrophages in different inflammatory processes. Results of my thesis show 

the mandatory requirement for macrophages in the T cell-mediated CD18hypo model 

for chronic psoriasiform skin inflammation. In this regard it has been earlier found that 

depletion of CD4+ T cells using neutralizing antibodies resulted in a complete 

resolution of the psoriasiform skin inflammation (29), suggesting that CD4+ T cells 
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play a critical role in the pathogenesis of this disease.  

In addition, the psoriasiform inflammatory skin disease did not develop in the PL/J 

CD18null mice with no CD18 expression, where macrophages are able to emigrate into 

the skin, while T cells cannot (29). This may support the view that T cell emigration 

precedes the recruitment and activation of macrophages in the murine model for 

chronic psoriasiform skin inflammation. It is further supported by the finding that 

adoptive transfer of effector/memory T cells (CD4+CD62LlowCD45RBlow) derived from 

CD18hypo mice with a psoriasiform skin disease into the tail vein of healthy CD18hypo 

PL/J mice resulted in the induction of the psoriasiform skin disease beginning at the 

ears and the facial area. Sequential biopsies reveal that at day 3 after the adoptively 

transferred CD4+ T cells are exclusively found in lesional skin, while at day 10 also 

activated macrophages have accumulated in high numbers (to be discussed later). 

Taken together this study envisions a sequence of events where effector/memory 

CD4+ T cells (CLA+CD44highCD62LlowCD45RBlow) – upon activation – may contribute to 

recruit and activate macrophages that produce proinflammatory cytokines such as 

TNF-α leading to the amplification of the inflammatory process and the full 

development of the psoriasiform inflammatory skin disease in PL/J CD18hypo mice. 

This view of effector/memory T cells in the immunopathogenesis of human psoriasis is 

shared by several reports (1, 162). 

In conclusion, the PL/J CD18hypo mouse model demonstrates that the psoriasiform 

inflammatory skin disorder critically depends on an appropriate activation of 

macrophages with sufficient release of TNF-α. Here, CD4+ T cells or simultaneous 

injection of MCP-1/TNF-α have a distinct macrophage activating role. This, in addition 

to other features shared with human psoriasis makes this model a valuable tool for 

future investigations into the pathogenesis of chronic inflammatory skin diseases such 

as human psoriasis – including their polygenic base – and for future preclinical 

studies. 

The next logical question which was addressed was what induces the accumulation 

and activation of macrophages in psoriasiform skin? In this model, T cells are required 

for macrophage recruitment, as previously shown by the fact that depletion of CD4+ T 
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cells from these mice induced complete resolution of skin disease (29). Why and/or 

how do T cells get activation in CD18hypo mice? The next couple of experiments 

ddress the involvement of a shifted immune balance between regulatory T cells and 

responder T cells and shed light on the activation of pathogenic T cells in CD18hypo 

PL/J mice.  

 

4.2. Low expression of CD18 causes immune imbalance in the murine 
psoriasis model 
The activation and accumulation of macrophages are essential for the maintenance of 

psoriasiform skin disease and activated T cells are causal for the activation of 

macrophages (29). To get insight into how T cells get activated, the causal 

contribution and distinct interaction of Treg cells and Tresp cells in the CD18hypo murine 

model of psoriasis was studied in vitro and in vivo. The results show, that in contrast to 

the CD18wt Treg cells, CD18 deficient Treg cells are dysfunctional in suppressing 

effector T cell responses. This reduction in the suppressive capacity, is due to 

decreased or absent CD18 expression on Treg cells and subsequent disruption of the 

physical contact between DCs and Treg cells, eventually impairing the generation of 

functional antigen-experienced Treg cells in CD18hypo mice. Moreover, despite 

CD4+CD25+ T cells in CD18wt and affected CD18hypo mice comprise similar 

proportions in skin DLNs, CD18hypo Treg cells have disrupted cell-cell contact with DCs 

with subsequently decreased expression of TGF-β1. The reduced TGF-β1 is 

responsible for the decreased suppressor function of Treg cells with enhanced 

generation of pre-activated Tresp cells which are causal for the onset and severity of 

psoriasiform skin disease.  

The role of CD18 involved in Treg cell expansion and function in the control of 

autoimmunity is not fully understood (122). In CD18null mice with the complete CD18 

deficiency neither Treg nor Tresp cells can migrate into the skin (29). Such migration 

does occur in the CD18 hypomorphic mouse, thus allowing studies on Treg /dendritic 

cell and Tresp cell interactions in the lymph node (LN) and the skin. Therefore, this 

model is particularly suited to address the role of reduced CD18 expression in Treg cell 
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expansion and their suppressive function on the development and severity of 

psoriasiform skin disease. Our major finding is that CD18wt Treg cells, when adoptively 

transferred into affected CD18hypo mice even at low numbers led to the resolution of 

the psoriasiform skin phenotype. This clearly strengthens the view that not only 

absent (122) but also reduced CD18 expression results in a severe defect in the 

function of Treg cells in the CD18hypo mice. Vice versa, adoptive transfer of Tresp cells 

derived from affected CD18hypo mice into healthy CD18hypo mice at an age of six 

weeks resulted in a prompt onset of the severe psoriasiform phenotype indicating that 

the suppressor function of Treg cells in CD18hypo recipients is severely impaired. This 

study identified that deficient or reduced CD18 expression on Treg cells impaired their 

physical cell contacts with antigen-loaded DCs, and resulted in reduced expression of 

Foxp3, which has been shown to be required for the development and function of Treg 

cells (130, 143, 144, 146, 163, 164). This study provides envidence that low CD18 

expression results in impaired cell-cell contact between DCs and Treg cells with 

subsequently impaired TCR activation eventually leading to reduced proliferation and 

suppressor function of Treg cells. This view is clearly supported by the impaired cluster 

formation between DCs and CD18hypo Treg cell function compared to CD18wt Treg cells. 

The physical contact between DCs and Treg cells is essential, as observed in different 

experimental settings. Important adhesion/signaling molecules for these contacts 

comprise CD28/B7 as well as CD80 and CD86. Blocking of either the CD28/B7 or the 

CD80/CD86 pathway resulted in rapid loss of Treg cells in vivo and subsequent loss of 

critical immune regulation (165-167). However, neither the B7/CD28 nor the 

CD80/CD86 molecules can compensate for the reduced CD18 expression on the 

CD18hypo Treg cells. Hence, the identification of CD18 as a major adhesion molecule in 

the formation of physical DC-Treg cell contacts which - if not expressed at appropriate 

concentrations on the cell surface of Treg cells - is responsible for the development of 

the psoriasisform skin disease. It is of major significance that the CD18 dependent 

disruption of DCs-Treg cell contacts also results in a substantial decrease in the 

intracellular and membrane-bound TGF-β1 of Treg cells both in vitro and in vivo. The 

central role of the low or absent CD18 expression for the disruption of DC-Treg cell 
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contacts, decreased TGF-β1 and impaired suppressor function is further sustained by 

several lines of evidence. First, antibodies directed against CD18 dose-dependently 

decreased formation of clusters, subsequent expansion/activation of Treg cells and 

membrane-bound TGF-β1 expression in co-culture of CD18wt CD4+CD25+ T cells with 

allogenenic DCs. Secondly, a major prerequisite for in vivo suppression of Tresp cells is 

an identical homing and migration pattern of Treg cells and Tresp cells allowing the 

required close cell-cell contact between Treg cells and Tresp cells which are silenced via 

membrane-bound TGF-β1. As antigenic stimulation and its potential suppression 

begins in the antigen DLNs and thereafter is continued in the target organs (145), the 

expression of intracellular and membrane-bound TGF-β1 on Treg cells in skin DLNs 

and the inflamed skin was investigated. Intracellular or membrane-bound TGF-β1 on 

Treg cells was not detected in inflamed skin and skin DLNs of severely affected 

CD18hypo mice. In contrast, adoptively transferred CD18wt Treg cells into affected 

CD18hypo PL/J mice which resolved the psoriasiform skin disease within 42 days, 

revealed a clear staining for TGF-β1 on CD18wt Treg cells in the skin and skin DLNs of 

CD18hypo mice. Thirdly, the disrupted cell-cell contact between Treg cells and Tresp cells 

due to low CD18 expression also contributes to the impaired suppressor function of 

Treg cells derived from CD18hypo mice. 

In contrast, low expression of CD18 did not disturb the cell-cell contact between DCs 

and Tresp cells, in that the latter are antigen-specifically activated and converted into 

the pathogenic memory T cells. In fact, Tresp cells derived from CD18hypo and CD18null 

mice revealed low levels of CD45RB and CD62L, and high levels of CD44, suggesting 

a memory phenotype. This is consistent with the prevalent memory phenotype of T 

cells isolated from the skin of human plaque psoriasis (168, 169). Depletion of Treg 

cells using anti-PC61 mAb increased the numbers of CD4+CD44high T cells in 

CD18hypo mice accompanied by the rapid onset of psoriasiform skin disease after two 

weeks. Collectively, these observations confirmed that the reduced expression of 

CD18 on Treg cells or absence of Treg cells is causal for the generation of autoreactive 

antigen experienced T cells in CD18hypo mice. 

Adoptive transfer of CD4+CD25-CD44highCD62L-CD45RBlow memory T cells derived 
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from the blood of affected CD18hypo mice triggers the psoriasiform skin disease in 

healthy CD18hypo mice. This provides strong evidence that this subpopulation of Tresp 

cells is pathogenic for the precipitation of the psoriasiform skin disease. 

Either depletion of CD4+ T cells (29) or activated TNF-α releasing macrophages (151) 

results in the significant resolution of the disease in the CD18hypo model. The adoptive 

transfer of CD4+CD25- T cells offers the unique opportunity to study the sequence of 

appearance of cell species involved in the pathogenesis of the psoriasiform skin 

disease. CD4+ T cells are first to be detected in the lesional skin and are causally 

involved in the subsequent recruitment and activation of macrophages which - by 

enhanced TNF-α release - are essential for the maintenance of the psoriasiform skin 

disease (29, 147, 151).  

TGF-β1 clearly plays a central role in the normal suppressor activity of Treg cells. 

Downregulation of CD18 results in diminished levels of this growth factor displayed by 

the Treg cells, ultimately leading to the appearance of CD4+ T cells in the inflamed skin 

and the consequences thereof (29, 147, 170).  

In conclusion, this study has shown that the psoriasiform inflammatory skin disorder in 

the CD18hypo PL/J mouse model critically depends on a shifted balance between 

dysfunctional Treg cells with a decrease in TGF-β1 and unrestrained pathogenic T cells. 

It highlights the critical role of CD18 in the function of Treg cells that controls 

development of the psoriasiform skin disease and other autoimmunity diseases, and 

may imply a potential immunotherapeutic strategy to boost immunity by 

TGF-β-producing Treg cells.  

Psoriasis is a complex genetic disease with both heritable and environmental factors 

contributing to onset and severity. To identify genetic factors underlying this skin 

disease several linkage analysis studies have been performed (2, 6, 83, 171-179). 

However, the susceptibility gene has not yet been discovered (180). Since other 

mouse strains (C57BL/6J, 129Sv) of different genetic backgrounds carrying the same 

CD18hypo mutation did not show any signs of the skin disease, this PL/J CD18hypo 

polygenic mouse model is suitable for identifying genes involved in the development 

of the psoriasiform phenotype with impact also for the human disease.   
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4.3. Identification of modifier genes in the CD18 hypomorphic PL/J 
mouse model 
In a previous study, we performed the first genome-wide linkage analysis in an animal 

model for psoriasis to search for loci that control onset, severity and clinical 

manifestations of this inflammatory skin disease. In the CD18hypo psoriasiform mouse 

model the mutation leading to reduced CD18 expression is known (28), and important 

modifier loci with dominant protective genes from the C57BL/6J mouse could be 

identified in a backcross between CD18hypo mice of the susceptible PL/J and resistant 

C57BL/6J strains. Apart from the CD18hypo mutation, it has been found that 

chromosome 10 harbours two loci significantly contributing to the disease (150). A 

locus on chromosome 6 was identified to predominantly influence the time point when 

first symptoms appear, potentially leading to a more severe disease. Three other 

regions, two on chromosomes 1 and one on chromosome 18 were shown to play a 

role in the severity of the psoriasiform dermatitis. As already observed in an earlier 

backcross experiment (28), the fact that no psoriasiform phenotype developed in 

(PL/J x C57BL/6J) F1 mice suggests recessive susceptibility PL/J or dominant 

suppressing C57BL/6J inheritance. The study of congenic strains was initiated in this 

thesis to refine the map of susceptible genes that contribute to development of the 

psoriasiform skin disease in PL/J strain. By current markers, five congenic strains 

carrying loci on chromosome 10 and chromosome 6 were generated after 5 

backcrossing to C57BL/6J CD18hypo inbred strain separately. The congenic strain of 

chromosome 10 A contains the upper region of chromosome 10 (19cM, from 

D10mit75 to D10mit216) of the PL/J strain did not develop the psoriasiform skin 

disease after 10 months of observation. By contrast, the congenic strain containing 

the 6cM small region of chromosome 10 of PL/J (6cM, from D10mit216 to D10mit38) 

developed the psoriasiform skin disease. Also the congenic strain of chromosome 

10B containing the whole chromosome 10 of PL/J strain developed a strong 

psoriasiform skin disease with an initial sign at 3.5 months age. Conegnic strain 

chromosome 10D containing the lower region of chromosome 10 (8cM, from 

D10mit233 to D10mit271) did not develop the psoriasiform skin disease after 10 
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months of observation. Conegnic strain chromosome 6 containing the middle region 

of chromosome 6 (50cM, from D6mit274 to D6mit14) do not develop the psoriasiform 

skin disease after 10 months observation. These data suggest that modifier genes 

which contribute to the development of psoriasiform skin disease are located in the 

region spanning 6cM on chromosome 10 (from D10mit216 to D10mit38), whereas, 

other PL/J alleles on chromosome 10 as well as alleles on chromosome 6 are not 

required for initiation of the psoriasiform skin disorder. This small region, containing 

susceptible gene/genes on chromosome 10 termed as PSD1 QTL, harbours more 

than 50 published genes. A continuous backcross will be performed to further dissect 

PSD1 QTL into smaller intervals for identification of modifier gene/genes on 

chromosome 10. The previous study indicated that PL/J alleles on chromosome 6 

linked to rather the onset of psoriasiform skin disease than susceptibility. Crossing the 

congenic strain containing PSD1 QTL on chromosome 10 with the congenic strain 

containing PL/J alleles on chromosome 6 might obtain congenic mice which carry 

PL/J alleles on both chromosome 10 and chromosome 6. These congenic mice may 

be useful to find out modifier gene/genes on chromosome 6. 

Kess et al showed that CD18hypo PL/J strain is no true inbred strain (150). 129/Sv 

alleles are still presented in both C57BL/6J CD18hypo and PL/J CD18hypo strains. After 

crossing the CD18hypo mutation five generations back onto the PL/J strain the 

percentage of PL/J alleles is theoretically 96.9 %, while it increases to 99.2 % after 

seven generations. In this study, N5 PL/J CD18hypo mice were used as donor, N10 

C57BL/6J mice as recipients for the generation of congenics. After 10 and 4 

generations of backcrossing to C57BL/6J and PL/J, respectively, the genomic DNA 

fragments on chromosome 10 surrounding the CD18hypo mutation still originating from 

129/SvEv was 32 cM long between markers D10Mit138 (27 cM) and D10Mit178 (59 

cM) for N5 PL/J CD18hypo mice, while 29cM long between markers D10Mit194 (30 cM) 

and D10Mit178 (59 cM) for N10 C57BL/6J CD18hypo mice. Consequently, since both 

parental strains used for generating the congenic animals carried this section of 

chromosome 10 originating from the same 129/Sv strain, all their offsprings carried 

the same fragment. For the genetic analysis this results in a fragment of chromosome 
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10 that was non-polymorphic in the cross and thereby did not contribute to any linkage 

information.  

The congenic mice which carry PSD1 QTL reveal a similar clinical picture observed in 

PL/J CD18hypo mice. Immunohistochemistry showed hyperplasia of the epidermis, 

subcorneal microabscesses with granulocytes infiltration. Inflammatory cell infiltrates 

including CD3+ T cells, F4/80+ macrophages were observed in the dermis of PSD1 

congenics. 

In this study I have started to produce speed congenic strains for chromosome 10 and 

6 candidate regions that will allow exclusion of certain candidate genes listed above 

and a reduction of the support interval to one that is amenable to physical mapping. 

As these genes identified in the mouse model might also play a role in the human 

disease, genetic analysis of CD18hypo mice may significantly contribute to the 

elucidation of the pathogenesis of human psoriasis. 
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5. SUMMARY 
 

Psoriasis, affecting about 2% of the population, is one of the most common, yet 

enigmatic human skin disorder. It’s cause remains unclear. Overwhelming 

circumstantial evidence is accumulating to indicate that it has an immunologic basis 

and results from both heritable and environmental factors contributing to disease 

onset and severity. As there is no naturally occurring animal disease mirroring both 

phenotype and immunopathogenesis of psoriasis, research into the pathogenesis of 

this common disorder has been severely hampered. Using a PL/J CD18 hypomorphic 

(CD18hypo) mouse model of psoriasis, this thesis addresses immunologic and genetic 

issues related to pathomechanisms of the psoriasiform skin disease in PL/J CD18hypo 

mice. 

Macrophage infiltration is a hallmark of psoriasis. In the psoriasiform skin disease, 

activated macrophages were significantly increased in lesional skin as well as in 

inflamed skin draining lymph nodes (DLNs) of affected CD18hypo mice and were 

identified to be an important source of TNF-α. In vivo both depletion of macrophages 

and neutralization of TNF-α resulted in a significant reduction of the psoriasiform 

dermatitis as well as in significant reduction of CD4+ T cells in the skin. Compared to 

wild-type mice, both mRNA and protein levels of MCP-1 were enhanced in lesional 

skin of affected CD18hypo mice. In order to investigate the conditions for this 

macrophage-mediated disease the intradermal injection of recombinant JE/MCP-1 or 

LPS was performed into the skin of healthy CD18hypo mice. Both agents caused a 

distinct accumulation of macrophages in the injected skin areas and skin DLNs, but 

failed to trigger continuous release of TNF-α or the psoriasiform skin disease. By 

contrast, the injection of combination of recombinant JE/MCP-1 and recombinant 

TNF-α elicited skin lesion in healthy PL/J CD18hypo mice. Collectively, the data 

suggests that maintenance of the psoriasiform skin disorder critically depends on an 

appropriate activation of macrophages with sufficient release of TNF-α. 

Dysfunctional Treg cells and unrestrained pathohenic Tresp cells were identified in 

human psoriasis patients. To shed light on the mechanisms that mediate Treg cells 
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suppression of autoimmunity, the functions of Treg and Tresp cells were examined in 

CD18hypo mice. Low expression of CD18 is responsible for the disruption of cell-cell 

contacts between dendritic cells and CD4+CD25+ Treg cells. This disruption of cell-cell 

contacts results in an impaired suppressor function of CD4+CD25+ Treg cells on 

pathogenic responder T cells. Reduced expression of TGF-β1 on CD4+CD25+ Treg 

cells of CD18 hypomorphic mice was found to be causal for their impaired suppressor 

function. In contrast, low expression of CD18 does not disturb the cell-cell contacts 

between dendritic cells and CD4+CD25- Tresp cells in that they are antigen specifically 

activated and converted into pathogenic memory T cells. In conclusion, the reduced 

suppressor activity of Treg cells in association with unrestrained pathogenic Tresp cells 

leads to the development of the psoriasiform skin disease in CD18hypo mice. 

Psoriasis appears to result from a combination of genetic and environmental factors. It 

is frequently inherited and passed from one generation to the next (between 

successive generations), but does not follow a classical autosomal mendelian profile. 

Thus, it becomes more difficult to determine the key modifier genes which trigger the 

development of psoriasis. In this thesis, modifier genes which contribute to the 

development of psoriasiform skin disease were isolated from the susceptible PL/J 

CD18hypo mice, and were transferred into the resistant C57BL/6J CD18hypo mice using 

a speed congenic approach. Five congenic strains for PL/J alleles were constructed, 

two congenic stains carrying the PL/J CD18hypo fragment from D10Mit126 to 

D10Mit194 on chromosome 10 developed the psoriasiform skin disease with identical 

characterizations of psoriasiform skin disease in PL/J background. In contrast, the 

other congenic strains with the absence of this fragment were collectively referred to 

as controls and did not develop any cutaneous phenotype. The susceptible gene of 

the psorisiform skin disease is located in a 11 cM region on chromosome 10, whereas 

PL/J allele on chromosome 6 is not essential for it’s development. 

These results are important as they offer novel insights in the pathomechanisms 

underlying the immunologic basis of psoriasis, identify new targets for efficient 

therapeutic approaches, and contribute to identify key modifier genes which may be of 

relevance for human psoriasis. 
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6. PERSPECTIVES 
 

Infiltration of macrophages, especially around the epidermal/dermal interface, is a 

well-established feature of human psoriasis, however, the contribution of these cells to 

psoriatic inflammation was previously unknown (25, 60, 61). Based on the results of 

this thesis macrophages may play a central role in the pathogenesis of the 

psoriasiform skin disease in maintaining and amplifying the T cell-dependent 

psoriasiform skin disease in this murine model of psoriasis. It is logical to identify 

whether activated macrophages have similar phenotypes in human psoriasis. If so, it 

is reasonable to develop therapeutic agents to perform more selective treatments 

aimed at blocking moncytes/macrophages recruitment or silencing the activation of 

macrophages for patients with psoriasis and other chronic inflammatory diseases. 

Dysfunctional CD4+CD25+ Treg cells and CD4+CD25- effector T cells have been 

identified in human psoriasis, however, their role in its pathogenesis remains unclear. 

Results from this thesis identified that the reduced expression of CD18 impairs Treg 

cell - DC contact, which led to a defect in antigen-specific expansion and activation of 

Treg cells, eventually resulting in dysfunctional Treg cells. In contrast, CD18wt Treg cells 

have normal suppressor function, and it is mediated by TGF-β1. Dysfunctional Treg 

cells fail to sufficiently suppress the proliferation of pathogenic CD4+ T cells that 

subsequently accelerate the onset and severity of the psoriasiform skin disease. 

These findings clearly support the concept that CD18 adhesion molecules involved in 

Treg cell - DC contact are essential for proper functioning of Treg cells to avoid 

autoimmune disease.  

To further understand the in vivo mechanism of Treg cell function in CD18hypo mice, 

visualizing how Treg cells derived from CD18wt or CD18hypo mice interact with DCs 

when they are reconstituted into affected CD18hypo mice using two-photon 

laser-scanning microscopy is necessary. It may hint as to why CD18hypo Treg cells do 

not produce TGF-β1 even under the condition of the psoriasiform skin inflammation. 

According to results in this thesis it would be interesting to identify whether Treg cells 

derived from human psoriasis patients have decreased TGF-β1 expression. It may be 
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possible in the near future to develop/use agents that enhance relative levels of 

TGF-β1 produced by Treg cells to suppress the pathogenic T cells in autoimmune 

diseases, such as psoriasis. In fact, CD3-specific mAb had successfully been used for 

the education of Treg to produce TGF-β1 to suppress autoimmune encephalomyelitis 

in mice (150). Also, antibodies directed againstCD18 which enhance the avidity of β2 

intergrins may compensate the defective DC-Treg cell-cell contact.  

Apart from PL/J CD18hypo mice, other mouse strains (C57BL/6J, 129Sv) of different 

genetic backgrounds carrying the same CD18hypo mutation did not show any signs of 

the skin disease (28). This may be related with different autoantigens in different 

inbred strains. The psoriasiform skin disease of CD18hypo PL/J mice is a CD4+ T cells 

mediated autoimmune disease (29). Current evidence suggests that a limited number 

of self-antigens are normally recognized by the immune system (181, 182), and that 

loss of proper regulation of reactivity to these antigens contributes to autoimmune 

disease (183). Identification of autoantigens recognized by T cells in this mouse 

model is of particular interest for understanding the role of autoantigens in the mouse 

model and potentially also in human psoriasis, or other autoimmune diseases. 

In this study ‘speed congenics’ has been started for chromosome 10 and 6 candidate 

regions will allow the exclusion of certain candidate genes and will further lead to a 

reduction of the support interval to one that is amenable to physical mapping. These 

genes identified in the mouse model might be related to autoantigens that contribute 

to the development of the the psoriasiform skin disease in CD18hypo PL/J mice. 

These future perspectives will give insight in the role of adhesion molecules in 

interaction of dendritic cells and regulatory T cells, will identify potential genes and 

autoantigens in a model very much resembling the human psoriasis, and possibly 

other autoimmine and T cell dependent diseases. 
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