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Zusammenfassung 

Hintergrund und Zielsetzung: Die Systemische Sklerose (SSc) ist eine komplexe autoimmune 

Bindegewebserkrankung mit unklarer Pathogenese. Vor kurzem wurde in unserer Arbeitsgruppe ein 

neuartiges humanisiertes Mausmodell für SSc etabliert, bei dem mononukleäre periphere 

Blutzellen (PBMC) aus SSc-Patienten in Rag2-/-Il2R-/- immundefiziente Mäuse übertragen werden. 

Mäuse, die PBMC von SSc-Patienten erhalten, entwickeln systemische Entzündungssymptome in 

Lunge, Niere und Leber, welche in dieser Form auch in der SSc auftreten. In der vorliegenden 

Studie sollte die Rolle der menschlichen T- und B-Zellen in der Pathogenese der experimentellen 

SSc im humanisierten Mausmodell untersucht werden.  

Methoden: PBMC wurden aus 11, in der Rheumatologischen Klinik der Universität 

Lübeck behandelten, SSc-Patienten isoliert. Humane CD3+ T- oder CD19+ B-Zellen wurden mit 

Hilfe magnetischer Zellsortierung (MACS) aus den PBMC entfernt.  Um eine Erkrankung bei 

Mäusen zu induzieren, wurden 2 × 107 PBMC vor bzw. nach T- oder B-Zelldepletion mittels 

intraperitonealer (i.p.) Injektion in die Rag2-/-Il2R-/- Mäuse übertragen. Die Empfängermäuse 

wurden  12 Wochen nach dem Transfer abgetötet und Blut, Milz, Lunge, Niere, Herz, Leber, 

Muskel, Ösophagus, Darm sowie Haut für weitere Untersuchungen gesammelt. Menschliche T- und 

B-Zellen wurden vor dem Transfer und in der 6. und 12. Woche nach dem Transfer mittels 

Durchflusszytometrie (FACS) bestimmt. Weiterhin wurden die Serumspiegel des humanen Gesamt-

IgGs, sowie die Spiegel spezifischer Antikörper gegen Angiotensin-II-Typ-1-Rezeptors (AT1R) und 

Endothelin-1-Typ-A-Rezeptors (ETAR) in den Empfängermäusen mittels ELISA gemessen. Die 

Histopathologie der Haut und der inneren Organe wurde in Schnitten nach Hämatoxylin- und 

Eosin-(H&E-)Färbung untersucht. Definierte Zellpopulationen in den erkrankten Organen wurden 

durch immunhistochemische Verfahren bestimmt. 

Ergebnisse: Sowohl T-Zellen als auch B-Zellen konnten durch Depletion erfolgreich aus den 

PBMC der Patienten entfernt werden. Dabei zeigte sich, dass Mäuse, welche Gesamt-PBMC aus 

SSc-Patienten erhalten hatten, eine gegenüber Mäusen mit T- oder-B-Zell depletierten PBMC 

deutlich erhöhte Sterblichkeitsrate aufwiesen. Dieser Effekt setze sich in der Entwicklung des 

Krankheitsbildes der experimentellen SSc fort. Während Mäuse nach Tranfer von Gesamt-

PBMC massive Enzündungszeichen in Lunge, Niere und Leber entwickelten, waren Tiere nach 

Übertragung von T- oder B-Zell-depletierten PBMC weitgehend vor einer Erkrankung geschützt. 

Weitergehende Untersuchungen zeigten, dass die Mäuse nach Erhalt der Gesamt-PBMC gegenüber 

der Kontrollgruppe höhere Zahlen an humanen Leukozyten im peripheren Blut und signifikante 

Mengen an humanem IgG und anti-AT1R und anti-ETAR-Autoantikörpern aufwiesen. Darüber 

hinaus bildeten Mäuse, denen, Gesamt-PBMC transferiert wurden, eine strukturierte Architektur 

der Milz aus, die durch eine Pulpa alba mit funktionellen Keimzententren charakterisiert war. Diese 

Strukturierung war weder in unbehandelten Rag2-/-Il2R-/- Mäusen noch in Tieren nach Übertragung 
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von T- oder B-Zell-depletierten PBMC  sichtbar. Die IHC-Analyse zeigte, dass die Pulpa alba von 

Mäusen nach Transfer von PBMC  aus SSc-Patienten überwiegend aus humanen CD20+ B-Zellen 

und CD4+ T-Zellen sowie einer geringen Menge an humanen CD8+ T-Zellen und 

CD138+ Plasmazellen gebildet wird.  

Schlussfolgerungen: Diese Studie zeigt, dass sowohl T- als auch B-Zellen eine essentielle Rolle in 

der Pathogenese der experimentellen SSc spielen. Die Identifikation von humanen Lymphozyten 

als Treiber der Erkrankung im verwendeten Tiermodell liefert einen starken Hinweis darauf, dass 

ein vergleichbarer Mechanismus in der SSc im Menschen existieren könnte. 
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Summary 

Background and objective: Systemic sclerosis (SSc) is a complex autoimmune connective tissue 

disease with an unclear pathogenesis. Recently, a novel humanized mouse model for SSc was 

established in our group by transferring peripheral blood mononuclear cells (PBMC) from SSc 

patients to Rag2-/-Il2R-/- immunodeficient mice. Mice receiving PBMC from SSc patients but not 

from healthy controls develop systemic inflammation in lung, kidney and liver, partially 

resembling SSc. In the current study, I aimed to investigate the role of human T and B cells in this 

humanized mouse model for SSc.  

Methods: PBMC were isolated from 11 SSc-patients which were under treatment at the 

Department of Rheumatology, University of Lübeck. Human CD3+ T or CD19+ B cells were 

depleted from PBMC using a magnetic activated cell sorter (MACS). To induce disease in mice, 2 

× 107 PBMC before or after T- or B-cell depletion were transferred into Rag2-/-/Il2R-/- mice via 

intraperitoneal (i.p.) injection. The recipient mice were sacrificed at week 12 after the transfer, and 

blood, spleen, lung, kidney, heart, liver, muscle, esphogus, intestines as well as skin were collected 

for further evaluation. Human T and B cells were determined using flow cytometry (FACS) 

analysis before the transfer and at the 6th and 12th week after the transfer. Serum levels of total 

human IgG, anti-angiotensin-II type1 receptor (AT1R) IgG and anti-endothelin-1 type A receptor 

(ETAR) IgG in recipient mice were determined by ELISA. Histopathology of the skin and inner 

organs were evaluated by hematoxylin and eosin (H&E) staining. Moreover, histology and 

cellularity of murine spleens were determined by H&E and immunohistochemstry (IHC) staining, 

respectively. 

Results: Both T cells and B cells were efficiently depleted from patients’ PBMC. After transfer, 

mice received whole PBMC from SSc patients showed a significantly higher mortality rate than 

mice received T or B cell-depleted PBMC. At week 12 after cells transfer, mice engrafted with 

whole PBMC showed higher levels of human leukocytes in peripheral blood than mice received 

corresponding T or B cell-depleted PBMC. Strikingly, mice transferred with whole PBMC from 

SSc patients developed systemic inflammation in the lung, kidney and liver, while such 

inflammation was not observed in mice transferred with corresponding T or B cell-depleted PBMC. 

During the course of the experiment, considerable amount of human IgG and anti-AT1R and anti-

ETAR autoantibodies were detectable in mice after transfer of whole PBMC but not T or B cell-

depleted PBMC. Moreover, mice transferred with whole PBMC developed a typical white pulp in 

their spleens containing functional germinal centers (GCs) which was absent in untreated Rag2-/-

/Il2R-/- immunodeficient mice, or did not contain functional GC seen after engraftment with T or B 

cell-depleted PBMC. IHC analysis demonstrated that the splenic white pulps in mice transferred 

with PBMC from SSc patients consisted of predominantly human CD20+ B cells and CD4+ T cells, 

as well as small amount of human CD8+ T cells and CD138+ plasma cells.  



 

4 

 

Conclusions: This study demonstrates that both T and B cells are indispensable for the 

development of the disease of experiment SSc. The identification of human lymphocytes as drivers 

of the disease in the animal model used here argues strongly for the presence of a corresponding 

mechanism in SSc in humans. 
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Abbreviation 

SSc, systemic sclerosis; PBMC, peripheral blood mononuclear cells; MACS, magnetic activated 

cell sorter; FACS, flow cytometric analysis; AT1R, angiotensin-II type1 receptor; ETAR, 

endothelin type A receptor; H&E, hematoxylin and eosin; IHC, immunohistochemstry; GCs, 

germinal centers; ACR, American College of Rheumatology; EULAR, European League Against 

Rheumatism; ACA, anti-centromere-specific antibodies; ATA, anti-DNA topoisomerase I 

antibodies; GIT, gastrointestinal tract; lcSSc, limited cutaneous SSc; dcSSc, diffuse cutaneous SSc; 

ACE, angiotensin-converting enzyme; SCR, scleroderma renal crisis; PAH, pulmonary arterial 

hypertension; NOR, nucleolus organizing regions; MMP, matrix metalloproteinases; TGF, 

transforming growth factor; Treg, regulatory T cells; AHR, arylhydrocarbon receptor; HLA, human 

leukocyte antigen; BANK1, B cell scaffold protein with ankyrin repeats 1; INF. interferon; IRF4, 

interferon regulatory factor 4; STAT4,  signal transducer and activator of transcription 4; TNFAIP3, 

tumor necrosis factor alpha-induced protein 3;  IRAK1, interleukin-1 receptor-associated kinase 1; 

TERT, telomerase reverse transcriptase; ATP8B4, ATPase phospholipid transporting 8B4; 

DNASE1L3, deoxyribonuclease 1 like 3;  ATG5, Autophagy Related 5; PBC, primary biliary 

cirrhosis; SLE, systemic lupus erythematosus; MG, myasthenia gravis; PV, pemphigus vulgaris; 

T1DM, type 1 diabetes mellitus; SS, Sjogren’s syndrome; RA, rheumatoid arthritis; BP, bullous 

pemphigoid; PF, pemphigus foliaceus; AS, ankylosing spondylitis; RTX, rituximab; ARRIVE, 

Animal Research: Reporting of In Vivo Experiments; FCS, fetal cow serum; BSA, bovine serum 

albumin; i.p., intraperitoneally; RBC, red blood cell; RT, room temperature; ELISA, enzyme-linked 

immunosorbent assay; SD, standard deviation; KO, knock out; AMA, anti-mitochondrial antibody; 

Tfh, follicular helper T; TCR, T cell receptor; MHC II, major histocompatibility complex; ICOS, 

inducible costimulator; ICOS-L, inducible costimulator ligand.  
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1. Introduction 

1.1 Systemic sclerosis  

Systemic sclerosis (SSc), also known as scleroderma, is a systemic autoimmune connective tissue 

disease which is characterized by autoimmunity, inflammation, vasculopathy and fibrosis (1). The 

prevalence and incidence of SSc vary considerably among different ethnic populations (1). For 

example, high prevalence (276–443 per million) and incidence (14–24 per million per year) have 

been reported in populations of European ancestry, whereas Asian populations are associated with 

low prevalence (<150 per million) and incidence (<11 per million per year) (2-6). Like many other 

autoimmune diseases, SSc is featured by gender difference, with female-to-male ratios ranging 

from 3:1 to 14:1 among geographical populations(3, 5).  

 

1.1.1 Clinical features in SSc 

In 1980, a preliminary classification criteria for SSc was proposed by American College of 

Rheumatology (ACR) (7). However, the 1980 ACR classification criteria for SSc lacks adequate 

sensitivity for early SSc and limited cutaneous SSc. In 2013, the ACR and European League 

Against Rheumatism (EULAR) jointly proposed a new criteria for the classification of SSc in 

which both clinical manifestations and immunological parameters are incorporated to enable an 

improved and earlier diagnosis (8). The diagnostic parameters of the 2013 ACR/EULAR criteria 

are as follows: 1) skin thickening of the fingers of both hands extending proximal to the 

metacarpophalangeal joints, 2) finger tip lesions, 3) telangiectasia, 4) abnormal nailfold capillaries, 

5) pulmonary arterial hypertension and/or interstitial lung disease, 6) Raynaud's phenomenon, and 

7) SSc-related autoantibodies including anti-centromere-specific antibodies (ACA) and anti-DNA 

topoisomerase I antibodies (ATA) and anti-RNA polymerase III antibodies, with maximal scores of 

9, 3, 2, 2, 2, 3 and 3, respectively. Patients with a total score of 9 or more could be definitely 

diagnosed as SSc (8). 

 

Majority of patients with SSc suffer from skin manifestations, such as skin fibrosis, Raynaud's 

phenomenon and ischemic ulcers (9). Besides skin involvement, many inner organs including the 

lung, kidney, heart, and gastrointestinal tract (GIT) are often affected in SSc (10). Generally, SSc is 

classified into two main subtypes based on the extend of skin involvement: 1) limited cutaneous 

SSc (lcSSc) in which skin sclerosis is restricted to the hands and, to a lesser extent, to the face and 

neck, and 2) diffuse cutaneous SSc (dcSSc) in which patients develop extensive skin sclerosis (11). 

In addition to the 2 major subsets, there are 2 infrequent subtypes of SSc, SSc sine scleroderma in 

which skin is not involved, and SSc overlap syndrome in which patients develop at least two 

connective tissue diseases at the same time (12).  
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Compared to other autoimmune disorders, SSc is featured by a poor prognosis, with a 10-year 

survival rate of 60-70% (13). The SSc-related death is often a consequence of involvement of inner 

organs (2, 4, 6). Prior to the use of angiotensin-converting enzyme (ACE) inhibitors in 1980’s, 

scleroderma renal crisis (SCR) was the leading cause of the SSc-related death (14, 15).  SRC 

occurs in approximately 5% of SSc patients, most commonly in those with dcSSc and early-stage 

(<4 years) disease (1, 14). Generally, the development of SRC starts with the deposition of 

mucopolysaccharides in the vascular intima, renal fibrosis and thickening of glomerular basement 

membrane and proteinuria, which consequently leads to the malignant hypertension and oligo-

anuric acute renal failure (16). Currently, the leading causes of SSc-related death are the lung 

manifestations, including pulmonary fibrosis and pulmonary arterial hypertension (PAH) (1, 17, 

18).  

 

In addition to the kidney and lung, many other inner organs can be affected in SSc. For example, 

GIT involvement occurs in approximately 90% of patients with SSc. The most common SSc-

associated sympotom in GIT is gastroesophageal reflux disease owing to the impairment of 

esophageal motility and the incompetence of the lower oesophageal sphincter (1, 19). Additionally, 

the oral cavity, stomach and intestines as well as the liver and pancreas were also commonly 

affected in SSc (19, 20). With regard to cardiac involvement, myocardial damage, conduction 

system fibrosis, coronary artery vasospasm and structural alterations and pericardial damage have 

been observed in patients with SSc (21). Consequently, SSc patients develop a variety of cardiac 

complications such as systolic or diastolic dysfunction, impaired ventricular filling, arrhythmias, 

and congestive heart failure (21-23). Besides, a notable proportion of patients with SSc also 

develop musculoskeletal complications such as artheropathy and myositis, which may lead to 

extremity dysfunction and disability (1, 24).  

 

1.1.2 Immunological features of SSc 

SSc is associated with hyper-γ-globulinemia and the presence of various autoantibodies (25). 

Among SSc-associated autoantibodies, ACA, ATA and anti-RNA polymerase III antibodies are 

currently used as diagnostic markers for the disease (8, 26). Usually, ATA and anti-RNA 

polymerase III antibodies are strongly associated with dcSSc and a poor prognosis, while ACA are 

associated with lcSSc (26). Besides the three autoantibodies, anti-Th/To antibodies and 

autoantibodies against nucleolus organizing regions (NOR) of 90-kDa antigen (anti-NOR-90 

antibodies) have also been demonstrated to be associated with SSc (27-29). Notably, high levels of 

anti-Scl70 antibodies are associated with an increased extend of cutaneous involvement (30), and 

the former anti-Th/To antibodies are associated with lcSSc and pulmonary hypertension (28). 

Although the abovementioned autoantibodies are associated with SSc, none of them have been 
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shown to be pathogenic.  

 

Recently, some further autoantibodies have been shown to be associated with SSc and/or its clinical 

manifestations. These autoantibodies which are specified as “functional” if its direct interaction 

with an identified target antigen leads to a molecular pathway activation or inhibition that can be 

replicated in an experimental setting, are suggested to contribute to the development of SSc (31). 

These autoantibodies are: 1) autoantibodies against endothelial cells which are able to induce 

endothelial activation and apoptosis (32-34), 2) anti-angiotensin-II type1 receptor (AT1R) and anti-

endothelin type A receptor (ETAR) which are capable to stimulate the corresponding receptor and 

induce the production of pro-inflammatory and pro-fibrotic cytokines (35-38); 3) anti-fibroblast 

antibodies which are able to trigger pro-adhesive and pro-inflammatory phenotypic changes in 

fibroblasts (39-42); 4) anti-matrix metalloproteinases (MMP)-1 and -3 antibodies which are 

capable to prevent the degradation of excess collagen in the extracellular matrix (43, 44); and 5) 

anti-fibrillin 1 antibodies which are able to induce fibroblast activation and the release of 

sequestered transforming growth factor (TGF)-β from fibrillin-1-containing microfibrils into the 

extracellular matrix (45-47). However, the pathogenicity of those functional autoantibodies needs 

to be verified in future studies. 

 

Apart from autoantibodies, SSc is also featured by inflammatory infiltration in multiple organs. 

Histological studies indicate that such infiltrates are present at very early stages, preceding the 

onset of fibrosis (48, 49). These cellular infiltrates are composed mostly of T cells, which are 

dominated by CD4+ T cells associated with a small amount of CD8+ T cells (49, 50). It has been 

proposed that CD4+ T cell subsets such as Th1, Th17, Th22, Th9 play a role in the inflammatory 

phase of SSc and Th2 cells contribute to tissue fibrosis (51-56). In addition, abnormailties of 

regulatory T cells (Treg) have also been observed in SSc, where the proportions of functionally 

impaired Treg cells and profibrotic cytokine-producing Tregs are increased in SSc patients as 

compared to healthy subjects (57-59). 

 

1.1.3 Risk factors for SSc 

As many other autoimmune diseases, SSc is a consequence of the interaction between enviromental 

risk factors and genetic predisposition.   

 

1.1.3.1 Role of environmental factors in SSc 

Recently, increasing evidences have demonstrated that environmental and occupational factors 

contribute to the development of SSc, such as silica dust, solvents, chemicals, drugs, infectious 

agents and air pollution (60-62). Numerous infectious agents including Parvovirus B19, 



Introduction 

9 

 

Cytomegalovirus, Epstein-Barr virus, Retroviruses have been proposed as possible triggering 

factors for SSc (63). Since there is considerable homology between viruses and autoantigens, 

molecular mimicry may play a role in initiating autoimmune responses in SSc (64). Apart from 

infectious microorganisms, biological substances might also contribute to the development of SSc. 

For example, air pollutants could not only bind to the arylhydrocarbon receptor (AHR) to regulate 

Th17 and Treg cells, but also induce epigenetic changes to contribute to the development of 

autoimmune diseases (65). Another example is silica, a substance which is able to induce 

pulmonary inflammation and fibrosis (66). A epidemiological study showed that the risk of SSc 

appears to be markedly associated with high cumulative exposure of silica dust (67). In addition, 

some drugs such as bleomycin or paclitaxel are also associated with the development of SSc (68). 

Finally, organic solvents, including different compounds, i.e. white spirit, aromatic, aliphatic-chain, 

chlorinated solvents, ketones and welding fumes, have been reported to be associated with SSc (67, 

69, 70). These environmental factors potentially affect immune-inflammatory responses and/or 

fibrotic responses by directly acting on cellular signaling pathways (65, 71) and/or through 

inducing epigenetic changes (72-74). 

 

1.1.3.2 Role of genetic factors in SSc 

It has been estimated that the relative risk of developing SSc is 1.6% in families with a history of 

SSc and 0.026% in general population, suggesting a role of genetic risk factors in the development 

of the disease(75, 76). Dissecting the genetic basis of SSc is a valuable strategy to explore the 

pathogenesis of the disease. So far, many susceptibility genes of SSc have been identified, 

suggesting that they are involved in the development of the disease (74, 77-80).  

 

Among these susceptibility genes, human leukocyte antigen (HLA) loci show the strongest 

association with SSc. Many HLA class II genes such as HLA-DQA1, HLA-DQB1, HLA-DPB1 and 

HLA-DRB1 have been shown to be associated with the susceptibility to SSc (74, 79, 81). In 1981, 

Gladman et al. reported that HLA-DR5 which consists HLA-DRB1*11 and HLA-DRB1*12 is 

associated with and increased risk for SSc in Caucasian (82), for the first time demonstrating an 

association between HLA class II genes and SSc. Further studies refined the association and 

showed that HLA-DRB1*11, in particulary HLA-DRB1*1104 is strongly associated with the 

increased risk for SSc(83, 84). In addition to Caucasian, the strong association of HLA-DRB1*11 or 

HLA-DRB1*1104 with SSc has been observed in Greece, Hispanic, Iranian, Turkish and African 

populations (83, 85-89). Besides, DQA1*0501 and DQB1*0301 which form a haplotype with HLA-

DRB1*11:04 have been also suggested to be associated with SSc (83, 90, 91). Notably, the strong 

association of HLA-DRB1*11 has not been observed in East Asian populations most likely due to 

the lack of the HLA-DRB1*11:04 allele (92-94). Furthermore, the SSc-associated HLA alleles vary 
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among different East Asian population. In East Asian populations, DRB1*1502 has been reported 

to be strongly associated with SSc in both Japanese and Korean populations (95, 96). In addition, 

two DRB1*1502-linked alleles (DQB1*0601, DPB1*09:01) as well as DPB1*0301 have been 

reported to be associated with increased risk for SSc in different East Asian populations (92, 93, 

95).  Taken together, SSc is mainly associated with HLA class II gene, suggesting that negative 

selection and activation of autoreactive CD4+ T cells are involved in the development of SSc.  

 

Many non-HLA genes have been identified to be associated with susceptibility to SSc. According 

to their functions, these susceptibility genes can be classified into 7 categories: 1) T cell-related 

genes such as CD2 (97), IL12A (98) and IL12RB1 (99); 2) B cell-related gene such as B cell 

scaffold protein with ankyrin repeats 1 (BANK1) (100, 101); 3) Interferon (INF) signaling 

associated genes such as interferon regulatory factor 4 (IRF4) (102), IRF5 (103-105) and signal 

transducer and activator of transcription 4 (STAT4) (103, 105, 106); 4) NF-kappa B signaling-

related genes such as tumor necrosis factor alpha-induced protein 3 (TNFAIP3) (107) and 

interleukin-1 receptor-associated kinase 1  (IRAK1) (105); 5) Genes encoding enzymes including 

telomerase reverse transcriptase (TERT) (100), ATPase phospholipid transporting 8B4 (ATP8B4) 

(108), and deoxyribonuclease 1 like 3 (DNASE1L3) (98, 109); 6) Autophagy-related genes such as 

Autophagy Related 5 (ATG5) (98) and 7) extracellular matrix components related genes: COL4A3 

(100), COL4A4 (100), COL5A2 (100), COL22A1 (100), COL13A1 (100) and CTGF (105), 

suggesting that those biological components are involved in the pathogenesis of SSc. 

 

In addition to genetic factors, epigenetic modifications including post-translational modifications, 

DNA-methylation, microRNAs, and long non-coding RNAs have been recently suggested to 

contribute to the development of SSc (74). 

 

Taken together, the pathogenesis of SSc is a consequence of the interaction between genetic and/or 

epigenetic predispositions and enviromental risk factors. However, the precise pathomechanisms of 

the disease are still largely unknown. 

 

 

1.2 Humanized mouse models for SSc 

Animal models, particularly mouse models, are powerful research tools for exploring the 

pathogenesis of the human diseases (110). However, there are still considerable differences 

between humans and mice, which results in a pathophysiological gap between human diseases and 

mouse models. One strategy to bridge the gap is to use humanized mouse models.  
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1.2.1 Humanized mouse model for autoimmune diseases 

In general, there are three main strategies for the generation of humanized mouse models, namely 

transfer of human immune cells, transfer of human target tissues, and humanization via genetic 

modification (110-113).  

 

In 1983, Bosma et al. reported on a severe combined immunodeficiency mutation in a mouse strain 

termed C.B.-17 scid/scid (hereafter SCID) which is caused by a lack of functional T cells and B 

cells (114). The discovery of the SCID mice provides an ideal donor for grafting of xenogenetic 

tissue or cells, opening the field of establishing humanized mouse models via the transfer of human 

tissues/cells into mice. In 1989, Krams et al. reported the first humanized mouse model for 

autoimmune disease by transferring PBMC from patients with primary biliary cirrhosis (PBC) into 

SCID mouse (115). After the adoptive transfer, the recipient mice generated human autoantibodies 

against mitochondria and evolved biliary lesions after the transfer resembling PBC (115). Since 

then, several humanized mouse models have been generated by the transfer of PBMC from patients 

with various autoimmune disease, such as systemic lupus erythematosus (SLE) (116, 117), 

myasthenia gravis (MG) (118), pemphigus vulgaris (PV) (119), type 1 diabetes mellitus (T1DM) 

(120), and Sjogren’s syndrome (SS) (121). The PBMC transfer-induced humanized model provides 

a powerful research tool to investigate the pathogenicity of human immune cells. 

 

Beside the transfer of immune cells, transfer of target tissues was also used to induce humanized 

mouse models. In 1994, Geiler et al. reported a humanized mouse model for rheumatoid arthritis 

(RA) generated by transferring normal human cartilage together with rheumatoid synovial tissue or 

fibroblasts into SCID mice (122). Since this humanized mouse model is featured by human 

cartilage destruction, a major characteristic of RA, it has been applied to investigate the mechanism 

underlying the tissue damage of RA (123). Thereafter, transfer of human tissue, together with or 

without human autoantibodies or immune cells, has been used to induce humanized mouse models 

for other autoimmune diseases including bullous pemphigoid (BP) (124), pemphigus foliaceus (PF) 

(125) and T1DM (126).  

 

Another important strategy to establish humanized mouse model is to generate genetically 

humanized mice (110). One type of this genetically humanized model is mice expressing strong 

susceptibility gene associated with a human autoimmune disease. For example, HLA-B27 is a 

strong risk allele of ankylosing spondylitis (AS). The HLA-B27 transgenic mice lacking α2-

microgloblin developed spontaneous inflammatory arthritis (127), make it a humanized mouse 

model for AS. Another type of genetically humanized mouse model is mice bearing human antigen. 

For instance, Nishie et al (128) generated a genetically humanized mouse model for BP by 
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injecting human autoantibodies into COL17-knockout mice bearing human COL17A gene.  

 

 

1.2.2 Humanized mouse model for SSc 

So far, more than ten different mouse models for SSc have been established (129, 130), among 

which only one is humanized. In the latter model, three-dimensional bioengineered skin containing 

human keratinocytes and fibroblasts isolated from skin of SSc patients or healthy donors is 

generated ex vivo and then grafted onto the backs of SCID mice (131). After grafting the 

regenerated human skin from SSc patients exhibits typical scleroderma phenotypes in recipient 

mice, while the corresponding control skin does not (131). Although this mouse model provides a 

tool to investigate the pathogenetic events in skin, it does not allow studying the role of immune 

cells in the disease pathogenesis. Very recently, our laboratory generated a novel humanized mouse 

model for SSc by transfer of PMBC from patients into Rag2-/-/Il2R-/- immune deficient mice lacking 

T, B and NK cells. By the 12th weeks after the transfer, mice received PMBC from SSc patients 

developed systemic inflammation in inner organs such as the lung, kidney, while no such effects 

were seen in mice after transfer of PMBC from healthy donors (Figure 1). Interestingly, mice 

transferred with PBMC from SSc patients who were treated with Rituximab (RTX, anti-CD20 

monoclonal antibodies) showed no inflammation in any organs (Figure 1). Moreover, mice which 

received PBMC from SSc patients generated higher levels of human total IgG as well as anti-AT1R 

and anti-ETAR antibodies. Although mice after transfer of PBMC from healthy controls also 

generated comparable amount of human total IgG, they produced significantly lower amount of 

anti-AT1R and anti-ETAR antibodies. In addition, transfer of PBMC from RTX-treated patients did 

not result in any immunological or histopathological symptoms.  

 

This novel humanized mouse model for SSc, may be suitable to explore the role of immune cells in 

the pathogenesis of the disease. Additionally, this preliminary result also indicates a role of B cells 

in the development of the disease. However, this assumption needs to be verified in a more detailed 

study. 
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Week 6D0 Week 3

2×107

PBMC

Week 12

Samples 
collection

i.p.

•HD mice (n=8)：2×107 PBMC from healthy donors (HD).

•SSc mice (n=7)： 2×107 PBMC from SSc patients.

•SSc-RTX mice (n=5)： 2×107 PBMC from SSc patients treated 

with Rituximab (RTX).

Rag2 -/-/ Il-2R -/- KO, 

8 – 10 week, female

Healthy donor or SSc patient

Week 6D0 Week 3

2×107

PBMC

Week 12

Samples 
collection

i.p.

•HD mice (n=8)：2×107 PBMC from healthy donors (HD).

•SSc mice (n=7)： 2×107 PBMC from SSc patients.

•SSc-RTX mice (n=5)： 2×107 PBMC from SSc patients treated 

with Rituximab (RTX).

Rag2 -/-/ Il-2R -/- KO, 

8 – 10 week, female

Healthy donor or SSc patient

 

Figure 1.  Experimental SSc in a humanized mouse model. Human PBMC are isolated from SSc-patients 

or healthy controls and transferred to Rag2-/-/Il2R-/- mice. By the 12th weeks after the transfer, mice received 

PMBC from SSc patients developed SSc-like syndromes, while no such effects were seen in mice received 

PMBC from healthy donors or Rituximab-treated SSc patients; SSc, systemic sclerosis; HD, healthy donor; 

PBMC, peripheral blood mononuclear cells; KO, knock out; i.p., intraperitoneally. 

 

 

1.3 Aim of the study 

As described above, a humanized mouse model for SSc was successfully generated in our group by 

transferring PBMC from patients. However, the pathomechanisms as well as the disease-driving 

cells in this model are currently unknown. Based on clinical observations and on preliminary 

findings derived from this model, I hypothesize that both human T and B cells play an 

indispensable role in the development of experimental SSc.   

 

To prove this hypothesis, the effect of B or T cell depletion from PBMC of SSc patients prior to 

their transfer into immunodeficient mice was analyzed in terms of disease development, mortality, 

and architecture of lymphatic organs in the recipient animals. 
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2. Materials and Methods 

2.1 Materials 

2.1.1 Patients enrollment 

In total, 11 SSc patients were enrolled for this study in the Department of Rheumatology, 

University of Lübeck, Lübeck, Germany. Of them, 2 patients were recruited in December 2017, 1 

patient was recruited in January 2018, 3 patients were recruited in October 2018, and 5 patients 

were recruited in November 2018. All patients fulfilled the 2013 ACR/EULAR criteria for SSc (8). 

Patients gave an informed written consent to this study, and the study was approved by the 

Institutional Review Board of the University of Lübeck (Number: 16-199, Date: 14/11/2016).  

 

2.1.2 Mice 

Female B10;B6-Rag2tm1Fwa Il2rgtm1Wjl (Rag2-/-Il2R-/-) mice were purchased from Taconic 

Biosciences, Inc., USA. These mice were housed under specific pathogen-free conditions at the 

animal facilities of the Research Center Borstel. All animal studies were in compliance with the 

(ARRIVE) Animal Research: Reporting of In Vivo Experiments guidelines and were carried out 

according to European Union Directive 2010/63/EU.  

 

All animal studies were approved by the Animal Research Ethics Board of the Ministry of Energy 

Change, Agriculture, Environment, Nature, and Digitalization, Kiel, Germany (Number: V 241 – 

50577/2017 (108-8/17), Date: 05/10/2017). 

 

2.1.3 Equipment and consumables 

Name Manufacturer 

Absorbance reader Tecan Trading AG, Switzerland 

Analytical balance Sartorius research GmbH, Germany 

autoMACS® Pro Separator Miltenyi Biotec, Germany 

Balance Kern&Sohn GmbH, Germany 

4°C, -20°C, -80°C refrigerator  Thermo Fisher, USA  

Biosafety cabinet  Heraeus, Germany  

Fast protein liquid chromatography  Pharmacia Biotech, Sweden  

Microplate Reader  Tecan life science, Switzerland  

Super-centrifuge  Hettich, Germany  

Thermostat water bath  Julabo, Germany  

Syringes (1ml, 20ml, 50ml)  Merck, Germany  
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Cassette for paraffin embedding VWR International GmbH, Germany  

Cells counter Schärfe system GmbH, Germany 

Centrifuge Hettich lab technology, Germany 

Cytocentrifuge Thermo Fisher scientific, USA 

Electronic pressure pot  Instant pot company, Germnay 

Fluid aspiration system Vacuubrand GmbH, Germany 

Heating plate Heidolph instrument, Germany 

Heating stage Medite GmbH, Germany 

Image acquisition system Nikon Corporation, Japan 

Luer syringe Beckton Dickinson, USA 

Micro-emulsifying needle  Merck KGaA, Germany 

Microscope Olympus corporation, Japan 

Microtome Leica biosystems nussloch, Germany 

Microtome blade Feather safety razor Co., Ltd, Japan 

Mini centrifuge Carl Roth GmbH, Germany 

Molds for cryo-embedding  Sakura Finetek Europe, Netherlands 

Multi-channel pipettes Sartorius research GmbH, Germany 

Needles Beckton Dickinson, USA 

Orbital shaker Gesellschaft für Labortechnik mbH, 

Germany 

PAP pen Kisker Biotech GmbH & Co. KG, 

Germany 

Paraffin embedding workstation Thermo Fisher scientific, USA 

PH meter Knick Elektronische Messgeräte GmbH, 

Germany 

Pipette controller Brand GmbH + CO KG, Germany 

Scissors and forceps Karl Hammacher GmbH, Germany 

Serum collection tubes Beckton Dickinson, USA 

Single channel pipettes Brand GmbH + CO KG, Germany 

Slides R. Langenbrinck GmbH, Germany 

Spectrophotometer Thermo Fisher scientific, USA 

Spin tissue processor Thermo Fisher scientific, USA 

Syringes (1ml, 20ml, 50ml)  Merck, Germany  

Thermocycler Bio-Rad Laboratories GmbH, USA 

Pipette tips (10µl, 100µl, 1000µl) Sarstedt, AG&Co, Germany 
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Ultra-low freezer Thermo Fisher scientific, USA 

Vortex mixer Scienfific industries, inc, USA 

Water bath Gesellschaft für Labortechnik mbH, 

Germany 

Filters (0.2µm, 0.45µm)  Merck, Germany  

SepMate-50 tube Stemcell technologies incoporation, 

Germany 

Tubes (0.5 ml, 1.5 ml, 2.0 ml) Sarstedt, Germany  

Tubes (15 ml, 50 ml) Sarstedt, Germany  

Cell culture plates (6-well, 24-well, 48-well, 

96-well, flat-bottom)  

Corning, USA  

AT1R ELISA Screening plates  CellTrend, Germany  

ETAR ELISA Screening plates CellTrend, Germany 

Fusion plates (24-well, flat-bottom)  Greiner Bio-One, Germany  

MaxisorpTMSurface ELISA plates (96-well, 

round-bottom)  

Thermo Fisher, USA  

Microtiter plates (96-well, round-bottom)  Greiner Bio-One, Germany  

 

 

2.1.4 Chemical reagents  

Name Company Catalogue number 

Pancoll human PanBiotech, Aidenbach, 

Germany 

P04-60500 

1 mol/L HCL Merck KGaA, Germany 1.09057.9010 

1 mol/L NaOH Merck KGaA, Germany 1.09137.9010 

30% H2O2 solution Carl Roth, Germany 9681.4 

4% Formalin Carl Roth GmbH, + Co. KG, 

Germany 

P087.1 

Bovine serum albumin PAA laboratories GmbH, 

Germany 

K41-001 

Citric acid Merck KGaA, Germany 1.00244.1000 

EDTA Merck KGaA, Germany 1.08418.0250 

Tris base Biomol, Germany CDX-T0244 

Eosin G Carl Roth GmbH, + Co. KG, 

Germany 

3137.2 
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Ethanol Sigma Aldrich chemie GmbH, 

Germany 

32205 

Fetal bovine serum PAN biotech, Germany P100703 

Glycine Carl Roth, Germany 3790.3 

Hematoxylin Gill II Carl Roth GmbH, + Co. KG, 

Germany 

T864.2 

KCl Merck KGaA, Germany 1.04936.0500 

KH2PO4 Merck KGaA, Germany A434173 

Mounting medium Merck KGaA, Germany 1.07961.0500 

Na2HPO4 Merck KGaA, Germany 1.06580.1000 

NaCl Merck KGaA, Germany 1.06404.5000 

NaCO3 Merck KGaA, Germany 1.06392.1000 

NH4Cl Merck Chemicals, Germany 1011450500 

Paraffin Sigma-aldrich international 

GmbH, Germany 

327204 

RPMI 1640 medium Biochrom GmbH, Germany FG1415 

TMB solution eBioscience incorporation 00-4201-56 

Trypan blue  Chroma-gesellschaft 

schmidt&Co, Germany  

11660 

Tween-20  Sigma-Aldrich, USA  087K0137 

 

 

2.1.5 Buffers and solutions 

Name Recipe 

3% H2O2 solution 30 % H2O2 solution: 1 ml 

PBS: 9 ml 

Antigen retrieval buffer: Citrate acid 

(PH=6.0) 

 

Tri-sodium citrate: 2.94 g 

Milli Q water: 1000 ml 

Mix, adjust pH to 6.0 with 1 mol/L HCl 

Antigen retrieval buffer: Tris-EDTA 

(PH=9.0) 

Tris base 1.21g 

EDTA:0.37g 

Distilled water: 1000m 

Mix to dissolve. Adjust pH to 9.0 with 1mol/L 

HCL 

ELISA coating buffer  NaHCO3: 8.4g 
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Na2CO3:3.56 

H2O: 1L, adjust pH to 9.5 

Blocking solution  BSA: 1g 

PBS: 100 ml 

PBS Buffer  NaCl: 8 g 

KCl: 0.2 g 

Na2HPO4: 1.15 g 

KH2PO4: 0.2 g 

Milli Q water: 1 L, adjust pH to 7.2 with HCL 

ELISA wash buffer (PBST) 0.5mlTween-20 

1L PBS, PH=7.4 

ELISA diluted buffer 1L PBS 

0.5ml Tween-20 

1g BSA 

Red blood cells lysis buffer NH4Cl: 8.34 g 

EDTA: 0.037 g 

NaCO3: 1.0 g 

Milli Q water: 1000 ml 

Adjust pH to 7.2--7.4 

Stop solution  

(for stopping lysis of red blood cells) 

Fetal bovine serum: 20 ml 

PBS: 1000 ml 

 

 

2.1.6 Antibodies  

Name Company Catalogue number 

APC mouse anti human CD8 Biolegend incorporation, 

USA 

344722 

BV421 mouse anti human 

CD3 

Biolegend incorporation, 

USA 

300434 

BV650 mouse anti human 

CD4 

Biolegend incorporation, 

USA 

300536 

FITC-mouse-anti-human 

CD45 

Biolegend incorporation, 

USA 

368508 

Percp/cy5.5 mouse anti 

human CD20 

Biolegend incorporation, 

USA 

302326 
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anti-mouse IgG1-BV421 BD Biosciences 400158 

anti-mouse IgG1-BV650 BD Biosciences 400164 

anti-mouse IgG1-APC BD Biosciences 400122 

anti-mouse IgG2b-

Percp/cy5.5 

BD Biosciences 400338 

anti-mouse IgG1-FITC BD Biosciences 400110 

Mouse anti human CD20 

(IgG2a) 

Dako, USA M0755 

Rabbit anti human CD4  Abcam, UK ab133616 

Mouse anti human CD8 

(IgG1) 

Biolegend, USA 372902 

Mouse anti human CD138 

(IgG1)  

Biolegend,  USA. 356505 

Mouse IgG1 Biolegend,  USA. 400124 

Mouse IgG2a Biolegend,  USA. 401504 

Rabbit IgG Lubeck University provide - 

Mouse anti human IgG Fc Southern biotech 9040-01 

Human IgG (stardard protein) Sigma, USA I8640 

Biotin-conjugated goat anti-

rabbit IgG  

Jackson ImmunoResearch 

Laboraties. Inc. 

111-065-144 

Biotin-conjugated goat anti-

mouse IgG 

Jackson ImmunoResearch 

Laboraties. Inc., USA, 

115-066-062 

HRP conjugated donkey anti-

human IgG (H+L)  

Jackson ImmunoResearch, 709-035-149 

 

 

2.1.7 Kits 

Name Company Catalogue number 

ABC kit Vector laboratory, USA PK-6100 

Avidin - Biotin blocking kit Vector laboratory, USA SP-2001 

DAB kit Vector laboratory, USA SK-4100 

Human CD3 microbeads  Miltenyibiotec 5171011505 

Human CD19 microbeads Miltenyibiotec 5171025006 

 

 

2.2 Methods 
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2.2.1 Isolation of human PBMC  

To prepare PBMC, 45 ml of peripheral blood from each patient with SSc was collected and placed 

into a 50 ml tube containing heparin. Blood samples were diluted with an equal volume of PBS 

containing 2% of fetal cow serum (FCS), then transferred to 50 ml Sepmate-50 tubes containing 

density gradient medium Pancoll (PanBiotech, Aidenbach, Germany). After 10 min of 

centrifugation at 1200 g at room temperature, the top layer of cells (PBMC) were collected into 

new 50 ml tubes. The collected PBMC were washed with PBS containing 2% FCS three times. 

Finally, the number of cells were counted, and then resuspended in RPMI1640 medium (Biochrom 

GmbH, Germany) at a concentration of 1 × 108 cells/ml. Cell viability was assessed by trypan blue 

exclusion test. 

 

2.2.2 Depletion of human T or B cells from PBMC 

To deplete human T and/or B cells from PBMC, 2 ×107 PBMC isolated from patients with SSc 

were resuspended in 160 μL MACS buffer (PBS with 0.5% bovine serum albumin (BSA)). 

Subsequently, 40 μL human CD3 microbeads (Miltenyibiotec, Order No.:130-050-101) or human 

CD19 microbeads (Miltenyibiotec, Order no.: 130-050-301) were added to the cell suspension, 

gently mixed and then incubated for 15 min at 4°C. After 10 min of centrifugation at 1200 g at 4°C, 

cell pellets were resuspended up to 1.25×108 cells in 500 μL MACS buffer. Next, cell samples were 

placed in the sample position of the AutoMACS, automatically diluted with running buffer and 

flowed through the Column. For the removal of CD3 positive T cells or CD19 positive B cells, the 

AutoMACS program ‘DEPLETE’ was assigned using the Separation menu. Consequently, the 

magnetically labeled T or B cells were retained in the AutoMACS Column, while non-labeled cells 

passed through the column and were collected. After the T- or B-cell depletion, PBMC were 

centrifuged, washed and resuspened in RPMI 1640 medium. For the corresponding whole PBMC 

control samples, cells without incubation with microbeads went though the AutoMACS program. 

 

2.2.3 Adoptive transfer of PBMC 

Rag2-/-Il2R-/-  mice, eight to ten-week-old, were used for the experiments. Then, 2×107 PBMC with 

or without depletion of T or B cells in 100 μl RPMI 1640 medium were injected intraperitoneally 

(i.p.) into each recipient mouse. Mice which received whole PBMC, T-cell-depleted PBMC and/or 

B-cell-depleted PBMC from a patient were regarded as a paired group for comparison. 

 

2.2.4 Isolation of leukocytes from murine blood 

At the 6th week and 12th week after PBMC transfer, 100 μl of blood from each mouse was collected 

in a 1.5ml tube containing 20 μl heparin solution (Braun, 5.000 I.E./ml). Subsequently, 1 ml cold 

PBS was added to the blood samples, centrifuged for 10 min (400g, 4°C) to separate the plasma. 
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Then, 1 ml of red blood cell (RBC) lysis buffer was added to resuspend the cell pellet, and the cell 

suspension was transferred to tube containing another 4 ml of RBC lysis buffer to lyse erythrocytes. 

After 3 min of incubation at room temperature (RT), 15 ml stop solution (0.1% BSA solution or 2% 

FCS in PBS) was added into the tube to stop the cell lysis. After centrifugation at 300g at 4 °C for 

10 min, cell pellets were suspended and washed twice with cold PBS. Finally, numbers of cells 

were counted, and cells were suspended in PBS for further by flow cytometry (FCAS) analysis.  

  

2.2.5 Preparation of murine serum samples 

Murine serum samples were prepared from peripheral blood collected from mice. At 12th week, 

blood samples were collected from the hearts after the mice were sacrificed with CO2. Peripheral 

blood samples were stored at room temperature for at least 30 min, then centrifuged at 6000 g for 

10 min, and supernatants were collected stored at -80°C for further analysis.  

 

 

2.2.6 Flow cytometry (FACS) 

To evaluate the cellularity of human PBMC and murine peripheral blood cells, 1 × 106 cells from 

each sample were used for FACS. Briefly, cells were added to a FACS tube containing 2 ml of PBS 

without Ca++ and Mg++, and then centrifuged at 300 g at 4°C for 5 min. Cell pellet was suspended 

in 50 µl PBS without Ca++ and Mg++  containing human IgG (61 µg/ml, Sigma) and live/dead stain 

kit (Invitrogen, L23105, 1:1000 diluted), incubated for 20 minutes at 4°C to block the Fc receptors, 

and further stained with cellular markers by adding and incubating for 20 minutes at 4 °C with 50 

µl antibody mixture which was composed of the following fluorescent chromes-conjugated 

antibodies: anti-human CD3-BV421 (BD Biosciences, clone UCHT1), anti-human CD4-BV650 

(BD Biosciences, clone 2RPA-T4), anti-human CD8-APC (BD Biosciences, clone SK1), anti-

human CD20-Percp/cy5.5 (BD Biosciences, clone 2H7) and anti-human CD45-FITC (BD 

Biosciences, clone 2D1). For control staining, cells were stained with a mix of corresponding 

isotypes including anti-mouse IgG1-BV421 (BD Biosciences, clone MOPC-21), anti-mouse IgG1-

BV650 (BD Biosciences, clone MOPC-21), anti-mouse IgG1-APC (BD Biosciences, clone MOPC-

21), anti-mouse IgG2b-Percp/cy5.5 (BD Biosciences, clone MPC-11), anti-mouse IgG1-FITC (BD 

Biosciences, clone MOPC-21). After the incubation, cells were washed twice with 2 ml FACS 

buffer, centrifuged at 400 g at 4°C for 5 min, resuspended in 200 μl FACS buffer, and finally fixed 

by adding 100 μl of 4% paraformaldehyde solution. The fixed samples were measured by using 

LSR II flow cytometer (BD, USA) within three days, and the data were analyzed using FACS 

Express software (De Novo Software, USA, version 5).  

 

2.2.7   Enzyme-linked immunosorbent assay (ELISA)  
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Levels of human total IgG, human anti-AT1R and anti-ETAR antibodies were determined by using 

Enzyme-linked immunosorbent assay (ELISA).  

 

A quantitative ELISA was used to determine human total IgG in murine sera. Briefly, a 96-well 

ELISA plate (Corning Incorporated, Corning, NY14831, USA) was coated with 100 µl mouse anti-

human IgG Fc (Southern Biotech, 9040-01) (5 µg/ml, diluted in coating buffer (0.15 M Carbonate-

Bicarbonate, pH 9.6)) overnight at 4 degree. The plate was washed with washing buffer (PBS with 

0.05% Tween 20, pH 7.4), incubated with 200 µl blocking solution (PBS containing 1% bovine 

serum albumin (BSA)) at 37°C for 1 hour. Then 100 μl mouse serum samples prepared in log 

dilution (diluted from 1:500 to 1:500.000 in blocking solution) or diluted standard samples (Human 

IgG, Sigma, I8640) were added and incubated with the plate for 1 hour at RT. The standards were 

diluted with blocking solution from 12.2 mg/ml to 20 ng/ml, and further to 10 ng/ml, 5 ng/ml, 2.5 

ng/ml, 1.25 ng/ml, 0.625 ng/ml, 0.3125 ng/ml and 0 ng/ml. After washing, 100 μl HRP-conjugated 

donkey anti-human IgG (H+L) (Jackson ImmunoResearch, 709-035-149, 1:50.000 diluted with 

blocking solution) was added and incubated at 37°C for 1 hour. Binding of the secondary 

antibodies was visualized by addition of 100 μl TMB substrate solution, and the reaction was 

stopped by adding 100 µl of 1 M H2SO4. OD value was measured at 450 nm in a microtiter plate 

reader (Tecan life science, Switzerland). Standard curves were generated, and levels of human IgG 

in murine serum samples were calculated in relation to the corresponding standards run in parallel. 

 

Human IgG against AT1R or ETAR in mouse serum samples were detected by using commercial 

ELISA Kit (Celltrend, Germany) according to the provided protocol, with slight modification. 

Briefly, plates coated with membrane extract from CHO cells overexpressing human AT1R or 

ETAR (Celltrend, Germany) were incubated with serum samples (1:100 diluted in sample diluent). 

After incubation with HRP-conjugated donkey anti-human IgG (H+L) (Jackson ImmunoResearch, 

1:25000 dilution with sample diluent) for 1 h at RT, the signal was visualized by TMB. OD values 

were measured at 450 nm on a microreader (Tecan life science, Switzerland).  

 

 

2.2.8   Histology  

Murine organs including the skin, lung, liver, kidney, muscle, esophagus, intestines, muscle and 

spleens were collected, fixed in 4% paraformaldehyde for 24 h. After dehydration and 

paraffinization, the samples were embedded in paraffin, and then sectioned at thickness of 4-μm for 

histological analysis. In the below table the detailed procedure of the dehydration and 

paraffinization is summarized.  
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Dehydration and paraffinization 

Step Reagent Incubation 

1 4% formalin 1 hour 

2 70% ethanol 1 hour 

3 80% ethanol 1 hour 

4 90% ethanol 1 hour 

5 96% ethanol 1 hour 

6 absolute ethanol 1 hour 

7 absolute ethanol 1 hour 

8 absolute ethanol 1 hour 

9 xylene 1 hour 

10 xylene 1 hour 

11 paraffin 1 hour and 30 min 

12 paraffin 1 hour and 30 min 

 

 

For histological evaluation, paraffin sections were stained with hematoxylin and eosin (H&E). The 

protocol of H&E staining is summarized in the table below. Images were taken by using bright-

field microscopy (Olympus, DS-Ri) and analyzed using NIS-Elements analysis system. The 

severity of inflammation was defined as the percentage of area with inflammation (affected 

area/total area ×100%).   

HE staining 

Step Reagent Incubation 

Deparaffinization 

Xylene I 5 min 

Xylene II 5 min 

Xylene III 5 min 

Re-hydration 

Absolute ethanol I 5 min 

Absolute ethanol II 5 min 

Ethanol 96% 5 min 

Ethanol 70% 5 min 

Tap water 5 min 
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Staining Gill’s hematoxylin solution (No.2) 20 min 

Bluing running tap water 10 min 

Staining 

Eosin (1%, acidic) counterstain 3 min 

Tap water 10 seconds 

De-hydration 

Ethanol 70% 10 seconds 

Ethanol 96% I 10 seconds 

Ethanol 96% II 10 seconds 

Absolute ethanol I 10 seconds 

Absolute ethanol II 3 min 

Clearing 

Xylene I 5 min 

Xylene II 5 min 

Xylene III 5 min 

Mounting Entellan (Merck)  

 

 

 

2.2.9  Immunohistochemistry (IHC) staining  

Immunohistochemistry staining (IHC) was performed on paraffin sections of mouse spleen sections 

to detect human CD4+  T cells, CD8+  T cells, CD20+  B cells and and CD138+ plasma cells. Briefly, 

slides were subjected to 10 mM citrate buffer (PH = 6.0) at 117°C for 4 minutes to retrieve human 

CD4 and CD20 antigens, or incubated in Tris-EDTA buffer (10 mM Tris, 0.5 mM EDTA, pH = 9) 

at 117°C for 10 minutes to retrieve human CD8 and CD138 antigens. After antigen retrieval, 

endogenous peroxidase, endogenous biotin and unspecific binding were blocked with 3% H2O2, 

biotin blocking solution (Vector Laboratories, Inc. Burlingame, CA94010, USA) and 5% BSA 

(Sigma, St. Louis., MO, USA, CAS9048-46-8) solution, respectively. Then, sections were 

incubated overnight at 4 °C with primary antibodies against human CD4 (Abcam, UK, Cat. No.: 

ab133616, Clone: EPR6855, 1:100 dilution), human CD20 (Dako, Santa Clara, CA, USA, Cat. No.: 

M0755. Clone: L26, 1:100 dilution), human CD8 (Biolegend, San Diego, CA, USA. 

Cat.No.:372902. Clone: C8/144B, 1:100 dilution) or human CD138 (Biolegend, San Diego, CA, 

USA. Cat.No.356505. Clone: M15, 1:100 dilution). Meanwhile, corresponding isotype control 

antibodies including normal rabbit IgG (provided by the Department of Dermatology, Univeristy of 

Lübeck, 1:100 dilution), murine IgG1 (Biolegend, San Diego, CA, USA. Cat.No.:400124. Clone: 

Mopl-21, 1:100 dilution) and murine IgG2a (Biolegend, San Diego, CA, USA. Cat.No.: 401504. 
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Clone: MG2a53, 1:100 dilution) were used. After the incubation with primary antibodies or isotype 

controls, slided were incubated with corresponding biotin-conjugated secondary antibodies 

including goat anti-rabbit IgG (Jackson ImmunoResearch Laboraties. Inc., Baltimore, USA, catalog 

number: 111-065-144, 1:600 dilution) for primary antibodies against CD4 staining, goat anti-mouse 

IgG (Jackson ImmunoResearch Laboraties. Inc., Baltimore, USA, catalog number: 115-066-062, 

1:1000 dilution) for primary antibodies against CD20, CD8, and CD138 at RT for 50 min, followed 

by incubation with ABC reagents (Vector Laboratories, Inc. Burlingame, CA, USA, PK-6100) for 

30 min at RT. Subsequently, the slides were incubated with 3,3-diaminobenzadine (DAB substrate 

kit, Vector Laboratories, Inc. Burlingame, CA, USA, Cat. No.: SK-4100.) as a chromagen to 

visualized the immunoreactivity, and then counterstained with hematoxylin for 5 min. Images were 

taken by using bright-field microscopy (Olympus, Japan). In the table below the detailed procedure 

of the IHC staining is summarized. 

 

Immunohistochemistry 

Step Reagent Incubation 

Deparaffinization 

Xylene I 5 min 

Xylene II 5 min 

Xylene III 5 min 

Re-hydration 

Absolute ethanol I 100% 5 min 

Absolute ethanol II 100% 5 min 

Ethanol 96% 5 min  

Ethanol 70% 5 min 

Ethanol 40% 5 min 

Deionized water 5 min 

Antigen retrieval 

10Mm citrate buffer (PH＝6.0) 
117°C , 4min (50 min in 

antigen reitrieval pot) 

Tris-EDTA buffer (pH= 9) 
117°C , 10min (50 min 

in antigen reitrieval pot) 

Cool down 

 

10Mm citrate buffer (PH＝6.0) 

 

20 min 
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Blocking endogenous 

peroxidase 

3% H2O2 solution 15 min 

PBS washing 5 min, three times 

Blocking endogenous biotin 

Avidin solution 

 
15 min 

PBS washing 5 min 

Biotin solution 15 min 

PBS washing 5 min, three times 

Blocking unspecific binding 5% BSA 50 min 

Incubation of primary 

antibodies 

Primary antibodies diluted in 

PBS 
4°C , overnight 

PBS washing 5 min, three times 

Incubation of biotinylated 

secondary antibodies 

Biotinylated secondary 

antibodies diluted in PBS 
50 min, RT 

PBS washing 5 min, three times 

Preparation of avidin and 

biotinylated HRP complex 

(ABC solution) 

100 ul of avidin solution 

(Reagent A) and 100 μl of 

biotinylated HRP solution 

(Reagent B) in 5 ml of PBS  

30 min, RT 

Incubation of ABC solution 
ABC solution 30 min, RT 

PBS washing 5 min, three times 

Incubation of DAB solution 

84 ul of buffer stock solution, 

100 μl of DAB reagent and 80 

μl of H2O2 in 5 ml of Deionized 

water 

2 min, RT 

Tap water 5 min, three times 
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Counterstaining 
Gill’s hematoxylin solution 

(No.2) 

1 min 

Bluing running tap water  5 min 

Dehydration 

Ethanol 70% 10 seconds 

Ethanol 96% I 10 seconds 

Ethanol 96% II 3 min 

Absolute ethanol I 3 min 

Absolute ethanol II 3 min 

Clearing 

Xylene I 5 min 

Xylene II 5 min 

Xylene III 5 min 

Mounting Entellan (Merck)  

 

 

 

2.2.10    Statistical Analysis 

Data were analyzed using GraphPad5 Prism software (La Jolla, California, U.S.A.). Quantitative 

data with normal distribution are presented as mean ± standard deviation (mean ± SD), while data 

without normal distribution are expressed as medians (min, max).  To assess the significance of 

differences of quantitative data, the paired t test was applied when values were under normal 

distribution, while Wilcoxon matched pairs test was performed when values were not normally 

distributed. Differences in rates of mouse death were analysed by using Fisher’s exact test. The 

cumulative survival curve was analysed by using Kaplan–Meier analysis. A p value < 0.05 was 

considered statistically significant. 
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3. Results 

3.1 Experimental setup of the study 

In order to investigate the role of human T and B cells in the pathogenesis of the humanized SSc 

mouse model, the current study was designed as follows:  First of all, PBMC were isolated from 11 

patients with SSc. T or B cells were depleted from PBMC using MACS separators with CD3 and 

anti-CD19-conjugated microbeads, respectively.  Then 2×107 PBMC, with or without depletion of 

T or B cells were transferred into Rag2-/-/Il2R-/-  mice via i.p. injection. Twelve weeks after the 

transfer, mice were sacrificed and blood and tissue samples were collected for further evaluation. 

Figure 2 shows an overview of the experimental scheme of this study. 

 

Figure 2.  An overview of the experimental scheme. PBMC, peripheral blood mononuclear cells; KO, 

knock out; i.p., intraperitoneally. 

 

 

3.2   Demographic and clinical features of patients with SSc  

In total, 11 SSc patients (3 males and 8 females) with 9 lcSSc patients and 2 dcSSc were enrolled in 

this study. Demographic and clinical characteristics of these patients are summarized in Table 1. 

The mean age and median disease duration of SSc patients were 57 years and 5.1 years, 

respectively. Of the 11 patients, 9, 4, 4, 3, 2, 2, 2, 1, 1 and 1 were positive for ANA, anti-Scl70 

antibodies, anti-AT1R antibodies, anti-ETAR antibodies, ACA, anti-CENP-B antibodies, AMA-

M2, anti-RNA-polymerase III antibodies, anti-Th/To antibodies and anti-NOR-90 antibodies, 

respectively. All 11 patients developed Raynaud syndrome, and part of them showed complications 

in the lung, kidney, heart and gastrointestinal tract (Table 1). Table 1 also summarizes the treatment 

information of those patients.   
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Table 1. Demographic and clinical features of patients with SSc 

 SSc (n = 11) 

Age (years, mean ± SD) 57.0 ± 13.8 

Gender (female, n, %)  8 (72.7) 

Disease duration (years, median(min,max)) 5.1 (1-16)  

SSc classification (n, %)  

    lcSSC 9(81.8) 

    dcSSc  2(18.2) 

Antibodies positivity (n, %)   

ANA  9 (81.8) 

Anit-Scl70 antibodies  4 (36.4) 

ACA 2 (18.2) 

CENP-B  2 (18.2) 

AMA-M2 2(18.2) 

Anti-Th/To antibodies 1 (9.1) 

anti-NOR-90 antibodies 1(9.1) 

Anti- RNA-polymeraseIII antibodies 1(9.1) 

Anti-AT1R antibodies  4 (36.4) 

Anti-ETAR antibodies 3 (27.3) 

Symptoms of signs (n, %)  

Raynaud-syndrome 11 (100) 

    Fatigue 3 (27.3) 

Lung fibrosis 4 (36.4) 

PHA 3 (27.3) 

    Nephrology involvement 4 (36.4) 

    Cardiac involvement 3 (27.3) 

Calcinosis, ulcera 4 (36.4) 

Abnormal nailfold capillaries 4 (36.4) 

Arthralgia 1 (9.1) 
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Sicca-symptom 3 (27.3) 

Gastroesophageal reflux 3 (27.3) 

Treatment (n, %)  

Prednisolon  2 (18.2) 

Mycofenolat-Mofetil 1 (9.1) 

Ciclosporin 1 (9.1) 

Hydroxychloroquin 4(36.4) 

Arcoxia 1 (9.1) 

Bosentan 2(18.2) 

Metoprolol 1 (9.1) 

Ramipril 3 (27.3) 

Nitrendipin 1 (9.1) 

Vitamin D 1 (9.1) 

Ilomedin Infusion intravenous 8 (72.7) 

SSc, systemic sclerosis; lcSSc, limited cutaneous SSc; dcSSc, diffuse cutaneous SSc; ANA, anti-nuclear 

antibodies; ACA, anti-centromere-specific antibodies;AMA, anti-mitochondrial antibody; anti-NOR-90, anti-

 a 90-kDa component of the nucleolus-organizing region of chromatin. AT1R, angiotensin-II type1 receptor; 

ETAR, endothelin-1 type A receptor; PHA, pulmonary arterial hypertension.  

 

3.3   Depletion of T- or B- cells from human PBMC 

PBMC were isolated from patients with SSc, with a cell viability of more than 90% which was 

indicated by trypan blue exclusion test. After the depletion of T or B cells, the depletion efficiency 

was evaluated by using FACS analysis. As shown in Figure 3, T cell depletion resulted in a 

dramatic and significant decrease in human CD3+ T cells in PBMC (Figure 3A). Further evaluation 

of two major subtypes of T cells demonstrated that CD4+ T cells were almost completely depleted 

in all samples (Figure 3B), while CD8+ T cells could only partially be removed (Figure 3C). 

Ablation of B cells was highly efficient, and a complete deficiency of CD20+ B cells was observed 

in all samples (Figure 3D). 
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Figure 3. Efficiency of depletion of human T or B cells from PBMC. Levels of CD3+ T cells (A), CD4+ T 

cells (B), CD8+ T cells (C), and CD20+ B cells (D) were determined by FACS analysis and presented as % of 

total human leukocytes in PBMC. Statistical significance of comparison in A, B and D was determined using 

the paired t test, and statistical significance of comparison in C was determined by Wilcoxon match pairs test. 

 

Eighteen mice were transferred with whole PBMC (n=6), T-cell-depleted PBMC (n=6) or B-cell-

depleted PBMC (n=6) from 6 patients with SSc. Two mice were transferred with whole PBMC 

(n=1) or T-cell-depleted PBMC (n=1) from one SSc patient. Eight mice were transferred with 

whole PBMC (n=4) or B-cell-depleted PBMC (n=4) from 4 SSc patients. Taken together, this 

experiment consisted of 7 paired groups of whole PBMC vs T-cell-depleted PBMC and 10 paired 

groups of whole PBMC vs B-cell-depleted PBMC. 

 

3.4   PBMC transfer-induced mortality in mice  

Six mice transferred with whole PBMC from patients with SSc died or had to be sacrificed due to 

the severe disease before the end of the experiment, while no mice transferred with T or B cell 

depleted PBMC from SSc patients died or had to be sacrificed. Kaplan–Meier analysis showed 

significant difference in cumulative survival between whole PBMC-transferred group and T cell 

depleted PBMC-transferred group as well as between PBMC-transferred group and B cell depleted 
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PBMC-transferred group (Figure 4A). Moreover, whole PBMC-transferred mice had significantly 

higher death rates than mice transferred with T- or B-cell-depleted PBMC (Figure 4B). 

 

Figure 4. Mortality in mice after engraftment with patient-derived PBMC.  (A) Kaplan–Meier survival 

curve illustrating the survival difference between whole PBMC-transferred mice and mice transferred with T- 

or B-cell-depleted PBMC. Numbers of mice are indicated on the curves, and the time axis is right-censored at 

12 weeks.  (B) Mice transferred with whole PBMC showed significantly higher death rates compared to mice 

transferred with T- or B-cell depleted PBMC. Comparison of survival curves (A) and death rates (B) between 

whole PBMC-transferred mice and mice transferred with T- or B-cell-depleted PBMC were determined using 

the Log-rank (Mantel-Cox) test and Fisher’s exact test, respectively. P values reflect comparisons between 

mice transferred with whole PBMC and mice transferred with T- or B-cell-depleted PBMC. PBMC, mice 

transferred with whole PBMC from SSc patients, PBMC T-/-, mice transferred with T-cell depleted PBMC 

from SSc patients, PBMC B-/-, mice transferred with B-cell depleted PBMC from SSc patients. 

 

3.5   Adoptively transferred human PBMC in murine peripheral blood   

To evaluate whether the transferred human PBMC survive in recipient mice, we detected human 

CD45+ leukocytes, CD3+ T cells, CD4+ T, CD8+ T and CD20+ B cells in mouse blood at the 6th and 

12th week after transfer by FACS analysis.  

By the 6th week after transfer, human leukocytes could be detected in peripheral blood of recipient 

mice in all three groups, suggesting that the transferred human PBMC survived in the recipient 

mice. As expected, mice transferred with whole PBMC showed significant higher levels of human 

CD45+ leukocytes, CD3+ T cells and CD4+ T than mice which had received T cell-depleted PBMC 
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(Figure 5A). However, no significant difference was observed with regard to levels of human cells 

between mice transferred with whole PBMC and mice received B-cell depleted PBMC (Figure 5B).  

 

Figure 5. Human leukocytes in peripheral blood of recipient mice at week 6 after transfer. (A) 

Comparison between mice transferred with whole PBMC (n=7) and mice transferred with T-cell depleted 

PBMC (n=7) in levels of human CD45+ leukocytes, CD3+ T cells, CD4+ T cells, CD8+ T cells and CD20+ B 

cells.  (B) Comparison between mice transferred with whole PBMC (n=10) and mice transferred with B-cell 

depleted PBMC (n=10) in levels of human leukocytes, CD3+T cells, CD4+T cells, CD8+T cells and CD20+B 

cells. P values reflect comparisons between mice transferred with whole PBMC and mice transferred with T- 

or B-cell depleted PBMC. Statistical significance was determined using the Wilcoxon matched pairs test.  

 

At week 12 after transfer, a comparison between groups was performed only with a limited number 

of paired samples because several mice transferred with whole PBMC died or had to be sacrificed 
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before the end of the experiment. As shown in Figure 6A, a tendency of increased levels of human 

CD45+ leukocytes, CD3+ T cells, CD4+ T cells, CD8+ T cells and CD20+ B cells in the peripheral 

blood was observed in mice transferred with whole PBMC compared to mice transferred with T-

cell depleted PBMC, which was, however, not significant. Similar results were observed in the 

comparison between mice transferred with whole PBMC and mice transferred with B-cell depleted 

PBMC (Figure 6 B).   

 

Figure 6. Human leukocytes in peripheral blood of recipient mice at week 12 after transfer. (A) 

Comparison between mice transferred with whole PBMC (n=4) and mice transferred with T-cell depleted 

PBMC (n=4) in levels of human leukocytes, CD3+ T cells, CD4+T cells, CD8+T cells and CD20+ B cells.  (B) 

Comparison between mice transferred with whole PBMC (n=6) and mice transferred with B-cell depleted 

PBMC (n=6) in levels of human CD45+ leukocytes, CD3+T cells, CD4+T cells, CD8+T cells and CD20+ B 

cells. P values reflect comparisons between mice transferred with whole PBMC and mice transferred with T- 

or B-cell depleted PBMC. Statistical significance was determined using the Wilcoxon match pairs test.  
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3.6  Architecture and cellularity of spleens after transfer of human PBMC 

Next, we determined whether the transferred human PBMC were present in the spleens of recipient 

mice. As expected, spleens of untreated Rag2-/-Il2R-/-  immunodeficient mice were small and did not 

show normal white pulp which consists of functional germinal center (Figure 7A). However, 

spleens of Rag2-/-Il2R-/-  mice transferred with whole PBMC from SSc patients were large and 

characterized by well-structured white pulps (Figure 7B). However, such well-structured white 

pulp was not observed in spleen of mice (0 out of 7) transferred with T-cell depleted PBMC 

(Figure 7C) and rarely observed in spleen of mice (2 out of 10) transferred with B-cell depleted 

PBMC (Figure 7D).  

 

 

Figure 7. Morphology of the splenic white pulp in recipient mice. Representative pictures of H&E-stained 

spleen sections of untreated Rag2-/-Il2R-/- mice (A), Rag2-/-Il2R-/-  mice transferred with whole PBMC from 

SSc patients (B), Rag2-/-Il2R-/-  mice transferred with T-cell depleted PBMC (C) and Rag2-/-Il2R-/- mice 

transferred with B-cell depleted PBMC (D). The dotted green line indicates the well-structured white pulp. 

Bars = 500 μm. 
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Next, the distribution of human lymphocytes in murine spleen was investigated using IHC staining. 

As shown in Figure 8, the well-structured splenic white pulps in mice transferred with whole 

PBMC from SSc patients consisted predominantly of human CD20+ B cells and CD4+ T cells as 

well as small amount of human CD8+ T cells and CD138+ plasma cells (Figure 8). However, very 

few CD4+ T cells, CD8+ T cells, CD20+ B cells or CD138+ plasma cells could be detected in spleens 

of all the mice transferred with T-cell depleted PBMC (Figure 8). With regard to mice transferred 

with B-cell depleted PBMC, small amount of CD4+ T cells and CD8+ T cells, but neither CD20+ B 

cells nor CD138+ plasma cells were observed in spleen without white pulp (Figure 8), and many T 

cells but not B cell or plasma cells could be detected in murine spleen with white pulp-like 

stuctures (data not shown).  

 

Figure 8. Human lymphocytes in the spleens of recipient mice. Representative pictures of IHC-stained 

spleen section for detecting human CD4+ T, CD8+ T, CD20+ B and CD138+ plasma cells. PBMC, mice 

transferred with whole PBMC from SSc patients, PBMC T(-/-), mice transferred with T-cell depleted PBMC 

from SSc patients, PBMC B(-/-), mice transferred with B-cell depleted PBMC from SSc patients. Bars=50 

μm.  

 

3.7   Production of human IgG and autoantibodies  

Given the presence of human lymphocytes in spleens of recipient mice, I next investigated whether 

these lymphocytes were functional by determining human antibodies in murine sera. Since the 6 

mice died or had to be sacrificed before the end of the experiment, serum samples of 5 of them 
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were collected when they died, and serum sample from one mouse was not available. Sera from all 

other mice were prepared at week 12 after the transfer.    

 First, levels of human total IgG were determined in sera of mice. As shown in the Figure 9 A, B, 

mice transferred with whole PBMC from SSc patients generated considerable amount of human 

IgG. When compared to mice transferred with whole PBMC, both mice transferred with T-cell 

depleted PBMC (p = 0.031) and mice transferred with B-cell depleted PBMC (p=0.004) produced 

dramatically and significantly less amount of human IgG.  

 In the following step, levels of two SSc-related human autoantibodies, anti-AT1R and anti-ETAR 

IgG, were analyzed in mice sera. Mice transferred with whole PBMC produced both SSc-related 

autoantibodies. By contrast, neither mice transferred with T-cell depleted PBMC nor mice 

transferred with B-cell depleted PBMC produced anti-AT1R or anti-ETAR autoantibodies (Figure 

9 C, D, E, F). 
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Figure 9. Production of human antibodies in recipient mice. (A, B) Serum levels of human total IgG were 

significantly higher in the mice transferred with whole PBMC from SSc patients than those in the mice 

transferred with T-cell depleted (n=6) or B-cell depleted (n=9) PBMC. Comparison of serum levels of anti-

AT1R IgG (C, D) and anti-ETAR IgG (E, F) between mice transferred with whole PBMC from SSc patients 

and mice transferred with T-cell depleted (n=6) or B-cell depleted (n=9) PBMC. P values reflect 

comparisons between mice transferred with whole PBMC and mice transferred with T- or B-cell depleted 

PBMC. Statistical significance of comparison in A, B, D, E, F was determined using Wilcoxon matched pairs 

test, and statistical significance of comparison in C was determined by pair t test.  
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3.8   Tissue inflammation in recipient mice after transfer of human PBMC 

Finally, to assess the effect of human T and B cells in disease manifestation, the histopathology of 

mice tissues including the lung, kidney, liver, heart, muscle, intestines, esophagus and skin were 

evaluated. Although 6 mice received whole PBMC from SSc patients died or were sacrificed 

before the end of experiment, tissues of all mice were collected and analyzed.  

Mice transferred with whole PBMC from SSc patients showed inflammation in the lung, kidney 

and liver (Figure 10), but not in heart, muscle, intestines, esophagus or skin (data not shown). 

However, little or no inflammation in the lung, kidney and liver was observed in mice transferred 

with T cell-depleted PBMC or B cell-depleted PBMC (Figure 10). Therefore, these results suggest 

that both T and B cells are required for the disease manifestation in this humanized mouse model 

for SSc. 
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Figure 10. Histopathology of the lung, kidney and liver of recipient mice. (A) Representative 

micrographs of different tissues, (B) Quantitative analysis of inflammation in the lung, kidney and liver of 

mice transferred with PBMC or T-cell depleted PBMC from SSc patients. (C) Representative micrographs of 

different tissues, (D) Quantitative analysis of inflammation in the lung, kidney and liver of mice transferred 

with PBMC or B-cell depleted PBMC from SSc patients. p values reflect comparisons between mice 

transferred with PBMC and mice transferred with T- or B-cell depleted PBMC. Bars=100 µm. Statistical 

significance was determined by Wilcoxon matched pairs test.   
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4. Discussion 

In the present study, I investigated the role of human T and B cells in a humanized mouse model of 

SSc in which disease is induced by adoptive transfer of patient-derived PBMC into Rag2-/-Il2R-/-  

mice. According to my results, transfer of whole PBMC from SSc patients could i) restore the well-

structured splenic white pulps in immunodeficient recipient mice, ii) induce production of human 

IgG and SSc-related autoantibodies, and iii) produced  disease symptoms and increase mortality in 

the animals. However, when those PBMC were depleted from T or B cells before transfer, recipient 

mice showed neither immunological nor clinical features of SSc-like disease. Therefore, this study 

for the first time provides direct evidence that both human T and B cells play a crucial role in the 

pathogenesis of experimental SSc in a model closely resembling the disease in human. 

 

4.1 Role of T cells in experimental SSc 

In the current study, mice transferred with PBMC from SSc patients developed functional splenic 

germinal centers (GCs) and systemic inflammation in the lung, kidney and liver, while mice 

transferred with T cell-depleted PBMC from SSc patients did not. These results show that human T 

cells play an indispensable role in the pathogenesis of this novel humanized mouse model. 

 

In patients with SSc, inflammatory cells in affected tissues consist mostly of T cells, where CD4+ T 

cells dominate while CD8+ T cells are less prominent (49, 50). This phenomenon has also been 

observed in the humanized mouse model used in the current study, where human T cells including 

both CD4+ and CD8+ T cells are present in affected murine organs such as the lung, kidney and 

liver.  

 

After being activated, CD4+ T cells differentiate into distinct subtypes, including Th1, Th2, Th17, 

Treg and follicular helper T (Tfh) cells, and each subtype plays different roles in adaptive immune 

responses of SSc (132-136). Several studies have suggested that the imbalance of Th1/Th2 

responses contributes to the pathogenesis of SSc (135, 137, 138). For example, Boin et al (138) 

reported that Th2 cells are more frequent than Th1 cells in peripheral blood of SSc patients than in 

controls, and the Th1/Th2 ratio is correlated with lung forced vital capacity in SSc with active 

interstitial lung diseases (138). Moreover, Th17/Treg imbalance has also been demonstrated to be 

associated with SSc pathogenesis (53, 132). A substantial amount of studies have suggested that 

Th17 cells and their cytokines such as IL-17A, IL-21, and IL-22, are associated with the 

development of prominent features of SSc (52, 139-142). By contrast, a decreased level of Treg 

cells has been observed in patients with SSc, particularly in patients with late-stage disease (143). 

However, a decreased level of Treg cells is associated with an increased level of Th17 cells in 

peripheral blood of SSc patients (144), leading to an increased ratio Th17/Treg.  As a consequence, 
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the Th17/Treg cells imbalance further promotes Th17 cell-mediated inflammatory processes (132).  

 

In addition to CD4+ T cells, CD8+ T cells have also been suggested to be involved in pathogenesis 

of SSc in several studies (145-150). Recently, Li et al (148) showed that circulating and skin-

resident CD8+CD28- T cells are increased in both peripheral blood and affected skin of SSc in the 

early stage of the disease. The CD8+CD28- T cells in SSc patients exhibited an effector memory 

phenotype, a strong cytolytic activity and a high capacity of producing the profibrotic cytokine IL-

13 (148). Furthermore, SSc patient-derived CD8+ T cells are able to secrete type 2 cytokines such 

as IL-4, IL-5, and IL-9 as well as pro-inflammatory cytokines including IFNγ, TNFα and IL-17 

(146, 147). Therefore, the pro-inflammatory, pro-fibrotic and cytotoxic features of CD8+ T cells 

enable them to contribute to the development of SSc.   

 

 

4.2 Role of B cells in experimental SSc  

This study shows that, apart from T cells, B cells are also indispensable for the disease 

development in the humanized mouse model of SSc. These findings are in line with clinical 

observations, in which an association between B cell abnormalities and the development and 

progression of SSc has been shown (25, 151, 152). Moreover, in this model the substantial 

improvement of SSc-patients after B-cell depletion can be reproduced (153-156). 

 

Interestingly, recipient mice transferred with whole PBMC from SSc patients generated not only 

human IgG but also human autoantibodies against AT1R and ETAR. Previously, Riemekasten and 

colleagues have demonstrated that serum levels of anti-AT1R and anti-ETAR antibodies are 

significantly higher in patients with SSc than healthy subjects and patients with other autoimmune 

diseases (32-34). Meanwhile, those two autoantibodies have been shown to be associated with 

disease manifestations of SSc, such as pulmonary fibrosis, PAH and mortality (32-34). Moreover, 

in vitro studies have revealed that anti-AT1R and anti-ETAR antibodies are functional 

autoantibodies with agonistic effects on their receptor (35-38). For example, both anti-AT1R and 

anti-ETAR IgG can activate endothelial cells and induce the secretion of pro-inflammatory and pro-

fibrotic cytokines (35-38). Therefore, anti-AT1R and anti-ETAR IgG are SSc-associated 

autoantibodies and potential contributors to the pathogenesis of the disease. In this humanized 

mouse model, recipient mice transferred with whole PBMC from SSc patients produce 

significantly higher levels of anti-AT1R and anti-ETAR IgG than those transferred with PBMC 

from healthy subjects (unpublished data), supporting the note that these two autoantibodies are 

SSc-related. Moreover, transfer of B-cell-depleted or T-cell-depleted PBMC from SSc patients did 

not induce the production of anti-AT1R or anti-ETAR IgG in recipient mice, suggesting that the 
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two autoantibodies are produced in a T-cell-dependent manner. Although recent results of our group 

strongly argue for a pathogenic role of these antibodies, their function in this model remains to be 

clarified. 

 

Although not investigated here, it is conceivable that mice transferred with PBMC from SSc 

patients could generate beside anti-AT1R and ETAR some other autoantibodies which might 

contribute to the development of disease. Autoantibodies can contribute to the pathogenesis of 

autoimmune disease manifestation through multiple mechanisms, including mimicking receptor 

stimulation, blocking the function of antigen, induction of altered signaling, triggering uncontrolled 

microthrombosis, cell lysis, neutrophil activation, and induction of inflammation (157). Concerning 

the role of autoantibodies in SSc, some possible effects have been suggested such as 1) acting as 

ligand and inducing the production of pro-inflammatory and pro-fibrotic cytokines (35-38), 2) 

triggering pro-adhesive and pro-inflammatory phenotypic changes in fibroblasts (39-42); 3) 

preventing the degradation of excess collagen in the extracellular matrix (43, 44); and 4) activating 

fibroblast (45-47).  

 

In addition to autoantibodies production, B cells are able to contribute to the disease development 

by releasing cytokines and acting as antigen presenting cells. For example, B cells from SSc mouse 

model or SSc patients produce considerable levels of IL-6 which subsequently induce Th2-

dominant immune responses (158-161). Moreover, B cells could act as APCs and thus influence the 

function of T cells (160-162).  

 

 

4.3 Interaction between T and B cells 

In this study, only mice transferred with whole PBMC developed SSc-like disease, while mice 

transferred with T- or B-cell depleted PBMC did not. This suggests an essential role of interaction 

between T and B cells in disease pathogenesis. The importance of the cooperation between T and B 

cells has been demonstrated in several other animal models for SSc too (163-165). For example, 

Phelps et al. have shown that only the simultaneous injection of both T and B cells from tight skin 

mice into C57BL/6 Pa/Pa mice could induce tight skin-related phenotypes such as dermis 

thickening, enhanced collagen gene transcription, inflammatory infiltration of the skin, and 

production of autoantibodies (163). Another study performed by Hasegawa et al. reported that anti-

DNA topoisomerase I antibody (ATA) secretion could only be detected when B cells retrieved from 

ATA-positive SSc patients are cocultured with T cells.  Noteworthy, B cells did not produce ATA 

when cultured with pokeweed mitogen and recombinant topoisomerase I alone (166). In addition, 

Komura et al (164) have demonstrated that the communication between B and T cells is dependent 
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on CD40/CD40-L signaling in tight-skin mice. Finally, Tanaka et al (165) reported that the 

ICOS/ICOS-L axis was particularly important in the cooperation between B and T cells in 

bleomycin (BLM) induced mouse model of SSc. These findings from animal models suggest that 

an interaction between T and B cells is required for the development of SSc. 

 

Germinal centers (GCs) are specialized compartments in secondary lymphoid organs, and they are 

vital for the development of effective adaptive immune responses (167-170). Both B and T cells are 

fundamental components of GCs (170). In the current study, immune deficient mice transferred 

with whole PBMC from SSc patients developed splenic white pulp which contains functional GCs, 

while mice transferred with T cell depleted PBMC did not. In addition, although 2 out of 10 mice 

transferred with human B-cell-depleted PBMC formed splenic white pulp-like stuctures which are 

composed of human T cells, these two mice did not produce autoantibodies and showed no 

evidence of histopathology, suggesting that these white pulp-like structures contain no functional 

GCs. These results indicate that both T and B cells are indispensable for the formation of functional 

GCs. Mechanistically, GC formation is dependent on chemokines related to lymphocyte homing, 

e.g. chemokine (C-X-C motif) ligand 13 (CXCL13). Tfh cells, a subtype of CD4+ T cells, produce 

CXCL13 and thus contribute to homing of B and T cells into primary follicles as well as GC 

formation in secondary lymphoid tissues (171).  

 

GCs are also the main location where T and B cells interact with each other. In GCs, Tfh cells 

provide key signals to antigen-primed B cells to undergo proliferation, isotype switching and 

somatic hypermutations, leading to the generation of long-living plasma cells and memory B cells 

during immune responses (167, 172-174). Previous studies have demonstrated that the interaction 

between T and B cells is dependent on T cell receptor (TCR)/major histocompatibility complex 

(MHC II), CD28/D80-CD86, CD40-L/CD40 and inducible costimulator (ICOS)/ inducible 

costimulator ligand (ICOS-L) signaling in SSc (166, 175-177). Besides CD4+ T cells, CD8+ T cells 

are also involved in GCs formation and B cells maturation (178, 179). In a humanized mouse 

model of rheumatoid arthritis induced by adoptive transfer of human synovium and PBMC, GC 

function in the rheumatoid lesion is dependent on CD8+ T cells, which is indicated by the fact that 

depletion of CD8+ T cells disrupts synovial GCs and decrease the antibody production of antibodies 

(180).  

 

In the current study, mice transferred with T-depleted PMBC not only were lacking of human T 

cells but also showed limited number of B cells in blood and spleen. This finding suggests that the 

proliferation and differentiation of B cells are essentially dependent on T cells in blood and spleen. 

Meanwhile, 8 of 10 mice transferred with B-depleted PMBC showed limited numbers of T cells, 
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while 2 mice showed considerable number of T cells in blood and slpeen, suggesting that the B 

cells are also involved in but not indispensable for the proliferation of T cells in blood and spleen. 

A possible reason for this is that T cell activation and proliferation is also dependent on other 

professional APCs such as dendritic cells and macrophages. 

 

 

4.4 Clinical relevance of the humanized mouse model for SSc 

In this model, mice develop immunological and histopathological features mimicking the human 

SSc after transfer of patient cells, providing a platform to study the pathogenesis of the disease. 

Notably, recipient mice transferred with PBMC from different SSc patients showed considerable 

differences in their disease phenotype with regard to autoantibody production, histopathology of 

inner organs and disease-related mortality. Most likely, the heterogeneity in disease manifestation 

among recipient mice reflects the differences of PBMC derived from individual donors. Therefore, 

this model could be further developed to generate individualized, patient-specific models of the 

disease. Although this approach has to be further validated and explored in the future, the idea of a 

personalized optimization of treatment regimes on a model instead of a patient has become a very 

attractive concept. 

 

The current study suggests that both human T and B cells are indispensable for the development of 

SSc. This finding indicates that T cells, B cells and molecules involved in the interaction between T 

and B cells, such as TCR/MHC II, CD28/D80-CD86, CD40-L/CD40 and ICOS/ICOS-L might be 

targets of the treatment. So far, RTX, a chimeric monoclonal anti-CD20 B-cell-depleting antibody, 

has been approved for clinical use and demonstrated to be an efficient medicine for SSc patients 

(153-156). Thus, T-cell-targeted therapies or those targeting on interaction between T and B cells 

could be novel candidate treatments of the disease.   

 

 

4.5 Limitations of this study 

Two limitations in this study need to be mentioned here. The first limitation is that all patients were 

treated with drugs, and the treatment varied considerably among patients. The heterogeneity in 

treatment might affect the disease manifestations in recipient mice.  The second one is that the 

humanized model used in this study only mimics part of features of the disease. SSc is featured by 

autoimmunity, systemic inflammation, fibrosis and vasculopathy. In this humanized mouse model, 

recipient mice are featured by autoimmunity and systemic inflammation but develop neither 

fibrosis nor vasculopathy. Therefore, this model is not suitable for investigating the pathogenesis of 

fibrosis and vasculopathy. One possible reason for the lack of tissue fibrosis and vasculopathy is 
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that both disease manifestations are results of the interaction between human autoimmune cells and 

target tissues. Accordingly, a transfer of both PBMC from SSc patients and target tissue, e.g. 

human skin from healthy subjects into immunodeficient mice might partially overcome this 

limitation. This strategy has been applied in animal model of another autoimmune disease- alopecia 

areata (181). 

 

 

5 Conclusion and perspectives  

5.1 Conclusion 

In this study, we have shown that both T and B cells essentially contribute to the development of 

immunological and pathological features in the humanized mouse model, including GCs formation, 

production of autoantibodies, systemic inflammation and disease mortality. Furthermore, this study 

also provides evidence that human T and B cells depend on each other for their survival, function 

and proliferation in mice. In conclusion, the current study has demonstrated that both human T and 

B cells are required for the development of disease in the humanized mouse model for SSc.  

 

5.2 Perspectives 

Although this study represents a potential individualized model for SSc which is helpful for 

personalized medicine, it needs to be further optimized and improved. On the one hand, transfer of 

PBMC from patients prior to any treatment might induce disease manifestations reflecting human 

disease better. On the other hand, induction of fibrosis and vasculopathy in mice will be an ideal 

humanized mouse model for SSc.  

 

Furthermore, the mechanisms underlying the role T and B cells in this humanized mouse model 

should be explored in the future. Many interesting questions in the aspect need to be addressed, e.g. 

which subtypes of T and B cells contribute to the disease development, whether autoantibodies are 

important for the disease pathogenesis, and, if yes, which specificity do these autoantibodies have.  

Addressing these questions will greatly help to understand this model as well as SSc. 



References 

47 

 

 

References 

  1. Allanore Y, Simms R, Distler O, Trojanowska M, Pope J, Denton CP, Varga J: Systemic sclerosis. NAT 

REV DIS PRIMERS 1, 15002 (2015) 

  2. Barnes J, Mayes MD: Epidemiology of systemic sclerosis: incidence, prevalence, survival, risk factors, 

malignancy, and environmental triggers. CURR OPIN RHEUMATOL 24, 165-170 (2012) 

  3. Chifflot H, Fautrel B, Sordet C, Chatelus E, Sibilia J: Incidence and prevalence of systemic sclerosis: a 

systematic literature review. Semin Arthritis Rheum 37, 223-235 (2008) 

  4. Kang GW, Jung KH, Lee YS, Kim HJ, Yoon DY, Lee SH, Hann HJ, Kim KH, Han S, Kim Y, Kim DS, 

Ahn HS: Incidence, prevalence, mortality and causes of death in systemic sclerosis in Korea: a 

nationwide population-based study. Br J Dermatol 178, e37-e39 (2018) 

  5. Ranque B, Mouthon L: Geoepidemiology of systemic sclerosis. AUTOIMMUN REV 9, A311-A318 

(2010) 

  6. Butt SA, Jeppesen JL, Fuchs C, Mogensen M, Engelhart M, Torp-Pedersen C, Gislason GH, Jacobsen S, 

Andersson C: Trends in incidence, mortality, and causes of death associated with systemic sclerosis in 

Denmark between 1995 and 2015: a nationwide cohort study. BMC Rheumatol 2, 36 (2018) 

  7. Preliminary criteria for the classification of systemic sclerosis (scleroderma).  Subcommittee for 

scleroderma criteria of the American Rheumatism Association Diagnostic and Therapeutic Criteria 

Committee. Arthritis Rheum 23, 581-590 (1980) 

  8. van den Hoogen F, Khanna D, Fransen J, Johnson SR, Baron M, Tyndall A, Matucci-Cerinic M, Naden 

RP, Medsger TJ, Carreira PE, Riemekasten G, Clements PJ, Denton CP, Distler O, Allanore Y, Furst 

DE, Gabrielli A, Mayes MD, van Laar JM, Seibold JR, Czirjak L, Steen VD, Inanc M, Kowal-Bielecka 

O, Muller-Ladner U, Valentini G, Veale DJ, Vonk MC, Walker UA, Chung L, Collier DH, Ellen CM, 

Fessler BJ, Guiducci S, Herrick A, Hsu VM, Jimenez S, Kahaleh B, Merkel PA, Sierakowski S, Silver 

RM, Simms RW, Varga J, Pope JE: 2013 classification criteria for systemic sclerosis: an American 

college of rheumatology/European league against rheumatism collaborative initiative. ANN RHEUM 

DIS 72,1747-1755 (2013) 

  9. Krieg T, Takehara K: Skin disease: a cardinal feature of systemic sclerosis. Rheumatology (Oxford) 48 

Suppl 3, i14-i18 (2009) 

 10. Orlandi M, Barsotti S, Lepri G, Codullo V, Di Battista M, Guiducci S, Della RA: One year in review 

2018: systemic sclerosis. CLIN EXP RHEUMATOL 36 Suppl 113, 3-23 (2018) 

 11.  Gabrielli A, Avvedimento EV, Krieg T: Scleroderma: N Engl J Med  360,1989-2003 (2009) 

 12. Allanore Y, Distler O: Systemic sclerosis in 2014: Advances in cohort enrichment shape future of trial 

design. NAT REV RHEUMATOL 11, 72-74 (2015) 

 13. Pokeerbux MR, Giovannelli J, Dauchet L, Mouthon L, Agard C, Lega JC, Allanore Y, Jego P, Bienvenu 

B, Berthier S, Mekinian A, Hachulla E, Launay D: Survival and prognosis factors in systemic sclerosis: 

data of a French multicenter cohort, systematic review, and meta-analysis of the literature. ARTHRITIS 

RES THER 21, 86 (2019) 

 14. Mouthon L, Bussone G, Berezne A, Noel LH, Guillevin L: Scleroderma renal crisis. J RHEUMATOL 41, 

1040-1048 (2014) 



References 

48 

 

 15. Mouthon L, Berezne A, Bussone G, Noel LH, Villiger PM, Guillevin L: Scleroderma renal crisis: a rare 

but severe complication of systemic sclerosis. Clin Rev Allergy Immunol 40, 84-91 (2011) 

 16.   Steen VD: Kidney involvement in systemic sclerosis. PRESSE MED 43, e305-e314 (2014) 

 17. Bussone G, Mouthon L: Interstitial lung disease in systemic sclerosis. AUTOIMMUN REV 10, 248-255 

(2011) 

 18. Nihtyanova SI, Schreiber BE, Ong VH, Rosenberg D, Moinzadeh P, Coghlan JG, Wells AU, Denton 

CP: Prediction of pulmonary complications and long-term survival in systemic sclerosis. ARTHRITIS 

RHEUMATOL  66, 1625-1635 (2014) 

 19. Domsic R, Fasanella K, Bielefeldt K: Gastrointestinal manifestations of systemic sclerosis. Dig Dis Sci 

53,1163-1174 (2008) 

 20. McFarlane IM, Bhamra MS, Kreps A, Iqbal S, Al-Ani F, Saladini-Aponte C, Grant C, Singh S, Awwal 

K, Koci K, Saperstein Y, Arroyo-Mercado FM, Laskar DB, Atluri P: Gastrointestinal Manifestations 

of Systemic Sclerosis. Rheumatology (Sunnyvale) 8 (2018) 

 21. Sarzi-Puttini P, Atzeni F, Gerli R, Bartoloni E, Doria A, Barskova T, Matucci-Cerinic M, Sitia S, 

Tomasoni L, Turiel M: Cardiac involvement in systemic rheumatic diseases: An update. 

AUTOIMMUN REV 9, 849-852 (2010) 

 22. Papagoras C, Achenbach K, Tsifetaki N, Tsiouris S, Fotopoulos A, Drosos AA. Heart involvement in 

systemic sclerosis: a combined echocardiographic and scintigraphic study. CLIN RHEUMATOL 33, 

1105-1111 (2014) 

 23. Fernandez-Codina A, Simeon-Aznar CP, Pinal-Fernandez I, Rodriguez-Palomares J, Pizzi MN, 

Hidalgo CE, Guillen-Del CA, Prado-Galbarro FJ, Sarria-Santamera A, Fonollosa-Pla V, Vilardell-

Tarres M: Cardiac involvement in systemic sclerosis: differences between clinical subsets and 

influence on survival. RHEUMATOL INT 37, 75-84 (2017) 

 24. Lorand V, Czirjak L, Minier T: Musculoskeletal involvement in systemic sclerosis. PRESSE MED  43, 

e315-e328 (2014) 

 25. Famularo G, Giacomelli R, Alesse E, Cifone MG, Morrone S, Boirivant M, Danese C, Perego MA, 

Santoni A, Tonietti G: Polyclonal B lymphocyte activation in progressive systemic sclerosis. J Clin 

Lab Immunol  29, 59-63 (1989) 

 26.   Steen VD: Autoantibodies in systemic sclerosis. Semin Arthritis Rheum  35, 35-42 (2005) 

 27. Walker UA, Tyndall A, Czirjak L, Denton C, Farge-Bancel D, Kowal-Bielecka O, Muller-Ladner U, 

Bocelli-Tyndall C, Matucci-Cerinic M: Clinical risk assessment of organ manifestations in systemic 

sclerosis: a report  from the EULAR Scleroderma Trials And Research group database. ANN RHEUM 

DIS 66, 754-763 (2007) 

 28. Mitri GM, Lucas M, Fertig N, Steen VD, Medsger TJ: A comparison between anti-Th/To- and 

anticentromere antibody-positive systemic sclerosis patients with limited cutaneous involvement. 

Arthritis Rheum 48, 203-209 (2003) 

 29. Rodriguez-Sanchez JL, Gelpi C, Juarez C, Hardin JA: Anti-NOR 90. A new autoantibody in 

scleroderma that recognizes a 90-kDa component of the nucleolus-organizing region of chromatin. J 

IMMUNOL 139, 2579-2584  (1987) 

 30. Volpe A, Ruzzenente O, Caramaschi P, Pieropan S, Tinazzi I, Carletto A, Bambara LM, Biasi D: 



References 

49 

 

Clinical associations of anti-CENP-B and anti-Scl70 antibody levels measured by multiplexed 

fluorescent microsphere immunoassay in systemic sclerosis. RHEUMATOL INT 29, 1073-1079 (2009) 

 31. Gunther J, Rademacher J, van Laar JM, Siegert E, Riemekasten G: Functional autoantibodies in 

systemic sclerosis. SEMIN IMMUNOPATHOL  37, 529-542 (2015) 

 32. Negi VS, Tripathy NK, Misra R, Nityanand S: Antiendothelial cell antibodies in scleroderma correlate 

with severe digital ischemia and pulmonary arterial hypertension. J RHEUMATOL 25, 462-466 (1998) 

 33. Hebbar M, Lassalle P, Delneste Y, Hatron PY, Devulder B, Tonnel AB, Janin A: Assessment of anti-

endothelial cell antibodies in systemic sclerosis and Sjogren's syndrome. ANN RHEUM DIS  56, 230-

234 (1997) 

 34. Ihn H, Sato S, Fujimoto M, Igarashi A, Yazawa N, Kubo M, Kikuchi K, Takehara K, Tamaki K: 

Characterization of autoantibodies to endothelial cells in systemic sclerosis (SSc): association with 

pulmonary fibrosis. CLIN EXP IMMUNOL  119, 203-209  (2000) 

 35. Riemekasten G, Philippe A, Nather M, Slowinski T, Muller DN, Heidecke H, Matucci-Cerinic M, 

Czirjak L, Lukitsch I, Becker M, Kill A, van Laar JM, Catar R, Luft FC, Burmester GR, Hegner B, 

Dragun D: Involvement of functional autoantibodies against vascular receptors in systemic sclerosis. 

ANN RHEUM DIS  70, 530-536  (2011) 

 36. Becker MO, Kill A, Kutsche M, Guenther J, Rose A, Tabeling C, Witzenrath M, Kuhl AA, Heidecke 

H, Ghofrani HA, Tiede H, Schermuly RT, Nickel N, Hoeper MM, Lukitsch I, Gollasch M, Kuebler 

WM, Bock S, Burmester GR, Dragun D, Riemekasten G: Vascular receptor autoantibodies in 

pulmonary arterial hypertension associated with systemic sclerosis. Am J Respir Crit Care Med 190, 

808-817 (2014) 

 37. Kill A, Tabeling C, Undeutsch R, Kuhl AA, Gunther J, Radic M, Becker MO, Heidecke H, Worm M, 

Witzenrath M, Burmester GR, Dragun D, Riemekasten G: Autoantibodies to angiotensin and 

endothelin receptors in systemic sclerosis induce cellular and systemic events associated with disease 

pathogenesis. ARTHRITIS RES THER 16, R29 (2014) 

 38. Avouac J, Riemekasten G, Meune C, Ruiz B, Kahan A, Allanore Y: Autoantibodies against Endothelin 

1 Type A Receptor Are Strong Predictors of Digital Ulcers in Systemic Sclerosis. J RHEUMATOL  

42,1801-1807 (2015) 

 39. Chizzolini C, Raschi E, Rezzonico R, Testoni C, Mallone R, Gabrielli A, Facchini A, Del PN, Borghi 

MO, Dayer JM, Meroni PL: Autoantibodies to fibroblasts induce a proadhesive and proinflammatory 

fibroblast phenotype in patients with systemic sclerosis. Arthritis Rheum 46,1602-1613 (2002) 

 40. Tamby MC, Humbert M, Guilpain P, Servettaz A, Dupin N, Christner JJ, Simonneau G, Fermanian J, 

Weill B, Guillevin L, Mouthon L: Antibodies to fibroblasts in idiopathic and scleroderma-associated 

pulmonary hypertension. EUR RESPIR J 28,799-807 (2006) 

 41. Terrier B, Tamby MC, Camoin L, Guilpain P, Broussard C, Bussone G, Yaici A, Hotellier F, 

Simonneau G, Guillevin L, Humbert M, Mouthon L: Identification of target antigens of antifibroblast 

antibodies in pulmonary arterial hypertension. Am J Respir Crit Care Med 177, 1128-1134 (2008) 

 42. Terrier B, Tamby MC, Camoin L, Guilpain P, Berezne A, Tamas N, Broussard C, Hotellier F, 

Humbert M, Simonneau G, Guillevin L, Mouthon L: Antifibroblast antibodies from systemic sclerosis 

patients bind to {alpha}-enolase and are associated with interstitial lung disease. ANN RHEUM DIS  



References 

50 

 

69,428-433 (2010) 

 43. Sato S, Hayakawa I, Hasegawa M, Fujimoto M, Takehara K: Function blocking autoantibodies against 

matrix metalloproteinase-1 in patients with systemic sclerosis. J INVEST DERMATOL 120, 542-547 

(2003) 

 44. Nishijima C, Hayakawa I, Matsushita T, Komura K, Hasegawa M, Takehara K, Sato S: Autoantibody 

against matrix metalloproteinase-3 in patients with systemic sclerosis. CLIN EXP IMMUNOL 138, 

357-363 (2004) 

 45. Tan FK, Arnett FC, Antohi S, Saito S, Mirarchi A, Spiera H, Sasaki T, Shoichi O, Takeuchi K, Pandey 

JP, Silver RM, LeRoy C, Postlethwaite AE, Bona CA: Autoantibodies to the extracellular matrix 

microfibrillar protein, fibrillin-1, in patients with scleroderma and other connective tissue diseases. J 

IMMUNOL 163, 1066-1072 (1999) 

 46. Tan FK, Arnett FC, Reveille JD, Ahn C, Antohi S, Sasaki T, Nishioka K, Bona CA: Autoantibodies to 

fibrillin 1 in systemic sclerosis: ethnic differences in antigen recognition and lack of correlation with 

specific clinical features or HLA alleles. Arthritis Rheum 43, 2464-2471 (2000) 

 47. Zhou X, Tan FK, Milewicz DM, Guo X, Bona CA, Arnett FC: Autoantibodies to fibrillin-1 activate 

normal human fibroblasts in culture through the TGF-beta pathway to recapitulate the "scleroderma 

phenotype". J IMMUNOL 175, 4555-4560 (2005) 

 48. Harrison NK, Myers AR, Corrin B, Soosay G, Dewar A, Black CM, Du Bois RM, Turner-Warwick M: 

Structural features of interstitial lung disease in systemic sclerosis. Am Rev Respir Dis 144, 706-713 

(1991) 

 49. Prescott RJ, Freemont AJ, Jones CJ, Hoyland J, Fielding P: Sequential dermal microvascular and 

perivascular changes in the development of scleroderma. J PATHOL 166, 255-263 (1992) 

 50. Roumm AD, Whiteside TL, Medsger TJ, Rodnan GP: Lymphocytes in the skin of patients with 

progressive systemic sclerosis. Quantification, subtyping, and clinical correlations. Arthritis Rheum 27, 

645-653 (1984) 

 51. Truchetet ME, Brembilla NC, Montanari E, Allanore Y, Chizzolini C: Increased frequency of 

circulating Th22 in addition to Th17 and Th2 lymphocytes in systemic sclerosis: association with 

interstitial lung disease. ARTHRITIS RES THER 13, R166. (2011) 

 52. Brembilla NC, Montanari E, Truchetet ME, Raschi E, Meroni P, Chizzolini C: Th17 cells favor 

inflammatory responses while inhibiting type I collagen deposition by dermal fibroblasts: differential 

effects in healthy and systemic sclerosis fibroblasts. ARTHRITIS RES THER15, R151 (2013) 

 53. Fenoglio D, Battaglia F, Parodi A, Stringara S, Negrini S, Panico N, Rizzi M, Kalli F, Conteduca G, 

Ghio M, De Palma R, Indiveri F, Filaci G: Alteration of Th17 and Treg cell subpopulations co-exist in 

patients affected with systemic sclerosis. CLIN IMMUNOL  139, 249-257 (2011) 

 54.   Wynn TA: Fibrotic disease and the T(H)1/T(H)2 paradigm. NAT REV IMMUNOL  4, 583-594  (2004) 

 55. Guggino G, Lo PM, Di Liberto D, Rizzo A, Cipriani P, Ruscitti P, Candore G, Gambino CM, Sireci G, 

Dieli F, Giacomelli R, Triolo G, Ciccia F: Interleukin-9 over-expression and T helper 9 polarization in 

systemic sclerosis patients. CLIN EXP IMMUNOL  190, 208-216 (2017) 

 56. Meloni F, Solari N, Cavagna L, Morosini M, Montecucco CM, Fietta AM: Frequency of Th1, Th2 and 

Th17 producing T lymphocytes in bronchoalveolar lavage  of patients with systemic sclerosis. CLIN 



References 

51 

 

EXP RHEUMATOL  27, 765-772 (2009) 

 57. Frantz C, Auffray C, Avouac J, Allanore Y: Regulatory T Cells in Systemic Sclerosis. FRONT 

IMMUNOL9, 2356 (2018) 

 58. Ugor E, Simon D, Almanzar G, Pap R, Najbauer J, Nemeth P, Balogh P, Prelog M, Czirjak L, Berki T: 

Increased proportions of functionally impaired regulatory T cell subsets in systemic sclerosis. CLIN 

IMMUNOL 184, 54-62 (2017) 

 59. MacDonald KG, Dawson NA, Huang Q, Dunne JV, Levings MK, Broady R: Regulatory T cells 

produce profibrotic cytokines in the skin of patients with systemic sclerosis. J Allergy Clin Immunol 

135, 946-949  (2015) 

 60. De Martinis M, Ciccarelli F, Sirufo MM, Ginaldi L: An overview of environmental risk factors in 

systemic sclerosis. Expert Rev Clin Immunol 12, 465-478 (2016) 

 61. Borghini A, Poscia A, Bosello S, Teleman AA, Bocci M, Iodice L, Ferraccioli G, La Milia DI, 

Moscato U: Environmental Pollution by Benzene and PM10 and Clinical Manifestations of Systemic 

Sclerosis: A Correlation Study. Int J Environ Res Public Health  14, E1297 (2017) 

 62. McCormic ZD, Khuder SS, Aryal BK, Ames AL, Khuder SA: Occupational silica exposure as a risk 

factor for scleroderma: a meta-analysis. Int Arch Occup Environ Health 83, 763-769 (2010) 

 63. Randone SB, Guiducci S, Cerinic MM: Systemic sclerosis and infections. AUTOIMMUN REV 8, 36-40  

(2008) 

 64. Radic M, Martinovic KD, Radic J: Infectious disease as aetiological factor in the pathogenesis of 

systemic sclerosis. NETH J MED 68, 348-353 (2010) 

 65. Zhao CN, Xu Z, Wu GC, Mao YM, Liu LN, Qian-Wu, Dan YL, Tao SS, Zhang Q, Sam NB, Fan YG, 

Zou YF, Ye DQ, Pan HF: Emerging role of air pollution in autoimmune diseases. AUTOIMMUN REV 

18, 607-614 (2019) 

 66. Li C, Du S, Lu Y, Lu X, Liu F, Chen Y, Weng D, Chen J: Blocking the 4-1BB Pathway Ameliorates 

Crystalline Silica-induced Lung Inflammation and Fibrosis in Mice. THERANOSTICS 6, 2052-2067 

(2016) 

 67. Marie I, Gehanno JF, Bubenheim M, Duval-Modeste AB, Joly P, Dominique S, Bravard P, Noel D, 

Cailleux AF, Weber J, Lagoutte P, Benichou J, Levesque H: Prospective study to evaluate the 

association between systemic sclerosis and occupational exposure and review of the literature. 

AUTOIMMUN REV 13, 151-156 (2014) 

 68. Niklas K, Niklas AA, Majewski D, Puszczewicz MJ: Rheumatic diseases induced by drugs and 

environmental factors: the state-of-the-art - part two. Reumatologia 54,165-169 (2016) 

 69. Marie I, Gehanno JF: Environmental risk factors of systemic sclerosis. SEMIN IMMUNOPATHOL 37, 

463-473 (2015) 

 70. Magnant J, de Monte M, Guilmot JL, Lasfargues G, Diot P, Asquier E, Degenne D, Boissinot E, Diot 

E: Relationship between occupational risk factors and severity markers of systemic sclerosis. J 

RHEUMATOL  32, 1713-1718 (2005) 

 71. Wei P, Yang Y, Guo X, Hei N, Lai S, Assassi S, Liu M, Tan F, Zhou X: Identification of an 

Association of TNFAIP3 Polymorphisms With Matrix Metalloproteinase Expression in Fibroblasts in 

an Integrative Study of Systemic Sclerosis-Associated Genetic and Environmental Factors. 



References 

52 

 

ARTHRITIS RHEUMATOL 68, 749-760 (2016) 

 72. Walczyk M, Paradowska-Gorycka A, Olesinska M: Epigenetics: The Future Direction in Systemic 

Sclerosis. SCAND J IMMUNOL 86, 427-435 (2017) 

 73. Ciechomska M, van Laar JM, O'Reilly S: Emerging role of epigenetics in systemic sclerosis 

pathogenesis. GENES IMMUN 15, 433-439 (2014) 

 74. Angiolilli C, Marut W, van der Kroef M, Chouri E, Reedquist KA, Radstake T: New insights into the 

genetics and epigenetics of systemic sclerosis. NAT REV RHEUMATOL 14, 657-673 (2018) 

 75. Englert H, Small-McMahon J, Chambers P, O'Connor H, Davis K, Manolios N, White R, Dracos G, 

Brooks P: Familial risk estimation in systemic sclerosis. Aust N Z J Med  29, 36-41 (1999) 

 76. Arnett FC, Cho M, Chatterjee S, Aguilar MB, Reveille JD, Mayes MD: Familial occurrence 

frequencies and relative risks for systemic sclerosis (scleroderma) in three United States cohorts. 

Arthritis Rheum  44, 1359-1362 (2001) 

 77. Broen JC, Radstake TR, Rossato M: The role of genetics and epigenetics in the pathogenesis of 

systemic sclerosis. NAT REV RHEUMATOL 10, 671-681 (2014) 

 78. Rezaei R, Aslani S, Dashti N, Jamshidi A, Gharibdoost F, Mahmoudi M: Genetic implications in the 

pathogenesis of systemic sclerosis. INT J RHEUM DIS 21,1478-1486 (2018) 

 79. Orlandi M, Barsotti S, Lepri G, Codullo V, Di Battista M, Guiducci S, Della RA: One year in review 

2018: systemic sclerosis. CLIN EXP RHEUMATOL 36 Suppl 113,3-23 (2018) 

 80. Ma Y, Zhou X: Multiple genes, especially immune-regulating genes, contribute to disease 

susceptibility in systemic sclerosis. CURR OPIN RHEUMATOL 28, 595-605 (2016) 

 81. Chairta P, Nicolaou P, Christodoulou K: Genomic and genetic studies of systemic sclerosis: A 

systematic review. HUM IMMUNOL 78, 153-165 (2017) 

 82. Gladman DD, Keystone EC, Baron M, Lee P, Cane D, Mervert H: Increased frequency of HLA-DR5 

in scleroderma. Arthritis Rheum 24, 854-856 (1981) 

 83. Arnett FC, Gourh P, Shete S, Ahn CW, Honey RE, Agarwal SK, Tan FK, McNearney T, Fischbach M, 

Fritzler MJ, Mayes MD, Reveille JD: Major histocompatibility complex (MHC) class II alleles, 

haplotypes and epitopes  which confer susceptibility or protection in systemic sclerosis: analyses in 

1300 Caucasian, African-American and Hispanic cases and 1000 controls. ANN RHEUM DIS 69, 822-

827 (2010) 

 84. Gladman DD, Kung TN, Siannis F, Pellett F, Farewell VT, Lee P: HLA markers for susceptibility and 

expression in scleroderma. J RHEUMATOL  32,1481-1487 (2005) 

 85. Vargas-Alarcon G, Granados J, Ibanez DKG, Alcocer-Varela J, Alarcon-Segovia D: Association of 

HLA-DR5 (DR11) with systemic sclerosis (scleroderma) in Mexican patients. CLIN EXP 

RHEUMATOL 13, 11-16 (1995) 

 86. Vlachoyiannopoulos PG, Dafni UG, Pakas I, Spyropoulou-Vlachou M, Stavropoulos-Giokas C, 

Moutsopoulos HM: Systemic scleroderma in Greece: low mortality and strong linkage with HLA-

DRB1*1104 allele. ANN RHEUM DIS 59, 359-367 (2000) 

 87. Beretta L, Rueda B, Marchini M, Santaniello A, Simeon CP, Fonollosa V, Caronni M, Rios-Fernandez 

R, Carreira P, Rodriguez-Rodriguez L, Moreno A, Lopez-Nevot MA, Escalera A, Gonzalez-Escribano 

MF, Martin J, Scorza R: Analysis of Class II human leucocyte antigens in Italian and Spanish systemic 



References 

53 

 

sclerosis. Rheumatology (Oxford) 51, 52-59 (2012) 

 88. Loubiere LS, Lambert NC, Madeleine MM, Porter AJ, Mullarkey ME, Pang JM, Galloway DA, Furst 

DE, Nelson JL: HLA allelic variants encoding DR11 in diffuse and limited systemic sclerosis in 

Caucasian women. Rheumatology (Oxford) 44, 318-322 (2005) 

 89. Gonzalez-Serna D, Lopez-Isac E, Yilmaz N, Gharibdoost F, Jamshidi A, Kavosi H, Poursani S, Farsad 

F, Direskeneli H, Saruhan-Direskeneli G, Vargas S, Sawalha AH, Brown MA, Yavuz S, Mahmoudi M, 

Martin J: Analysis of the genetic component of systemic sclerosis in Iranian and Turkish populations 

through a genome-wide association study. Rheumatology (Oxford) 58, 289-298 (2019) 

 90. Lambert NC, Distler O, Muller-Ladner U, Tylee TS, Furst DE, Nelson JL: HLA-DQA1*0501 is 

associated with diffuse systemic sclerosis in Caucasian men. Arthritis Rheum  43, 2005-2010 (2000) 

 91. Stevens AM, Kanaan SB, Torok KS, Medsger TA, Mayes MD, Reveille JD, Klein-Gitelman M, Reed 

AM, Lee T, Li SC, Henstorf G, Luu C, Aydelotte T, Nelson JL: Brief Report: HLA-DRB1, DQA1, and 

DQB1 in Juvenile-Onset Systemic Sclerosis. ARTHRITIS RHEUMATOL  68, 2772-2777 (2016) 

 92. Wang J, Guo X, Yi L, Guo G, Tu W, Wu W, Yang L, Xiao R, Li Y, Chu H, He D, Jin L, Mayes MD, 

Zou H, Zhou X: Association of HLA-DPB1 with scleroderma and its clinical features in Chinese 

population. PLOS ONE  9, e87363 (2014) 

 93. Oka A, Asano Y, Hasegawa M, Fujimoto M, Ishikawa O, Kuwana M, Kawaguchi Y, Yamamoto T, 

Takahashi H, Goto D, Endo H, Jinnin M, Mano S, Hosomichi K, Mabuchi T, Ueda MT, Nakagawa S, 

Beck S, Bahram S, Takehara K, Sato S, Ihn H: RXRB Is an MHC-Encoded Susceptibility Gene 

Associated with Anti-Topoisomerase I Antibody-Positive Systemic Sclerosis. J INVEST DERMATOL 

137, 1878-1886 (2017) 

 94. Zhou X, Lee JE, Arnett FC, Xiong M, Park MY, Yoo YK, Shin ES, Reveille JD, Mayes MD, Kim JH, 

Song R, Choi JY, Park JA, Lee YJ, Lee EY, Song YW, Lee EB: HLA-DPB1 and DPB2 are genetic 

loci for systemic sclerosis: a genome-wide association study in Koreans with replication in North 

Americans. Arthritis Rheum  60, 3807-3814 (2009) 

 95. Kuwana M, Inoko H, Kameda H, Nojima T, Sato S, Nakamura K, Ogasawara T, Hirakata M, Ohosone 

Y, Kaburaki J, Okano Y, Mimori T: Association of human leukocyte antigen class II genes with 

autoantibody profiles, but not with disease susceptibility in Japanese patients with systemic sclerosis. 

Intern Med 38, 336-344 (1999) 

 96. Kang SH, Park MH, Song EY, Kang SJ, Lee EB, Song YW, Takeuchi F: Association of HLA class II 

genes with systemic sclerosis in Koreans. J RHEUMATOL  28, 1577-1583 (2001) 

 97. Koumakis E, Bouaziz M, Dieude P, Cauvet A, Ruiz B, Airo P, Cusi D, Matucci-Cerinic M, Salvi E, 

Cuomo G, Hachulla E, Diot E, Caramaschi P, Riccieri V, Avouac J, Allanore Y: A candidate gene 

study identifies a haplotype of CD2 as novel susceptibility factor for systemic sclerosis. CLIN EXP 

RHEUMATOL 34 Suppl 100, 43-48 (2016) 

 98. Mayes MD, Bossini-Castillo L, Gorlova O, Martin JE, Zhou X, Chen WV, Assassi S, Ying J, Tan FK, 

Arnett FC, Reveille JD, Guerra S, Teruel M, Carmona FD, Gregersen PK, Lee AT, Lopez-Isac E, 

Ochoa E, Carreira P, Simeon CP, Castellvi I, Gonzalez-Gay MA, Zhernakova A, Padyukov L, 

Alarcon-Riquelme M, Wijmenga C, Brown M, Beretta L, Riemekasten G, Witte T, Hunzelmann N, 

Kreuter A, Distler JH, Voskuyl AE, Schuerwegh AJ, Hesselstrand R, Nordin A, Airo P, Lunardi C, 



References 

54 

 

Shiels P, van Laar JM, Herrick A, Worthington J, Denton C, Wigley FM, Hummers LK, Varga J, 

Hinchcliff ME, Baron M, Hudson M, Pope JE, Furst DE, Khanna D, Phillips K, Schiopu E, Segal BM, 

Molitor JA, Silver RM, Steen VD, Simms RW, Lafyatis RA, Fessler BJ, Frech TM, Alkassab F, 

Docherty P, Kaminska E, Khalidi N, Jones HN, Markland J, Robinson D, Broen J, Radstake TR, 

Fonseca C, Koeleman BP, Martin J:  Immunochip analysis identifies multiple susceptibility loci for 

systemic sclerosis. AM J HUM GENET  94, 47-61 (2014) 

 99. Lopez-Isac E, Bossini-Castillo L, Guerra SG, Denton C, Fonseca C, Assassi S, Zhou X, Mayes MD, 

Simeon CP, Ortego-Centeno N, Castellvi I, Carreira P, Gorlova O, Beretta L, Santaniello A, Lunardi C, 

Hesselstrand R, Nordin A, Riemekasten G, Witte T, Hunzelmann N, Kreuter A, Distler JH, Voskuyl 

AE, de Vries-Bouwstra J, Koeleman BP, Herrick A, Worthington J, Radstake TR, Martin J: 

Identification of IL12RB1 as a novel systemic sclerosis susceptibility locus. ARTHRITIS 

RHEUMATOL  66, 3521-3523 (2014) 

100. Mak AC, Tang PL, Cleveland C, Smith MH, Kari CM, Katsumoto TR, Wolters PJ, Kwok PY, Criswell 

LA: Brief Report: Whole-Exome Sequencing for Identification of Potential Causal Variants for Diffuse 

Cutaneous Systemic Sclerosis. ARTHRITIS RHEUMATOL  68, 2257-2262 (2016) 

101. Dieude P, Wipff J, Guedj M, Ruiz B, Melchers I, Hachulla E, Riemekasten G, Diot E, Hunzelmann N, 

Sibilia J, Tiev K, Mouthon L, Cracowski JL, Carpentier PH, Distler J, Amoura Z, Tarner I, Avouac J, 

Meyer O, Kahan A, Boileau C, Allanore Y: BANK1 is a genetic risk factor for diffuse cutaneous 

systemic sclerosis and has additive effects with IRF5 and STAT4. Arthritis Rheum  60, 3447-3454 

(2009) 

102. Lopez-Isac E, Martin JE, Assassi S, Simeon CP, Carreira P, Ortego-Centeno N, Freire M, Beltran E, 

Narvaez J, Alegre-Sancho JJ, Fernandez-Gutierrez B, Balsa A, Ortiz AM, Gonzalez-Gay MA, Beretta 

L, Santaniello A, Bellocchi C, Lunardi C, Moroncini G, Gabrielli A, Witte T, Hunzelmann N, Distler 

JH, Riekemasten G, van der Helm-van MA, de Vries-Bouwstra J, Magro-Checa C, Voskuyl AE, Vonk 

MC, Molberg O, Merriman T, Hesselstrand R, Nordin A, Padyukov L, Herrick A, Eyre S, Koeleman 

BP, Denton CP, Fonseca C, Radstake TR, Worthington J, Mayes MD, Martin J:  Brief Report: IRF4 

Newly Identified as a Common Susceptibility Locus for Systemic Sclerosis and Rheumatoid Arthritis 

in a Cross-Disease Meta-Analysis of Genome-Wide Association Studies. ARTHRITIS RHEUMATOL  

68, 2338-2344 (2016) 

103. Xu Y, Wang W, Tian Y, Liu J, Yang R: Polymorphisms in STAT4 and IRF5 increase the risk of 

systemic sclerosis: a meta-analysis. INT J DERMATOL 55, 408-416 (2016) 

104. Wang J, Yi L, Guo X, Liu M, Li H, Zou H, Gu Y, Tu W, Guo G, Yang L, Lai S, He D, Zhou X: 

Association of the IRF5 SNP rs2004640 with systemic sclerosis in Han Chinese. Int J Immunopathol 

Pharmacol 27, 635-638 (2014) 

105. Zhao W, Yue X, Liu K, Zheng J, Huang R, Zou J, Riemekasten G, Petersen F, Yu X: The status of 

pulmonary fibrosis in systemic sclerosis is associated with IRF5, STAT4, IRAK1, and CTGF 

polymorphisms. RHEUMATOL INT 37, 1303-1310 (2017) 

106. Dieude P, Guedj M, Wipff J, Ruiz B, Hachulla E, Diot E, Granel B, Sibilia J, Tiev K, Mouthon L, 

Cracowski JL, Carpentier PH, Amoura Z, Fajardy I, Avouac J, Meyer O, Kahan A, Boileau C, 

Allanore Y: STAT4 is a genetic risk factor for systemic sclerosis having additive effects with IRF5 on 



References 

55 

 

disease susceptibility and related pulmonary fibrosis. Arthritis Rheum 60, 2472-2479 (2009) 

107. Wei P, Yang Y, Guo X, Hei N, Lai S, Assassi S, Liu M, Tan F, Zhou X: Identification of an 

Association of TNFAIP3 Polymorphisms With Matrix Metalloproteinase Expression in Fibroblasts in 

an Integrative Study of Systemic Sclerosis-Associated Genetic and Environmental Factors. 

ARTHRITIS RHEUMATOL 68, 749-760 (2016) 

108. Gao L, Emond MJ, Louie T, Cheadle C, Berger AE, Rafaels N, Vergara C, Kim Y, Taub MA, 

Ruczinski I, Mathai SC, Rich SS, Nickerson DA, Hummers LK, Bamshad MJ, Hassoun PM, Mathias 

RA, Barnes KC: Identification of Rare Variants in ATP8B4 as a Risk Factor for Systemic Sclerosis by 

Whole-Exome Sequencing. ARTHRITIS RHEUMATOL  68, 191-200 (2016) 

109. Zochling J, Newell F, Charlesworth JC, Leo P, Stankovich J, Cortes A, Zhou Y, Stevens W, Sahhar J, 

Roddy J, Nash P, Tymms K, Rischmueller M, Lester S, Proudman S, Brown MA: An Immunochip-

based interrogation of scleroderma susceptibility variants identifies a novel association at DNASE1L3. 

ARTHRITIS RES THER 16,438 (2014) 

110. Yu X, Huang Q, Petersen F: History and milestones of mouse models of autoimmune diseases. Curr 

Pharm Des 21, 2308-2319 (2015) 

111. Koboziev I, Jones-Hall Y, Valentine JF, Webb CR, Furr KL, Grisham MB: Use of Humanized Mice to 

Study the Pathogenesis of Autoimmune and Inflammatory Diseases. INFLAMM BOWEL DIS  21, 

1652-1673 (2015) 

112. Walsh NC, Kenney LL, Jangalwe S, Aryee KE, Greiner DL, Brehm MA, Shultz LD: Humanized 

Mouse Models of Clinical Disease. Annu Rev Pathol 12,187-215 (2017) 

113. Yu X, Petersen F: A methodological review of induced animal models of autoimmune diseases. 

AUTOIMMUN REV 17, 473-479 (2018) 

114. Bosma GC, Custer RP, Bosma MJ: A severe combined immunodeficiency mutation in the mouse. 

NATURE  301, 527-530 (1983) 

115. Krams SM, Dorshkind K, Gershwin ME: Generation of biliary lesions after transfer of human 

lymphocytes into severe combined immunodeficient (SCID) mice. J EXP MED 170, 1919-1930 (1989) 

116. Andrade D, Redecha PB, Vukelic M, Qing X, Perino G, Salmon JE, Koo GC: Engraftment of 

peripheral blood mononuclear cells from systemic lupus erythematosus and antiphospholipid syndrome 

patient donors into BALB-RAG-2-/- IL-2Rgamma-/- mice: a promising model for studying human 

disease. Arthritis Rheum 63, 2764-2773 (2011) 

117. Duchosal MA, McConahey PJ, Robinson CA, Dixon FJ: Transfer of human systemic lupus 

erythematosus in severe combined immunodeficient (SCID) mice. J EXP MED 172, 985-988 (1990) 

118. Martino G, Grimaldi LM, Wollmann RL, Bongioanni P, Quintans J, Arnason BG: The hu-SCID 

myasthenic mouse. A new tool for the investigation of seronegative myasthenia gravis. Ann N Y Acad 

Sci 681, 303-305 (1993) 

119. Juhasz I, Lazarus GS, Murphy GF, Shih IM, Herlyn M: Development of pemphigus vulgaris-like 

lesions in severe combined immunodeficiency disease mice reconstituted with lymphocytes from 

patients. J CLIN INVEST 92, 2401-2407 (1993) 

120. Viehmann MA, Maher SE, Gibson JA, Lebastchi J, Wen L, Ruddle NH, Herold KC, Bothwell AL: A 

humanized mouse model of autoimmune insulitis. DIABETES 63, 1712-1724 (2014) 



References 

56 

 

121. Young NA, Wu LC, Bruss M, Kaffenberger BH, Hampton J, Bolon B, Jarjour WN: A chimeric 

human-mouse model of Sjogren's syndrome. CLIN IMMUNOL 156, 1-8  (2015) 

122. Geiler T, Kriegsmann J, Keyszer GM, Gay RE, Gay S: A new model for rheumatoid arthritis generated 

by engraftment of rheumatoid synovial tissue and normal human cartilage into SCID mice. Arthritis 

Rheum 37, 1664-1671 (1994) 

123. Pierer M, Muller-Ladner U, Pap T, Neidhart M, Gay RE, Gay S: The SCID mouse model: novel 

therapeutic targets - lessons from gene transfer. Springer Semin Immunopathol 25,  65-78 (2003) 

124. Fairley JA, Burnett CT, Fu CL, Larson DL, Fleming MG, Giudice GJ: A pathogenic role for IgE in 

autoimmunity: bullous pemphigoid IgE reproduces the  early phase of lesion development in human 

skin grafted to nu/nu mice. J INVEST DERMATOL 127, 2605-2611 (2007) 

125. Zillikens D, Schmidt E, Reimer S, Chimanovitch I, Hardt-Weinelt K, Rose C, Brocker EB, Kock M, 

Boehncke WH: Antibodies to desmogleins 1 and 3, but not to BP180, induce blisters in human skin 

grafted onto SCID mice. J PATHOL 193, 117-124 (2001) 

126. Brehm MA, Bortell R, Diiorio P, Leif J, Laning J, Cuthbert A, Yang C, Herlihy M, Burzenski L, Gott 

B, Foreman O, Powers AC, Greiner DL, Shultz LD: Human immune system development and 

rejection of human islet allografts in spontaneously diabetic NOD-Rag1null IL2rgammanull Ins2Akita 

mice. DIABETES 59, 2265-2270 (2010) 

127. Khare SD, Luthra HS, David CS: Spontaneous inflammatory arthritis in HLA-B27 transgenic mice 

lacking beta 2-microglobulin: a model of human spondyloarthropathies. J EXP MED  182, 1153-1158 

(1995) 

128. Nishie W, Sawamura D, Goto M, Ito K, Shibaki A, McMillan JR, Sakai K, Nakamura H, Olasz E, 

Yancey KB, Akiyama M, Shimizu H: Humanization of autoantigen. NAT MED 13, 378-383 (2007) 

129. Yue X, Yu X, Petersen F, Riemekasten G: Recent advances in mouse models for systemic sclerosis. 

AUTOIMMUN REV 17, 1225-1234 (2018) 

130. Morin F, Kavian N, Batteux F: Animal models of systemic sclerosis. Curr Pharm Des 21, 2365-2379 

(2015) 

131. Luchetti MM, Moroncini G, Jose EM, Svegliati BS, Spadoni T, Grieco A, Paolini C, Funaro A, 

Avvedimento EV, Larcher F, Del RM, Gabrielli A: Induction of Scleroderma Fibrosis in Skin-

Humanized Mice by Administration of Anti-Platelet-Derived Growth Factor Receptor Agonistic 

Autoantibodies. ARTHRITIS RHEUMATOL 68, 2263-2273 (2016) 

132. Mo C, Zeng Z, Deng Q, Ding Y, Xiao R: Imbalance between T helper 17 and regulatory T cell subsets 

plays a significant role in the pathogenesis of systemic sclerosis. BIOMED PHARMACOTHER 

108,177-183 (2018) 

133.  Fuschiotti P: T cells and cytokines in systemic sclerosis. CURR OPIN RHEUMATOL 30, 594-599 

(2018) 

134. Fuschiotti P: Current perspectives on the immunopathogenesis of systemic sclerosis. Immunotargets 

Ther  5, 21-35 (2016) 

135. O'Reilly S, Hugle T, van Laar JM: T cells in systemic sclerosis: a reappraisal. Rheumatology (Oxford) 

51, 1540-1549 (2012) 

136. Boin F, Rosen A: Autoimmunity in systemic sclerosis: current concepts. CURR RHEUMATOL REP  



References 

57 

 

9,165-172 (2007) 

137. Chizzolini C: T cells, B cells, and polarized immune response in the pathogenesis of fibrosis and 

systemic sclerosis. CURR OPIN RHEUMATOL 20, 707-712 (2008) 

138. Boin F, De Fanis U, Bartlett SJ, Wigley FM, Rosen A, Casolaro V. T cell polarization identifies 

distinct clinical phenotypes in scleroderma lung disease. Arthritis Rheum  58, 1165-1174 (2008) 

139. Lei L, Zhao C, Qin F, He ZY, Wang X, Zhong XN: Th17 cells and IL-17 promote the skin and lung 

inflammation and fibrosis process  in a bleomycin-induced murine model of systemic sclerosis. CLIN 

EXP RHEUMATOL 34 Suppl 100, 14-22 (2016) 

140. Yang X, Yang J, Xing X, Wan L, Li M: Increased frequency of Th17 cells in systemic sclerosis is 

related to disease activity and collagen overproduction. ARTHRITIS RES THER  16, R4  (2014) 

141. Deleuran B, Abraham DJ: Possible implication of the effector CD4+ T-cell subpopulation TH17 in the 

pathogenesis of systemic scleroderma. Nat Clin Pract Rheumatol 3, 682-683 (2007) 

142. Kurasawa K, Hirose K, Sano H, Endo H, Shinkai H, Nawata Y, Takabayashi K, Iwamoto I: Increased 

interleukin-17 production in patients with systemic sclerosis. Arthritis Rheum 43, 2455-2463 (2000) 

143. Kataoka H, Yasuda S, Fukaya S, Oku K, Horita T, Atsumi T, Koike T: Decreased expression of Runx1 

and lowered proportion of Foxp3(+) CD25(+) CD4(+) regulatory T cells in systemic sclerosis. MOD 

RHEUMATOL  25, 90-95 (2015) 

144. Papp G, Horvath IF, Barath S, Gyimesi E, Sipka S, Szodoray P, Zeher M: Altered T-cell and 

regulatory cell repertoire in patients with diffuse cutaneous  systemic sclerosis. SCAND J 

RHEUMATOL 40, 205-210 (2011) 

145. Fuschiotti P, Larregina AT, Ho J, Feghali-Bostwick C, Medsger TJ: Interleukin-13-producing CD8+ T 

cells mediate dermal fibrosis in patients with systemic sclerosis. Arthritis Rheum 65, 236-246 (2013) 

146. Parel Y, Aurrand-Lions M, Scheja A, Dayer JM, Roosnek E, Chizzolini C: Presence of CD4+CD8+ 

double-positive T cells with very high interleukin-4 production potential in lesional skin of patients 

with systemic sclerosis. Arthritis Rheum 56, 3459-3467 (2007) 

147. Klein M, Schmalzing M, Almanzar G, Benoit S, Hamm H, Tony HP, Goebeler M, Prelog M: 

Contribution of CD8+ T cells to inflammatory cytokine production in systemic sclerosis (SSc). 

AUTOIMMUNITY  49, 532-546 (2016) 

148. Li G, Larregina AT, Domsic RT, Stolz DB, Medsger TJ, Lafyatis R, Fuschiotti P: Skin-Resident 

Effector Memory CD8(+)CD28(-) T Cells Exhibit a Profibrotic Phenotype in Patients with Systemic 

Sclerosis. J INVEST DERMATOL  137, 1042-1050 (2017) 

149. Fuschiotti P: Current perspectives on the role of CD8+ T cells in systemic sclerosis. IMMUNOL LETT 

195, 55-60 (2018) 

150.   Fuschiotti P: CD8+ T cells in systemic sclerosis. IMMUNOL RES 50, 188-194 (2011) 

151. Yoshizaki A: Pathogenic roles of B lymphocytes in systemic sclerosis. IMMUNOL LETT  195,76-82 

(2018) 

152. Sanges S, Guerrier T, Launay D, Lefevre G, Labalette M, Forestier A, Sobanski V, Corli J, Hauspie C, 

Jendoubi M, Yakoub-Agha I, Hatron PY, Hachulla E, Dubucquoi S: Role of B cells in the 

pathogenesis of systemic sclerosis. REV MED INTERNE 38, 113-124 (2017) 

153. McQueen FM, Solanki K: Rituximab in diffuse cutaneous systemic sclerosis: should we be using it 



References 

58 

 

today? Rheumatology (Oxford) 54, 757-767 (2015) 

154. Lafyatis R, Kissin E, York M, Farina G, Viger K, Fritzler MJ, Merkel PA, Simms RW: B cell 

depletion with rituximab in patients with diffuse cutaneous systemic sclerosis. Arthritis Rheum 60, 

578-583 (2009) 

155. van Laar JM: B-cell depletion with rituximab: a promising treatment for diffuse cutaneous systemic 

sclerosis. ARTHRITIS RES THER 12, 112 (2010) 

156. Smith V, Van Praet JT, Vandooren B, Van der Cruyssen B, Naeyaert JM, Decuman S, Elewaut D, De 

Keyser F: Rituximab in diffuse cutaneous systemic sclerosis: an open-label clinical and 

histopathological study. ANN RHEUM DIS  69, 193-197 (2010) 

157. Ludwig RJ, Vanhoorelbeke K, Leypoldt F, Kaya Z, Bieber K, McLachlan SM, Komorowski L, Luo J, 

Cabral-Marques O, Hammers CM, Lindstrom JM, Lamprecht P, Fischer A, Riemekasten G, Tersteeg C, 

Sondermann P, Rapoport B, Wandinger KP, Probst C, El BA, Schmidt E, Verkman A, Manz RA, 

Nimmerjahn F: Mechanisms of Autoantibody-Induced Pathology. FRONT IMMUNOL  8, 603 (2017) 

158. Hsieh CS, Heimberger AB, Gold JS, O'Garra A, Murphy KM: Differential regulation of T helper 

phenotype development by interleukins 4 and 10 in an alpha beta T-cell-receptor transgenic system. 

Proc Natl Acad Sci U S A  89, 6065-6069  (1992) 

159. Rincon M, Anguita J, Nakamura T, Fikrig E, Flavell RA: Interleukin (IL)-6 directs the differentiation 

of IL-4-producing CD4+ T cells. J EXP MED  185, 461-469 (1997) 

160. Saito E, Fujimoto M, Hasegawa M, Komura K, Hamaguchi Y, Kaburagi Y, Nagaoka T, Takehara K, 

Tedder TF, Sato S: CD19-dependent B lymphocyte signaling thresholds influence skin fibrosis and 

autoimmunity in the tight-skin mouse. J CLIN INVEST  109, 1453-1462 (2002) 

161. Yoshizaki A, Yanaba K, Ogawa A, Asano Y, Kadono T, Sato S: Immunization with DNA 

topoisomerase I and Freund's complete adjuvant induces skin and lung fibrosis and autoimmunity via 

interleukin-6 signaling. Arthritis Rheum 63, 3575-3585 (2011) 

162. Higley H, Persichitte K, Chu S, Waegell W, Vancheeswaran R, Black C: Immunocytochemical 

localization and serologic detection of transforming growth factor beta 1. Association with type I 

procollagen and inflammatory cell markers  in diffuse and limited systemic sclerosis, morphea, and 

Raynaud's phenomenon. Arthritis Rheum 37, 278-288 (1994) 

163. Phelps RG, Daian C, Shibata S, Fleischmajer R, Bona CA: Induction of skin fibrosis and 

autoantibodies by infusion of immunocompetent cells from tight skin mice into C57BL/6 Pa/Pa mice. J 

AUTOIMMUN  6, 701-718 (1993) 

164. Komura K, Fujimoto M, Yanaba K, Matsushita T, Matsushita Y, Horikawa M, Ogawa F, Shimizu K, 

Hasegawa M, Takehara K, Sato S: Blockade of CD40/CD40 ligand interactions attenuates skin fibrosis 

and autoimmunity in the tight-skin mouse. ANN RHEUM DIS 67, 867-872 (2008) 

165. Tanaka C, Fujimoto M, Hamaguchi Y, Sato S, Takehara K, Hasegawa M: Inducible costimulator 

ligand regulates bleomycin-induced lung and skin fibrosis  in a mouse model independently of the 

inducible costimulator/inducible costimulator ligand pathway. Arthritis Rheum  62, 1723-1732  (2010) 

166. Hasegawa M, Fujimoto M, Matsushita T, Hamaguchi Y, Takehara K: Augmented ICOS expression in 

patients with early diffuse cutaneous systemic sclerosis. Rheumatology (Oxford) 52, 242-251 (2013) 

167. Crotty S: T follicular helper cell differentiation, function, and roles in disease. IMMUNITY 41, 529-542 



References 

59 

 

(2014) 

168.   Mesin L, Ersching J, Victora GD: Germinal Center B Cell Dynamics. IMMUNITY  45, 471-482 (2016) 

169. Allen CD, Okada T, Cyster JG: Germinal-center organization and cellular dynamics. IMMUNITY 27, 

190-202, (2007) 

170. De Silva NS, Klein U: Dynamics of B cells in germinal centres. NAT REV IMMUNOL 15, 137-148  

(2015) 

171. Havenar-Daughton C, Lindqvist M, Heit A, Wu JE, Reiss SM, Kendric K, Belanger S, Kasturi SP, 

Landais E, Akondy RS, McGuire HM, Bothwell M, Vagefi PA, Scully E, Tomaras GD, Davis MM, 

Poignard P, Ahmed R, Walker BD, Pulendran B, McElrath MJ, Kaufmann DE, Crotty S: CXCL13 is a 

plasma biomarker of germinal center activity. Proc Natl Acad Sci U S A 113, 2702-2707 (2016) 

172. Breitfeld D, Ohl L, Kremmer E, Ellwart J, Sallusto F, Lipp M, Forster R: Follicular B helper T cells 

express CXC chemokine receptor 5, localize to B cell  follicles, and support immunoglobulin 

production. J EXP MED  192, 1545-1552 (2000) 

173. Vinuesa CG, Linterman MA, Yu D, MacLennan IC: Follicular Helper T Cells. ANNU REV IMMUNOL  

34, 335-368 (2016) 

174. Gitlin AD, Mayer CT, Oliveira TY, Shulman Z, Jones MJ, Koren A, Nussenzweig MC. HUMORAL 

IMMUNITY: T cell help controls the speed of the cell cycle in germinal center B cells. SCIENCE 349, 

643-646 (2015) 

175. Soto L, Ferrier A, Aravena O, Fonseca E, Berendsen J, Biere A, Bueno D, Ramos V, Aguillon JC, 

Catalan D: Systemic Sclerosis Patients Present Alterations in the Expression of Molecules Involved in 

B-Cell Regulation. FRONT IMMUNOL 6, 496  (2015) 

176. Kuwana M, Medsger TJ, Wright TM: T and B cell collaboration is essential for the autoantibody 

response to DNA topoisomerase I in systemic sclerosis. J IMMUNOL 155, 2703-2714 (1995) 

177. Yanaba K, Asano Y, Noda S, Akamata K, Aozasa N, Taniguchi T, Takahashi T, Ichimura Y, Toyama 

T, Sumida H, Kuwano Y, Tada Y, Sugaya M, Kadono T, Sato S: Increased production of soluble 

inducible costimulator in patients with diffuse cutaneous systemic sclerosis. ARCH DERMATOL RES 

305, 17-23 (2013) 

178. Vaccari M, Franchini G: T Cell Subsets in the Germinal Center: Lessons from the Macaque Model. 

FRONT IMMUNOL 9, 348 (2018) 

179.  Ramiscal RR, Vinuesa CG: T-cell subsets in the germinal center. IMMUNOL REV  252, 146-155 

(2013) 

180. Weyand CM, Goronzy JJ: Ectopic germinal center formation in rheumatoid synovitis. Ann N Y Acad 

Sci  987, 140-149 (2003) 

181. Gilhar A, Keren A, Shemer A, D'Ovidio R, Ullmann Y, Paus R: Autoimmune disease induction in a 

healthy human organ: a humanized mouse model of alopecia areata. J INVEST DERMATOL 133, 844-

847 (2013) 

 

 



Acknowledgement 

60 

 

Acknowledgement 

I would like to thank and appreciate a number of persons who have supported me and offered 

invaluable assistance during my study in the Research Center Borstel, Germany. 

Firstly, I would like to appreciate my supervisor: Prof. Xinhua Yu, and my mentors: Prof. Frank 

Petersen, Prof. Gabriela Riemekasten. They gave me the opportunity to study for my thesis in 

division of Biochemical Immunology of the Research Center Borstel. They also gave me a chance 

to experience aboard life. Prof. Xinhua Yu gave me continuous guidance and insightful advices on 

science, as well as on my life. Prof. Frank Petersen is always trustworthy and willing to help, not 

only on work, but also on daily life. Prof. Gabriela Riemekasten gave me helpful advices during 

discussions and thoughtful ideas to my study and provided great supports for my study. Their 

innovative ideas on my project, abundant knowledge on scientific research, and optimistic attitude 

toward difficulties inspired me to walk through every step of my thesis. Without their illuminating 

and consistent instruction, it would be not possible to complete MD project and reach the present 

stage of this thesis. I do appreciate all the help I have got from them.  

Secondly, I would greatly thank and appreciate my family including my parents and wife, as well 

as my son. They stand by me and give me endless love and understanding all the time.  When I 

faced some difficulties during my study in German, my parents and my wife always supported me. 

Without their support, I could not insist on. 

Besides, I wish to thank all the members in my group for the selfless supports. Thanks to Xiaoyang 

Yue, Junping Yin, Xiaoqing Wang, and Kai Yang for kindly help and quite a lot of nice co-

operations and invaluable friendship during my study, Carola Schneider for the useful information, 

kind help and pleasant activities, Diana Heinrich, Cindy Hass and Christine Engellenner for the 

assistance in my work, Dr. Brigitte Kasper, Lifang Wen and Jacqueline Wax for the fruitful 

discussions, daily supports and warm moments. 

 

  



Curriculum Vitae 

61 

 

Curriculum Vitae 

Personal Profile   

Surname: Shu                                 Given name: Yaqing 

Date of Birth: January 28, 1985     Place of Birth: Jiangxi, China 

Gender: Male                                  Nationality: Chinese    
 

Education 

09/1999－07/2003 Jinxian high school, China                                Senior high school 

09/2003－07/2008 Nanchang University, Nanchang, China           Bachelor degree of Medicine 

09/2008－06/2011 Sun Yat-Sen University, Guangzhou, China      Master degree of Medicine 

06/2018－ University of Lübeck, Germany                         Doctor of Medicine 

Medical examination  

1. 12/2009, Guangzhou, China, Practicing Physician Qualification Certificate of the People’s 

Republic of China 

2. 05/2014, Guangzhou, China, Speciality and Technology Qualification Certificate of the People’s 

Republic of China 

Clinical practice and work  

07/2011－05/2018, Department of Neurology, The Third Affiliated Hospital of Sun Yat-Sen 

University, Guangzhou 

Research project and Grants  

1. Endogenous UTI deficiency effects p75NTR mediated apoptosis of oligodendrocytes in EAE. 

(National Natural Science Foundation of China, Grant no. 81701188) 

2. Neuroprotection by Ulinastatin in Experimental Autoimmune Encephalomyelitis. (Medical 

Research Foundation of Guangdong, Grant no. B2013124) 



Publications 

62 

 

Publications since June 2018 

1. Yaqing Shu#, Wei Qiu#, Junfeng Zheng, Xiaobo Sun, Junping Yin, Xiaoli Yang, Xiaoyang Yue, 

Chen Chen, Zhihui Deng, Shasha Li, Yu Yang, Fuhua Peng, Zhengqi Lu, Xueqiang Hu, Frank 

Petersen, Xinhua Yu. HLA class II allele DRB1*16:02 is associated with anti-NMDAR 

encephalitis. Journal of Neurology, Neurosurgery, and Psychiatry 2019;90:652-658   (#co-first 

authors) 

2. Yaqing Shu, Youming Long, Shisi Wang, Wanming Hu, Jian Zhou, Huiming Xu, Chen Chen, 

Yangmei Ou, Zhengqi Lu, Alexander Y. Lau , Xinhua Yu, Allan G. Kermode & Wei Qiu. 

Brain histopathological study and prognosis in MOG antibody-associated demyelinating 

pseudotumor. Annals of  Clinical  and  Translational Neurology  2019; 6:392-396 

3. Yaqing Shu, Yue Xu, Chen Chen, Jing Li, Rui Li, Haotian Wu, Xueqiang Hu, Zhengqi Lu,  

Xinhua Yu, Wei Qiu. Serum Bilirubin and Albumin in Anti-N-Methyl-D-Aspartate Receptor 

Encephalitis. Neuroimmunomodulation 2018;25:206-214 

 

 

 


