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Abstract 

An ENU-induced mutant mouse with a point mutation in the Zap70 gene was 

studied. This mutant Zap70 gene encodes a Zap70 protein with a single C to S amino 

acid substitution at residue 563. This Zap70 mutant mouse spontaneously produced 

autoantibody and was named “Sap” for “serum autoantibody positive.” The 

autoantibody response in Sap mice, as a function of age, was characterized by 

immunofluorescence, Western blotting, and immune complex deposition techniques. 

Sap mice at 5 wks of age made primarily anti-cytoplasmic autoantibodies. Sap mice 

over 8 wks of age, on the other hand, made predominantly anti-nuclear autoantibodies 

(ANA), most of which were of the IgG2a isotype. Sap mice also displayed 

glomeruli-associated immune complex deposition, most of which were of the IgM 

isotype. IgG2a ANA and immune complex deposition responses were lost in 

Sap-CD4-KO and Sap-IFN-γ-KO mice. Adoptive transfer of Sap CD4+ T cells restored 

the deficient ANA response in Sap-CD4-KO but not Sap-IFN-γ-KO hosts. Despite the 

loss of ANA, anti-cytoplasmic autoantibody response was still observed in 

Sap-IFN-γ-KO mice. These results clearly show the key roles played by CD4+ T cells 

and IFN-γ in the induction of the ANA response. They also implicate the importance of 

cells other than CD4+ T cells as the provider of IFN-γ in the induction of the ANA 

response.   
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中文摘要 

P358小鼠為 ENU的誘導產生的突變小鼠，其 ZAP70蛋白激酶中發生了單一

的氨基酸置換，第 563 號半胱胺酸(cysteine)被置換成絲氨酸(serine)。此小鼠於週

齡五週大即產生自體免疫抗體，故給予小鼠名稱“Sap”意指“血清抗體陽性”。此研

究利用免疫螢光染色法檢測血清中的抗體和沉積在腎臟腎小球的免疫球蛋白以及

西方墨點法來分析隨著時間的推移，自體抗體特性的變化。Sap小鼠有著接近系統

性紅斑狼瘡疾病的症狀，具有大量的自體抗體在血清內和免疫複合物沉積在腎絲

球中。Sap小鼠在週齡五週大時主要產生抗胞質抗體, 週齡八週以上主要產生抗核

抗體，隨著年齡變化，Sap小鼠增加自體抗體總量和認識的抗原種類。抗核抗體主

要屬於 IgG2a亞類，而形成的免疫複合物多數為 IgM。在 CD4+ T細胞及 γ-干擾素

缺失的 Sap小鼠中，IgG2a抗核抗體的消失和免疫複合物沉積量降低，證明了 CD4+ 

T細胞及 γ-干擾素在 Sap小鼠的自身免疫反應的重要性。將 Sap小鼠的 CD4 T+ 細

胞過繼轉移(adoptive transfer)至 Sap-CD4-KO小鼠體內可成功誘導抗核抗體的產生

但是若過繼轉移至 Sap-IFN-γ-KO小鼠體內則無法產生抗核抗體，然而仍然可見抗

胞質抗體。此研究證明了 CD4+ T細胞和 γ-干擾素在誘發抗核抗體反應中扮演重要

角色，並提供了除了CD4+ T細胞以外由其他細胞提供 γ-干擾素主要來源的可能性。 
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Introduction 

P358 ENU-mutagenized mice with Zap70 mutation 

CD3 zeta-chain associated protein, Zap70, is a downstream tyrosine kinase of the 

TCR signaling pathway. It is essential for TCR signal transduction and has been shown 

to play critical roles in T cell development and activation (Au-Yeung et al., 2009). P358 

is an ENU mutant mouse line that has a T to A point mutation in the Zap70 gene that 

corresponds to a cysteine to serine change at amino acid position 563 in the C-terminal 

kinase domain. Due to the readily detectable autoantibodies in the serum of P358 mice, 

we have named P358 C563S allele “Sap” for “serum autoantibody positive”. Previous 

work in our laboratory by Wei-Ching Hsu has shown that Sap Zap70 protein turns over 

more rapidly than WT Zap70, has impaired kinase activity, and fails to phosphorylate 

Lat, its downstream substrate.  

 

 Known Zap70 missense mutations 

Differential TCR signaling transduction can induce diverse autoimmune 

syndromes as a consequence of different positive or negative selection (Hsu et al., 2009). 

In recent years, there have been reports on several hypomorphic Zap70 allelic mutant 

mice. 

SKG mice, a known animal model resembling human rheumatoid arthritis, carry a 
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point mutation W163P in the C-terminal SH2 kinase domain (Sakaguchi et al., 2003). 

SKG mice develop arthritis in the BALB/c background in a conventional condition but 

are resistant to arthritis when raised on the C57BL/6 background (Sakaguchi et al., 2003; 

Sakaguchi and Sakaguchi, 2005). Furthermore, it has been found that under a specific 

pathogen free (SPF) environment, SKG mice are insusceptible to arthritis unless 

challenged with zymosan (Hsu et al., 2009; Yoshitomi et al., 2005). SKG mice 

spontaneously develop hypergammaglobulinemia, a high titer of rheumatoid factor (RF), 

a type II collagen specific autoantibody (CII), and autoantibody against heat shock 

protein-70 (HSP-70) (Sakaguchi et al., 2003). Joint swelling and CD4+ T cell infiltration 

to the subsynovial tissue are accompanied with the disease. In addition, SKG mice 

exhibit weak TCR signaling strength to a greater extent resulting in a positive selection 

of self-reactive T cells and a more defective negative selection during T cell 

development (Hsu et al., 2009; Sakaguchi et al., 2003).   

More recently, a hypomorphic Zap70 allele T3 is induced by ENU△ -mutagenesis 

carried out on a C3H background. E589G mutation as a result of a single nucleotide A 

to G transition leads to a complete block of T cell development at double positive stage 

(Jakob et al., 2008). T3 mice display normal Zap70 mRNA expression but reduced △

Zap70 protein level. The mutant is found to have an increased plasma IgE level. 

However, T3 mice do not display clinical symptoms of autoimmune disease, RF△ , or 
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anti-DNA autoantibodies (Jakob et al., 2008). 

P358 mice, in contrast, develop autoantibodies but not arthritis, a phenotype that is 

similar to Zap70mrt/mrd mice (Siggs et al., 2007). Zap70mrt/mrd mice are generated by 

crossing Zap70mrd/mrd and Zap70mrt/mrt mutant mice. The mrd and mrt Zap70 alleles carry 

I367F and W504F amino acid changes, respectively. The mrt allele results in 75% 

reduction in Zap70 protein expression while mrd allele does not alter Zap70 protein 

expression. Neither alleles result in hyper IgE or autoimmune disease. On the other 

hand, Zap70mrt/mrd mice exhibit diminished peripheral CD4+ T cells but normal numbers 

of CD8+ T cells compared to WT mice (Siggs et al., 2007). The reduced TCR signal 

strength due to defective Zap70 expression is responsible for the impaired thymic 

negative selection and altered immunosuppressive properties of CD4+Foxp3+ cells. In 

addition, Zap70mrt/mrd mice spontaneously secrete anti-nuclear or anti-cytoplasmic 

autoantibodies and high level of IgG1 and IgE (Siggs et al., 2007). In our laboratory, we 

have previously found that CD4+ cells are reduced by 4- and 2- folds in the thymus and 

the spleen of Sap mice, respectively, but the level of CD8+ cells is unaffected (done by 

Fen-Ling Chen). Sap mice also exhibit anti-nuclear and anti-mitochondrial 

autoantibodies in addition to elevated IgG and IgE levels (done by Jessica Lin and 

Fen-Ling Chen). Although the number of CD4+CD25+ Treg cells has a 7-fold decrease 

in the thymus compared to WT mice, these cells display normal in vitro but impaired in 
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vivo suppressive function (done by Fen-Ling Chen and Wei-Ching Hsu). 

 

Autoimmune response, autoantibody patterns, and detection methods 

Autoimmune response initiates when tolerance against self-antigens becomes 

dysregulated. Factors leading to autoantibody productions include breakdown of B and 

T cell tolerance, abnormal presentation of autoantigens, and defects in clearance of 

apoptotic cells; for example, MRL/lpr mice carrying mutation on the lpr gene show 

defective deletion of peripheral autoreactive T cells which leads to lupus-like diseases 

marked by autoantibody generation and kidney pathogenesis (Singer and Abbas, 1994; 

Watanabe-Fukunaga et al., 1992). That being said, the presence of autoantibodies, 

immunoglobulins that target self-antigens, is a sign of breakdown of self-tolerance. 

Autoantibodies are of diagnostic value and are involved in most autoimmune diseases. 

However, they arise not only from patients with autoimmune diseases but also from 

healthy individuals. It has been reported that anti-nuclear autoantibodies (ANA) are 

seen in healthy people and the prevalence of ANA increases with age without clinical 

signs of diseases (Xavier et al., 1995). The autoreactivity is found greater in women 

than in men. Furthermore, autoantibodies are detectable in patients several years before 

and subsequently develop system lupus erythematosus (SLE) (Eriksson et al., 2011).   

In Sap mice, the attenuated Zap70 expression results in serum autoantibodies 
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without developing into autoimmune symptoms. Anti-nuclear and anti-mitochondria 

autoantibodies are two distinct autoantibody patterns in Sap serum. Autoantibodies that 

recognize nuclear components such as the nucleosomes and histones are categorized as 

ANA, mostly found in autoimmune diseases (Bertry-Coussot et al., 2002). 

Anti-mitochondrial antibodies (AMA) are the major autoantibodies found in primary 

biliary cirrhosis (PBC) (Mackay, 1958). However, the presence of anti-mitochondrial 

antibodies is not necessarily associated with disease (Mattalia et al., 1998). AMA can 

coexist with other type of antibodies such as anti-nuclear and anti-cytoplasmic 

autoantibodies (Gershwin et al., 1988). 

ANA are imperative clinical biomarkers for diagnosis and classification of 

autoimmune diseases (Wiik et al., 2010). Various methods can be used to detect 

autoantigens in autoimmune disease. Assays such as immunofluorescence using frozen 

sections of rat liver or kidney or Hep-2 cells, and western blotting (WB) are commonly 

performed although their degree of sensitivity and specificity varies (Benson et al., 2004; 

Miyakawa et al., 2001). WB has its advantage over IF with high sensitivity and 

precision in providing information on possible molecular targets, whereas IF is a better 

method for visualizing the distribution and localization of specific cellular protein and is 

less time consuming. 
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Germinal center and autoantibody production 

One of the hallmarks in the production of autoantibody is the formation of 

germinal centers (GCs) in the spleen of autoimmune or infected mice. Spontaneous GC 

reactions have been reported in various autoimmune models (Luzina et al., 2001). GC 

reactions are highly dependent on T helper (Th) cells. CD4+ Th cells are the major cell 

subset that initiates T-B cell interaction at the follicular border which in turn promotes B 

cell proliferation and subsequently, the GC formation. In recent years, a specific CD4+ T 

cells that localized in B cell follicles, the follicular T helper cells (TFH), have been 

identified. Together with follicular dendritic cells, TFH cells stimulate somatic 

hypermutation and facilitate affinity maturation of GC B cells (Goodnow et al., 2010). 

In addition, Ig class switch recombination is strongly influenced by cytokines. IL-4 

promotes IgG1 and IgE isotype switch whereas IFN-γ promotes IgG2a isotype switch 

(Kalinski and Moser, 2005). 

B cells develop into antibody-secreting cells in two different ways. After B cells 

are activated by helper T cells, they differentiate into GC B, circulating memory B, or 

extrafollicular plasma B cells (Goodnow et al., 2010). Circulating memory B and 

extrafollicular plasma B cells capable of producing IgG do not undergo 

immunoglobulin class switch and affinity maturation, and thus are short-lived.  

Alternatively, GC B cells that migrate into GC further differentiate into long-lived 



 

 7

memory B cells and plasma B cells that persistently produce autoantibodies into blood 

(Goodnow et al., 2010). This may be the case for Sap mice since they continuously 

generate autoantibodies throughout life.  

 

Immune complex kidney deposition and glomerulonephritis 

Autoimmune response also happens in the kidney. Immune complex mediated 

tissue damage is one pathogenic mechanism of autoantibodies commonly seen in 

autoimmune diseases such as system lupus erythematosus (SLE) (Weening et al., 2004). 

In the kidney, immune complexes usually deposit in the glomerular cells (mesangial 

cells) and Bowman’s capsule. Circulating autoantibodies bind to antigens, forming 

immune complexes that deposit in the glomeruli and damage kidney filters. This is 

accompanied by the development of proteinurea that can be measured by 

albumin:creatinine ratio (Hemmelgarn et al., 2010). Kidney failure further leads to 

serious illness and death. In most SLE animal models, predominantly IgG and C3 

complement deposition is found (Waldman and Madaio, 2005). Furthermore, IgG 

anti-dsDNA autoantibodies have been shown to be associated with glomerulonephritis 

(Kotzin, 1996). Interestingly, high levels of IFN-γ secreted by CD4+ T cells in MRL/lpr 

mice have been shown to be responsible for IgG autoantibodies and renal damage 

(Balomenos et al., 1998; Haas et al., 1998). In order to accommodate an accurate 
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guideline for diagnostic purposes, the World Health Organization (WHO) in 1982 and 

the International society of Nephrology/Renal Pathology Society (ISN/RPS) in 2003 

have formulated classification of lupus nephritis (Weening et al., 2004). Whether Sap 

mice develop glomerulonephritis is still not known given that they do not seem to have 

apparent kidney problems. 

Here I report in this study an observation on the intensity and pattern changes of 

autoantibody reactivities against cell organelles over time in Sap mice that carry a point 

mutation in Zap70 gene. The study also demonstrates that autoantibodies are produced 

in a CD4+ T cells and IFN-γ dependent manner. The major aim of the study is to 

elucidate how a point mutation on Zap70 gene leading to defective TCR signaling that 

further impacts on immune response. We expect these results to provide credible 

insights into underlying mechanisms linking attenuated Zap70 expression and 

autoantibody response in Sap mice. 
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Materials and Methods 

2.1 Mice 
 

C57BL/6 
Zap70Sap/Sap (Sap), ENU-mutagenized mice Pedigree 358 
Sap-CD1d-KO 
Sap-IFN-γ-KO 
Sap-TCRβ-KO 
Sap-CD4-KO 
Sap-CD8-KO 
Sap-KOII 
IgH-KO 
 

All mice were housed and bred in a specific pathogen free (SPF) condition in the 

animal facility at the Institute of Molecular Biology, Academia Sinica. P358 mutant 

mice were generated by N-ethyl-N-nitrosourea mutagenesis on C57BL/6 

background by the NRPGM-funded Mouse mutagenesis Program Core Facility. 

Mutation mapping was performed by Mei-Ling Chang. P358 mice were crossed 

with CD1d-KO, IFN-γ-KO, TCRβ-KO, CD4-KO, CD8-KO, and KOII mice to 

generate Sap-CD1d-KO, Sap-IFN-γ-KO, Sap-TCRβ-KO, Sap-CD4-KO, 

Sap-CD8-KO, and Sap-KOII mice, respectively. All mice were used between 4 to 41 

weeks of age. 

 

2.2 Cell lines 

B16-F10 melanoma cells were maintained in Dulbecco’s modified Eagle’s medium 
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(DMEM) growth medium supplemented with 10% FBS at 37  in 5% CO℃ 2. 

 

2.3 Autoantibody Immunofluorescence staining  

A. Reagents 
 

DMEM+10% FBS  
DMEM Gibco 12100-038 
1 M Hepes (pH7.3) 20 ml/L 
7.5% Sodium Bicarbonate 50 ml/L 
100 nM Sodium Pyruvate 10 ml/L 
FBS (Heat inactivated at 56  for 30 minutes)℃  100 ml/L 

 100x Penicillin + streptomycin (Gibco 15140-122) 10 ml/L 
1 X PBS pH7.4  

Sodium Chloride 54.8 mM/L 
Potassium Chloride 1.1 mM/L 
Disodium Phosphate 3.2 mM/L 
Monopotassium Phosphate 0.6 mM/L 

PBS + 5% FBS 
Collagen I, rat tail BD 354236 
0.2% Triton X-100 in 1x PBS 
EM grade 16% Paraformaldehyde fixative  Electron Microscopy Sciences 
Faramount Aqueous Mounting Medium DAKO S3025 

 
B. Antibodies 

 Clone 
Biotin rat anti-mouse IgG1 mAb (BD Bioscience) A85-1 
Biotin rat anti-mouse IgG2a mAb (BD Bioscience) R19-15 
Biotin rat anti-mouse IgE mAb (BD Bioscience) R35-18 
Biotin rat anti-mouse IgA mAb (BD Bioscience) C10-1 
Biotin rat anti-mouse IgG2b mAb (BD Bioscience) R12-3 
Biotin rat anti-mouse IgG3 mAb (BD Bioscience) R40-82 
A488 rat anti-mouse IgM mAb Bet2 
A488-Streptavidin (A488-SA)  
A488 goat anti-mouse Ig  
Hoechst 33342  
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C. Procedure 

B16-F10 melanoma cells were grown in tissue culture (DMEM + 10% FBS). To detect 

the presence of autoantibodies, B16-F10 melanoma cells were trypsinized (0.05% 

Trypsin-EDTA), washed with PBS, and cultured on coverslips pre-coated with collagen 

I for 24 hours. Prior to the immunocytochemistry procedure, cells were washed briefly 

in PBS before fixing with 4% PFA for 10 minutes and washed with PBS three times, 5 

minutes each. Cells were permeabilized with 0.2% Triton X-100, blocked with 5% FBS 

in PBS, and incubated with mouse serum (1:500 dilution) in PBS + 5% FBS for one 

hour at room temperature. After washing with PBS three times, 5 minutes each, cells 

were incubated with A488 goat anti-mouse Ig (1:100 dilution, 2 µg/ml) or A488 rat 

anti-mouse IgM (1:200 dilution, 1 µg/ml) in PBS + 5% FBS for one hour or biotin rat 

anti-mouse IgG1, IgG2a, IgE, IgA, IgG2b, or IgG3 (1:500 dilution, 1 µg/ml) in PBS + 

5% FBS overnight at 4 . Cells stained with biotin℃ -conjugated monoclonal antibodies 

were sequentially stained with A488-SA (1:100 dilution, 1 µg/ml) in PBS + 2% dFBS 

for 3 hours at room temperature. After PBS wash 3 times, five minutes each, cells were 

counterstained with Hoechst 33342 for 10 minutes (1:500 diluted, 2 µM) at room 

temperature. Coverslips were mounted onto slides. Images were obtained by LMS 510 

META Confocal Laser Scanning Microscope (Carl Zeiss) at 630x magnification, 2x 

zoom.  



 

 12

2.4 Autoantibody detection using frozen tissues 
 
A. Reagents 
 

1 X HBSS (Hank’s balanced salt solution) + 5% FBS  
HBSS Gibco/BRL No. 61200-036 
1 M HEPES (pH7.3) 20 ml/L 
FBS (Heat inactivated at 56  for 30 minutes)℃  50 ml/L 

1 X PBS pH7.4  
0.2% Triton X-100 in 1x PBS 
EM grade 16% Paraformaldehyde fixative  Electron Microscopy Sciences 
Faramount Aqueous Mounting Medium DAKO S3025 

 
B. Antibodies 
 

A488 goat anti-mouse Ig  
Hoechst 33342  
 

C. Procedure 

Livers or kidneys were harvested from IgH-KO mice, placed in embedding medium 

(Sakura Finetek Tissue-Tek O.C.T. Compound), and snap-frozen in n-hexane. 5 µm 

sections were cut with a cryostat and air-dried. The sections were fixed with 4% PFA for 

10 minutes, rinsed with 1x PBS twice, 10 minutes each, followed by permeabilization 

with 0.2% Triton X-100 for 5 minutes at room temperature. After washing the slides 

with 1X PBS twice, 10 minutes each, non-specific antibody binding sites were blocked 

with HBSS + 5% FBS for 30 minutes at room temperature followed by incubation with 

mouse serum (1:500 dilution) in HBSS + 5% FBS at 4  overnight. After washing with ℃

PBS twice, 10 minutes each, the slides were incubated with A488-conjugated 
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anti-mouse Ig (1:100 diluted, 2 µg/ml) in HBSS + 5% FBS for one hour at room 

temperature. After 1xPBS wash twice, 10 minutes each, the sections were 

counterstained with Hoechst 33342 for 10 minutes (1:500 diluted, 2 µM) at room 

temperature. Coverslips were mounted onto slides after a quick wash with 1x PBS. 

Samples were analyzed with LMS 510 META Confocal Laser Scanning Microscope 

(Carl Zeiss) at 200x or 630x magnification.  

 

2.5 Mitochondria staining  
 
A. Reagents 
 

DMEM+10% FBS  
1 X PBS pH7.4  
PBS + 5% FBS 
0.05% Trypsin-EDTA Gibco 25300-054 
Collagen I, rat tail BD 354236 
0.2% Triton X-100 in 1x PBS 
MitoTracker Deep Red FM Molecular Probes 
EM grade 16% Paraformaldehyde fixative  Electron Microscopy Sciences 
Faramount Aqueous Mounting Medium DAKO S3025 

 
B. Antibodies 
 

A488 goat anti-mouse Ig  
Hoechst 33342  
 

C. Procedure 

B16-F10 melanoma cells were grown in tissue culture (DMEM + 10% FBS). To detect 

the presence of autoantibodies, B16-F10 melanoma cells were trypsinized (0.05% 
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Trypsin-EDTA), washed, and cultured on coverslips pre-coated with collagen I for 24 

hours. Mitochondria were stained with 200 nm MitoTracker Deep Red FM in DMEM + 

10% FBS at 37  for 35 minutes. After washing with PBS, the cells were fixed with 4% ℃

PFA in PBS + 5% FBS at 37  for 15 minutes. The cells were washed with PBS three ℃

times, 5 minutes each, permeabilized with 0.2% Triton X-100 for 5 min, and blocked 

with PBS + 5% FBS for 30 minutes at room temperature. Mouse serum (1:500 dilution) 

in PBS + 5% FBS was added to the fixed B16-F10 cells and incubated at room 

temperature for one hour followed by PBS wash and incubation with A488-conjugated 

anti-mouse Ig (1:100 diluted, 2 µg/ml) in PBS + 5% FBS for one hour at room 

temperature. After washing with PBS three times, 5 minutes each, cells were 

counterstained with Hoechst 33342 for 10 minutes (1:500 dilution, 2 µM) at room 

temperature. Cells were visualized by LMS 510 META Confocal Laser Scanning 

Microscope (Carl Zeiss) at 630x magnification, 2x zoom.  

 

2.6 Western blot 

A. Reagents 

 
1x RIPA lysis buffer 

Tris-HCl pH7.5 50 mM/L 
Sodium Chloride 150 mM/L 
NP-40 1% 
Deoxycholate (DOC) 0.5% 
SDS 0.1%  



 

 15

6x SDS sample buffer  
1M Tris-HCl pH6.8 3.5 ml 
Glycerol 3.0 ml 
SDS 1g 

10X TBST 
2M Tris-HCl pH7.4 100 mM 
5M NaCl 1.5 M 
Tween-20 0.5% 

WesternBright ECL detection kit  Advansta 
Prestained Protein Ladder Fermentas 
Bio-Rad Protein Assay Bio-Rad 

 

B. Antibodies 

HRP goat α-mouse IgG Jackson ImmunoResearch (#115-035-003)  

C. Procedure 

IgH-KO mouse livers were lysed with ice-cold 1x RIPA lysis buffer containing protease 

and phosphatase inhibitor mixture (Sigma) for 20 minutes on ice. Lysates were obtained 

after centrifugation at 400 rcf for 10 minutes at 4 . The protein concentration was ℃

determined with Bio-Rad Protein Assay using BSA as a standard. Lysates were mixed 

with 6X SDS sample buffer and heated to 95  for 5 minutes. 1.3℃  mg protein samples 

and prestained protein ladder were separated by 8% SDS-PAGE, electrotransferred on 

nitrocellulose membranes (PerkinElmer), and blocked with 5% skim milk in 1x TBST 

for one hour at room temperature. The blots were clamped between the gasket and the 

sample template of the BIO-Rad mini-PROTEAN II multiscreen apparatus, incubated 

with mouse sera (1:160 dilution) overnight at 4 , and washed ℃ with 1x TBST three 
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times, 5 minutes each. Immunodetection was done by incubating membranes with HRP 

goat anti-mouse IgG (1:5000 dilution) for one hour at room temperature. The blots were 

washed with 1x TBST twice, 10 minutes each, and developed with chemiluminescence 

WesternBright ECL detection kit.  

 
2.7 Immunofluorescence staining of frozen tissues 
 
A. Reagents 
 

Acetone 
1 X HBSS (Hank’s balanced salt solution) + 5% FBS  
1 X PBS pH7.4  
Dialyzed FBS (dPBS) 
Faramount Aqueous Mounting Medium DAKO S3025 

 
B. Antibodies 

 Clone 
A488 goat anti-mouse Ig 
A488-streptavidin (A488-SA) 
A488 rat anti-mouse IgM mAb Bet2 
Biotin rat anti-mouse IgG2a mAb (BD Bioscience) R19-15 
Biotin rat anti-mouse IgG1 mAb (BD Bioscience) A85-1 
A546-B220 mAb 6B2 
A488-Thy1.2 mAb 30H12 
A488-GK1.5 mAb GK1.5 
A647-GL7 mAb (BD Bioscience) GL7 
 

C. Procedure 

Kidneys or spleens from mice were harvested, placed in embedding medium (Sakura 

Finetek Tissue-Tek O.C.T. Compound), and snap-frozen in n-hexane. 5-µm thick 

sections were cut with a cryostat and air-dried. The sections were fixed in ice-cold 
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acetone for 10 minutes, washed with 1x PBS twice, 10 minutes each, followed by A488 

goat anti-mouse Ig, A488 rat anti-mouse IgM, or biotin rat anti-mouse IgG1 or IgG2a 

monoclonal antibodies (1 µg/ml) plus 2.4G2 Fc receptor block in HBSS + 5% FBS at 

4  overnight to detec℃ t immune complex deposition. Sections stained with 

biotin-conjugated monoclonal antibodies were washed with PBS and subsequently 

stained with A488-SA (1:100 dilution, 1 µg/ml) in PBS + 2% dFBS for 3 hours at room 

temperature. For germinal center (GC) analyses, acetone fixed spleen sections after 

rinsing with PBS were stained with A564-B220, A488-GK1.5 or A488-Thy1.2, and 

A647-GL7 monoclonal antibodies (1 µg/ml) at 4  overnight. After 1x PBS wash twice, ℃

10 minutes each, all sections were counterstained with Hoechst 33342 for 10 minutes 

(1:500 dilution, 2 µM) at room temperature. Coverslips were mounted onto slides. 

Sections were visualized by LMS 510 META Confocal Laser Scanning Microscope 

(Carl Zeiss) at 100X, 200X, 400X, or 630x magnification. Quantitative measurements 

of the size of GCs were carried out using Integrated Morphometry Analysis function of 

Metamorph software. 

 
2.8 Histological analysis 
 
A. Reagents 
 

Harris Hematoxylin solution Sigma-Aldrich HHS16 
Eosin Leica Microsystems 
0.3% Acid alcohol (37% HCl in 70% ethanol) 
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Ethanol Merck 
Xylenes J.B. Baker 
Malino mounting medium  Muto Pure Chemicals Co. Ltd. 

 

B. Procedure 

Kidneys from mice were harvested, placed in embedding medium (Sakura Finetek 

Tissue-Tek O.C.T. Compound), and snap-frozen in n-hexane. 5-µm thick sections were 

cut with a cryostat and air-dried. Sections were stained with hematoxylin for 2 minutes 

and washed with tap water. The sections were differentiated with 0.3% acid alcohol for 

3 seconds followed by washing with tap water, counterstained with eosin for 7 minutes, 

and washed with tap water. The sections were then dehydrated in the following ethanol 

series: 70%, 95%, and 100% two times, one minute each, then immersed in xylenes two 

times, one minute each. Stained slides were mounted with Malino mounting media and 

examined. Images were taken with Zeiss AxioZ1 Imager microscope at 400x 

magnification. The glomerular size was measured by ZEN 2009 light edition. 

 

2.9 Anti-CD4 Treatments 

 

A. Antibodies 
 

Anti-CD4 mAb Clone GK1.5 

B. Procedure 

Four 12-week-old male Sap mice were intravenously injected with 200 µg anti-CD4 
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mAb on day 0. The treated mice were sacrificed one at a time on days 2, 4, 7, and 10. 

For repeated treatment, one 12-week-old male Sap mice were intravenously injected 

with 200 µg anti-CD4 mAb on days 0 and 4 and sacrificed on day 9. Spleens were 

harvested from the mice and weighed. One-third of the spleen was used for single cell 

suspension and flow cytometry analysis. The remaining two-thirds of the spleen was 

subjected to be embedded in OCT and analyzed for splenic GCs.  

 

2.10 Surface marker expression analysis by flow cytometer (FACS) 
 
A. Reagents 

1xHBSS (Hank’s balanced salt solution) + 5% FBS  
HBSS Gibco/BRL No. 61200-036 
1 M Hepes (pH7.3) 20 ml/L 
FBS (Heat inactivated at 56  for 1 hour)℃  50 ml/L 

Propidium iodide (PI)   Sigma No. P-9144, 1 µg/ml 
1xACK lysis buffer 
 Ammonium Chloride 775 mM/L 
 Potassium Bicarbonate 50 mM/L 
 

B. Monoclonal Antibody 
Conjugated mAb Clone 
A405-α-CD8    53-6.7 
A488-α-CD4 GK1.5 
A647-α-TCRβ H57.597 
Fc receptor blocker 2.4G2 
PE-CD4 GK1.5 
A647-α-B220 6B2 
A647-α-NK1.1 PK136 
A647-α-IgM Bet2 
 

C. Procedure 
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Spleens were harvested and teased with forceps to release single cells. The single cell 

suspension was passed through a cotton plug to eliminate coarse debris. After 

centrifugation, the cell pellet was treated with 5 ml ACK lysis buffer to lyse RBCs, 

centrifuged, and resuspended in HBSS + 5% FBS. The obtained lymphocytes were 

stained with conjugated monoclonal antibodies plus 2.4G2 to block non-specific 

binding of mAb to Fc receptor for 20 minutes on ice. Cells were then washed with 

ice-cold HBSS + 5% FBS once, resuspended in 300 µl PI, and analyzed with flow 

cytometry LSRII (BD Bioscience). Data were analyzed using the FlowJO software 

(Tree Star, Inc.). For cell sorting, Ig+ and CD8+ cell-depleted spleen cells were stained 

with A647-α-B220, A647-α-NK1.1, A647-α-IgM, PE-α-CD4, and 2.4G2 and incubated 

on ice for 20 min. Cells were washed with ice-cold HBSS + 5% FBS once, resuspended 

in 2 ml ice-cold PI (1 µg/ml), and analyzed by florescence activated cell sorter.  

 

2.11 Spleen CD4+ T cell isolation by panning 
 
A. Reagents 

1xHBSS (Hank’s balanced salt solution) + 5% FBS  
1xPBS pH7.4  
1xACK lysis buffer 
 

B. Monoclonal Antibody 
Conjugated mAb Clone 
Anti-mouse µ chain Bet 2 
Anti-mouse κ chain 187.1 
Anti-mouse CD8 3.155 



 

 21

C. Procedure 

Splenic lymphocytes were prepared as described in 2.10. Single cell suspension from 

mouse spleens was depleted of Ig+ cells by adherence to culture plates coated with 25 

µg anti-Igµ chain mAb and 25 µg anti-Igκ chain mAb at room temperature for 50 min.  

Non-adherent cells were then collected and added to culture plate that had been coated 

with 3 µg of anti-CD8 mAb at room temperature for 30 min. To obtain CD4+ T cells, 

nonadherent cells (Igµ-Igκ-CD8- splenocytes) were recovered and washed with HBSS + 

5% FBS. Purified CD4+T cells were always >95% CD4+. 

 

2.12 Electronic cell sorting 
 
A. Reagents 

1xHBSS (Hank’s balanced salt solution) + 5% FBS  
1xPBS pH7.4  
Propidium iodide (PI)   Sigma No. P-9144, 1 µg/ml 
MD (Mishell-Dutton) medium + 5% FBS 
 MEM Gibco 41500-034 
 7.5% NaHCO3 30 ml/L 
 1M HEPES pH7.3 50 ml/L 
 2-ME (0.195 ml 2-ME in 50 ml PBS) Sigma NO. M-3184 1 ml/L 
 100x Penicillin + streptomycin (Gibco 15140-122) 10 ml/L 
 FBS (heat inactivated at 56  for 1 hour)℃  50 ml/L 
 

B. Procedure 

Electronic cell sorting was performed on a fluorescence-activated cell sorter (BD FACS 

Aria SORP) at a triggering rate of 1000 to 1500 cells/second and drop drive frequency 



 

 22

about 15000 drops/second. The purity of the sorted cells was monitored by reanalysis 

and always exceeded 98%.  

 
2.13 Adoptive Transfer 
 
A. Reagents 

1xHBSS (Hank’s balanced salt solution)  
BD Insulin syringe  BD No. 328818 
 

B. Procedure 

Total spleen cells or purified CD4+ T cells were collected and washed with HBSS three 

times. Recipient mice were exposed to light for distending tail veins. Cell suspensions 

were intravenously injected into recipient mice along tail veins. Sap-CD4-KO mice 

received 1 x 107 Sap CD4+ T cells/mouse or 1 x 107 B6 CD4+ T cells/mouse. 

Sap-IFN-γ-KO mice received 8 x 107 Sap total spleen cells/mouse or 8.5 x 106 Sap 

CD4+ T cells/mouse.  

 

2.14 Tracing of Donor cell persistence by flow cytometry 
 
A. Reagents 

1xHBSS (Hank’s balanced salt solution)  
1xHBSS (Hank’s balanced salt solution) + 5% FBS  
1xACK lysis buffer 
Propidium iodide (PI)   Sigma No. P-9144, 1 µg/ml 
 

B. Monoclonal Antibody 
Conjugated mAb Clone 
PE-α-CD4 GK1.5 
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A647-α-TCRβ H57.597 
A405-CD8 53-6.7 

 

C. Procedure 

Blood samples of recipients were collected into 15 ml tubes containing 12 ml ACK lysis 

buffer on d-1, d7, d14, and d21. After centrifugation, the cell pallet was resuspended 

with 10 ml ACK to lyse RBCs, centrifuged, and resuspended in HBSS + 5% FBS. The 

obtained lymphocytes were stained with conjugated monoclonal antibodies plus 2.4G2 

to block non-specific binding of mAb to Fc receptor for 20 minutes on ice. Cells were 

then washed with ice-cold HBSS + 5% FBS once, resuspended in 300 µl PI, and 

analyzed with flow cytometry LSRII (BD Bioscience). Data were analyzed using the 

FlowJO software (Tree Star, Inc.). 
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Results 

3.1  Sap mice produce autoantibody 

The presence of autoantibodies in serum samples from Sap and control B6 mice was 

examined by staining fixed B16-F10 tissue culture cells. At a relatively young age of 5 

wks, clearly detectable but weak anti-cytoplasmic autoantibodies were seen in all four 

Sap (2M, 2F) mice tested (Figure 1). Co-localization of the cytoplasmic staining with 

MitoTracker Deep Red FM, a known mitochondria marker, indicated that most of the 

anti-cytoplasmic antibodies were mitochondria-specific (Figure 2). At the age of 5 wks, 

all four B6 mice were autoantibody-negative. By 12 wks of age, anti-nuclear and 

anti-nuclear rim reactive patterns appeared, with a concomitant reduction of 

anti-mitochondrial reactivity. The intensity of anti-nuclear reactivity was strong for 

three of the four Sap mice at 12 wks of age, with one showing weaker reactivity. For 

12-wk old B6 mice, one showed weak nuclear reactivity with the remaining three 

showing no reactivity. At 24 wks of age, all four Sap mice, regardless of sex, showed 

very intense anti-nuclear reactivity. While two of the four control B6 mice at 24 wks of 

age had no reactivity, the other two had weak reactivity. Autoreactive antibodies 

appeared in Sap mice at a relatively young age and continued to increase in intensity in 

an age-dependent manner. Young B6 control mice were uniformly negative for 

autoantibodies, but as they age, weakly autoreactive antibodies also became apparent in 
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approximately half of the mice, a finding similar to the age-dependent increase in 

ANA-reactivity in healthy humans who are without disease symptoms (Xavier et al., 

1995). Consistent with other studies (McMurray and May, 2003), ANA-reactivity is 

greater in females then males, possibility due to estrogen levels in females.  

The development of serum autoantibodies in Sap mice was further confirmed by 

immunofluorescence staining of liver from IgH-KO mice (Figure 3). At 5 wks of age, 

all four Sap mice showed weak anti-nuclear and anti-cytoplasmic antibodies while none 

of the B6 control mice were autoantibody-positive. By 12 wks of age, strong nuclear 

staining patterns were observed in three out of the four Sap mice, with the remaining 

mouse showing weak nuclear staining. For B6 mice at 12 wks of age, one showed weak 

anti-cytoplasmic staining, another showed weak nuclear and cytoplasmic staining, and 

the others were autoantibody-negative. All Sap mice developed strong nuclear and 

cytoplasmic autoantibodies by 24 wks of age. Two of the four age-matched B6 mice 

showed weak nuclear and cytoplasmic reactivities similar to the level detected in 

5-wk-old Sap mice. Therefore, the presence of autoantibodies in 5-wk old Sap mice and 

an age-dependent increase in autoantibodies were confirmed using IgH-KO liver 

sections as targets.   

 Immunocytochemical studies in one of the Sap female mice yielded five distinct 

liver-specific autoantibody staining patterns (Figure 4). In contrast to the three patterns 
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(nuclear, nuclear rim, and cytoplasmic) identified using B16-F10 target cells, nuclear, 

nucleolar-like, cytoplasmic punctate, cytoplasmic, and membranous patterns were 

identified when liver sections were stained. Located within the nucleus was the intense 

nucleolar-like staining which co-localized with the nuclear marker, Hoechst 33342, 

whereas a bright punctate staining was localized in the cytoplasm. Moreover, the 

membranous pattern was co-localized with the pancytokeratin staining. These three 

staining patterns were not observed in B16-F10 cells. Thus, autoreactive patterns 

appeared to be dependent on the target cells used and that both general as well as tissue- 

or cell-specific staining patterns were observed. 

 

3.2 Assorted autoantibody reactivity in Sap sera as a function of age 

Serum samples from four Sap and four control B6 mice were then examined for the 

presence of age-related autoantibody reactivity by western blot against 

electrophoretically separated IgH-KO liver lysates (Figure 5). Greater IgG response 

against reactivity to three to nine liver antigens was recognized by Sap sera. In general, 

different antigenic profiles were identified by sera from different Sap mice; the 

antigenic profiles were not simple, and showed varying degrees of complexity. Some of 

the reactivities that were detected at 5 wks of age would decrease in intensity or 

disappear by 12 wks of age, and then reappear at 24 wks of age; for example, the 
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reactivity against the 70 kD self-antigen in Sap M#1, and the 130 kD in Sap M#2. Such 

changing and dynamic patterns are consistent with an ever on-going autoantibody 

response; when one subsides, another one starts. A strong autoantibody reactivity 

against a 43 kD self-antigen in Sap M#1 demonstrated an age-correlated decrease in 

intensity. There was also an autoantibody reactivity that appeared or disappeared 

abruptly at certain ages; for example, reactivity against self-antigen at 120 kD appeared 

only on wk 24, and 54 kD reactivity disappeared by 12 wks of age in Sap M#2 serum 

sample. In addition to these observations, female Sap mice generally expressed stronger 

autoreactivity than their male counterparts. Together, at least five distinct reactivity 

patterns were detected: (1) from high to low or none, then re-appear; (2) from high to 

low; (3) appear abruptly; (4) disappear abruptly; and (5) appear at >20 wks. Overall, the 

number of autoantigens being recognized by Sap sera progressively increased as a 

function of age. 

 In B6 control mice, a low level of IgG reactive autoantibodies against an 80-kD 

self-antigen was observed in three of the four mice at 12 wks of age. Weak autoantibody 

reactivity against a 94 kD self-antigen was detected only for the 5-wk old B6 M#1. At 

24 wks of age, M#1 and M#2 were found to contain weak reactivities against 2-3 

antigens whereas the two female mice showed strong reactivity against multiple 

antigens. 
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3.3 Glomerular deposits of Ig developed at early age in Sap mice 

Autoantibody generation and immune complex deposition are two hallmarks of 

systemic lupus erythematosus (Kotzin, 1996). Renal immune complex deposition was 

therefore assessed for kidney sections of Sap and B6 control mice (Figure 6). Deposits 

of immune complexes were identified in two (1M, 1F) of the four Sap mice as young as 

5 to 6 wks of age. By 12 to 14 wks of age, immune complex deposition was detectable 

in all four Sap mice. Such deposits were not identified in B6 mice either at 5 to 6 wks or 

12 to 14 wks of age. By 24-wk, all four Sap mice showed increased levels of immune 

complex deposition in their glomeruli. Extremely weak glomerular Ig deposits were 

also detectable in the two B6 mice at 24 wks of age. These findings are suggestive of an 

age-associated increase in immune complex deposition in Sap mice. In addition, 

H&E-stained renal sections showed larger glomeruli in Sap than B6 mice (Figure 7A & 

B); this enlargement in female but not male Sap mice was significantly different from 

B6 mice. The slightly enlarged Sap glomeruli are suggestive of inflammation, possibly 

dependent on IFN-γ, a potent activator of macrophages. Taken together, Sap mice meet 

the criteria for class I lupus nephritis defined as minimal mesangial lupus nephritis with 

mesangial immune deposits (Weening et al., 2004).  

 To further extend the potential targets of the Sap autoreactive antibodies to kidney 

antigens, sections made from IgH-KO kidneys were stained with serum samples 
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collected from four Sap mice (2M, 2F) and two B6 mice (1M, 1F) at 24 to 41 wks of 

age. Serum autoantibodies of the four Sap mice bound to nuclear antigens rather than 

glomerular antigens; B6 sera did not contain autoreactive antibodies (Figure 8). These 

results suggest that neither glomerular antigens nor circulating antigens localized within 

glomeruli are the target of Sap autoreactive antibodies, indicating that circulating 

immune complexes were deposited directly in the glomeruli of Sap mice. 

 

3.4 Presence of predominant IgG2a, IgG1, but not IgM anti-nuclear autoantibody 

Ig class switch is controlled by cytokines. While IL-4 promotes Th2 antibody 

response which is characterized by IgG1/IgE subclass production, IFN-γ promotes Th1 

antibody response which is characterized by IgG2a antibody production. It is therefore 

of interest to determine the ANA subclass distribution. Representative mouse serum 

samples collected from Sap (2M, 2F) and B6 (1M, 1F) mice at 24 wks of age were used 

to stain B16-F10 cells, followed by detection of cell-bound autoantibodies by 

subclass-specific antibodies. The results demonstrated that IgM autoantibodies were 

undetectable in all Sap and B6 mice. The autoantibodies in three of the four Sap mice 

were mainly of the IgG2a isotype, but their intensities varied (Figure 9). Sap F#2 

contained extremely weak, IgG2a autoantibodies. One of the female Sap mice produced 

had strong IgG2a autoantibodies but weak IgG1 autoantibodies. As other 
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isotype-specific antibodies were not examined, the autoantibodies in Sap M#2 and F#2 

might belong to subclasses other than IgG1, IgG2a, and IgM. As expected, none of the 

B6 control mice showed detectable autoreactivity. These results indicate that IgG2a 

constituted the most dominant ANA response, although weaker IgG1 ANA response 

could happen also. Altogether, the main pathway leading to autoantibody production in 

Sap mice is mediated through Th1 cells.   

 

3.5 Renal immune complex deposits were mostly IgM type 

Based on the finding that IgG2a but not IgM was found to be the major 

autoantibody subclass in Sap mouse serum, it seems that IgG2a but not IgM is more 

likely to be involved in the formation of immune complex that is then trapped in the 

kidney. To address this possibility, immune complexes deposited in the kidneys from 

Sap (2M, 2F) and B6 (1M, 1F) mice at age ranging from 24-41 wks were examined for 

isotype distribution. Strong IgM presence in kidney glomeruli was observed in kidney 

sections of all four examined Sap mice. Weak IgG1 and IgG2a immune complex 

deposits were found in both female Sap mice. For the two male Sap mice, no IgG1 was 

detected, although weak IgG2a was detected in one mouse (Figure 10). For control B6 

mice, the male mouse developed negligible immune complex deposition whereas the 

female mouse contained only IgM deposits.   
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3.6 CD4+ T cells are required for germinal center reaction in Sap mice 

Affinity maturation inside the germinal center results in the selection of B cells 

which secret high affinity antibodies. The presence of high-titered autoantibodies in Sap 

mice is likely the result of significant on-going germinal center reactions. GL7 antibody 

was used to detect GC as GC B cell blasts express high amounts of the GL7 epitope  

(Kelsoe, 1996). The number of GCs in Sap spleen was 3-fold higher than that found in 

B6 spleen (Figure 11C). It has long been established that CD4+ T helper cells are the 

main player that initiates T-B cell interaction at the follicular border and subsequently, 

the GC formation (Goodnow et al., 2010). We studied the likely disruptive effect of 

CD4+ T cell depletion on GC formation in Sap mice. Sap mice were injected 

intravenously with 200 µg anti-CD4 mAb once on d0, and spleens were harvested on d2, 

d4, d7, and d10. By day 4 post-GK1.5 treatment, GCs significantly decreased in number 

and size (Figure 11C). Upon the re-appearance of CD4+ T cells, GCs re-formed. On d10 

after the anti-CD4 mAb treatment, the number and size of GCs had returned to the 

original level, indicating that the newly formed CD4+ T cells contained significant 

numbers of autoreactive cells. CD4+ T cell presence and GCs were assayed by 

immunofluorescence staining. On spleen frozen sections taken from anti-CD4-treated 

mice, no CD4+ T cells were detectable on d2 and d4, and became visible on d7 (Figure 

11A). Flow cytometry analysis also confirmed that anti-CD4 mAb treatment resulted in 
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complete depletion of CD4+ T cells 2 to 4 days post-treatment (Figure 11B), with 

repopulation of CD4+ T cells starting to take place after d4.    

 Given the role of CD4+ T cells in GC formation, 2 doses of 200 µg anti-CD4 mAb, 

one at d0 and the other at d4, were administered intravenously to a Sap mouse (Figure 

12A) to further confirm that the GC reaction is solely dependent on CD4+ T cells. 

Spleen was harvested from the mouse 5 days after anti-CD4 mAb treatment. No GCs 

were found in the spleen of the mouse using immunofluorescence staining of spleen 

frozen sections (Figure 12B & C). Thus, a longer duration without CD4+ T cells can 

completely abolish the GC reaction. Together, these data showed that CD4+ T cells in 

Sap mice contain significant numbers of autoreactive cells. The autoreactive CD4+ T 

cells help B cells to initiate greater GC reaction in Sap mice spontaneously without 

intentional immunization.   

 We also generated Sap-CD4-KO mice to study the effect of lacking CD4+ T cells 

on the formation of autoantibody and GC. Spleens were harvested from Sap (M), 

Sap-CD4-KO (1M, 2F), CD4-KO (1M, 1F), and B6 (M) mice at 12 to 14 wks of age. 

Surprisingly, GCs were found in Sap mice in the absence of CD4+ T cells (Figure 13 B), 

indicating cells other than CD4+ T cells can help B cells from GCs. The size of GCs was 

significantly reduced and the number of GCs varied (Figure 13 C). One Sap-CD4-KO 

mouse developed weak autoantibodies and a high number of GCs in spleen (Figure 13A 
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& C). 

 

3.7 IFN-γ-dependency of autoantibody response in Sap mice 

It has been reported that IFN-γ promotes IgG2a isotype switch and production by 

directly acting on B cells (Kalinski and Moser, 2005). Based on this, the role of IFN-γ in 

autoantibody response was examined. Since Sap mice contained mostly IgG2a serum 

autoantibodies (Figure 9), the autoantibody response might be driven by IFN-γ. 

Immunofluorescence staining of serum samples from one Sap, four Sap-IFN-γ-KO, and 

one B6 mice collected at 12 to 14 wks of age using fixed B16-F10 target cells  

demonstrated that the four Sap-IFN-γ-KO mice developed weak anti-cytoplasmic 

autoantibodies (ACA) but not ANA (Figure 14A). The B6 control was 

autoantibody-negative whereas the Sap control showed abundant ANA. In addition, in 

the absence of IFN-γ, the Sap-IFN-γ-KO mice still showed significant number of GCs 

in the spleen comparable to Sap mice, although significant variations in the size of GCs 

were observed (Figure 14B & C). These data suggested that the generation of IgG2a 

ANA in Sap mice indeed requires stimulation from cytokine IFN-γ on Sap B cells.  

 

3.8 Reduced Ig deposits in the absence of IFN-γ 

IFN-γ has been reported to contribute to ANA production and to strengthen the 
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severity of glomerulonephritis (GN) in several studies (Balomenos et al., 1998; Haas et 

al., 1998). To evaluate the effect of IFN-γ on the deposits of Ig in Sap kidney, the renal 

immune complex deposition was identified in one Sap (F) mice, four Sap-IFN-γ-KO 

(2M, 2F) mice, and one B6 (F) mice at 12 to 14 wks of age. Consistent with previously 

published findings, immune complex deposits were greatly diminished in the glomeruli 

of three of the four Sap-IFN-γ-KO mice (Figure 15). Sap-IFN-γ-KO M#2 mouse 

exhibited reduced yet detectable immune complex deposits. These results indicate that 

the formation of immune complexes is IFN-γ-dependent.  

 

3.9 Predominance of IgG1 and IgG2b subclasses of anti-cytoplasmic 

autoantibodies in Sap-IFN-γ-KO mice 

 The Ig subclass of the ACA observed for Sap-IFN-γ-KO mice was next studied. 

Serum from a Sap-IFN-γ-KO (F) mouse (23 wks of age) was applied to B16-F10 target 

cells, followed by detection of cell-bound autoantibodies by isotype-specific antibodies. 

Strong IgG1 and IgG2b ACA, together with relatively weak IgG2a and IgG3 ACA were 

detected (Figure 16). The presence of weak IgG2a ACA in Sap-IFN-γ-KO suggests that 

although IFN-γ can drive IgG2a ANA production, it is not exclusively required. 

 

3.10 Sap CD4+ T cells can reconstitute anti-nuclear autoantibody response in 
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Sap-CD4-KO mice but not in Sap-IFN-γ-KO  

Relatively weak ANA reactivity in young Sap mice raised the following issue about 

whether these low autoreactive CD4+ T cells from young Sap mice could induce 

autoantibody response in older Sap mice. Sort-purified CD4+CD25− T cells (107 cells) 

from 4-wk old Sap or B6 mice were sorted and adoptively transferred into two 12-wk 

old Sap-CD4-KO mice, respectively (Figure 17A). At 4 wks of age, Sap mice had not 

developed strong ANA. Peripheral blood was collected from the recipients on d-1, d7, 

d14, and d21 to monitor the presence of donor CD4+ T cells. Serum samples were tested 

for ANA using B16-F10 target cells. On d7 days following Sap CD4+ T cell transfer, 

ANA was detected in Sap-CD4-KO host mice; the ANA reactivity was maintained up to 

21d post-CD4+ T cell transfer (Figure 17C). The number of Sap CD4+ donor T cells 

progressively increased, whereas B6 CD4+ T cells progressively decreased over time 

(Figure 17B). The environment required for Sap CD4+ T cells may be different from 

that for B6 CD4+ T cells. Alternatively, significant expansion of autoreactive Sap CD4+ 

T cells took place after they were adoptively transferred into Sap-CD4-KO hosts. In 

addition, this result indicates that autoreactive CD4+ T cells are present in young Sap 

mice and the failure of these mice to make ANA is likely due to an active suppression 

mechanism that prevents autoreactive CD4+ T cells from providing help in antibody 

affinity maturation.   
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 If CD4+ T cells are the source of IFN-γ that is required for IgG2a antibody isotype 

switch and affinity maturation, transferring Sap CD4+ T cells into Sap-IFN-γ-KO mice 

should induce ANA production. Total spleen cells (8 x 107 cells) and CD4+CD25− T 

cells (8.5 x 106 cells) obtained from Sap mice were adoptively transferred to one 

Sap-IFN-γ-KO mouse and two Sap-IFN-γ-KO mice, respectively (Figure 18A). Control 

Sap-IFN-γ-KO mice received no transferred cells. Serum samples collected on d-1, d7, 

d14, d21 post-transfer were examined for autoantibody against B16-F10 target cells. 

Surprisingly, no ANA was detected in any of the recipient mice (Figure 18B). Even 

though Sap-IFN-γ-KO recipients did not produce ANA, they nevertheless made ACA, 

indicating a positive correlation between IFN-γ and ANA response. The result suggests 

that Sap CD4+ T cells are not the source of IFN-γ required for ANA formation.  

Moreover, it is more difficult to explain the failure of transferred total Sap spleen cells 

to reconstitute ANA response in the Sap-IFN-γ-KO host mice. A technical concern of 

incompatibility between donor Sap spleen cells and host Sap-IFN-γ-KO hosts needs to 

be ruled out first.   

 

3.11 Autoantibody response in Sap mice is partially dependent on NKT cells but 

not CD8+ T cells 

 Serum samples were collected from Sap (M), Sap-CD8-KO (2F), CD8-KO (1M, 
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1F), Sap-CD1d-KO (2M, 2F), CD1d-KO (1M, 1F), and B6 (M) mice at age ranging 

from 12-14 wks, and examined for autoreactivity against B16-F10 target cells. Sap mice 

deficient in CD8+ T cells developed autoantibodies with very strong nuclear rim 

reactivity, clearly detectable but weaker nuclear reactivity, and still yet weaker 

anti-cytoplasmic reactivity (Figure 19). One of the CD8-KO mice contained detectable 

ANA. In addition, CD1d deficient mice lack of CD1d-expression on antigen presenting 

cells and CD1d-activated NKT cells (Exley et al., 2003). Screening results revealed that 

Sap mice deficient in NKT cells displayed intermediate level of anti-nuclear, 

anti-nuclear rim, and anti-cytoplasmic reactivity. None of the CD1d-KO control mice 

developed autoantibodies. Based on the observed requirement of IFN-γ for the 

generation of ANA, the results ruled out the possibilities of CD8+ T cells being the 

IFN-γ producing cells and the involvement of CD8+ Tregs. These data imply a role for 

NKT cells in the generation of ANA through IFN-γ production.   

 To understand the importance of αβT cells in helping autoantibody production, and 

how depletion of MHC class II might affect production of autoantibodies, Sap mice 

deficient in αβT cells or MHC class II molecules were generated. Serum autoantibodies 

were analyzed in Sap-TCRβ-KO (2M2F), TCRβ-KO (1M1F), Sap-KOII (2M1F), and 

KOII (1M1F) mice by IF staining against B16-F10 target cells. Two of the four 

Sap-TCRβ-KO mice developed relatively weak ANA and ACA (Figure 20), which 
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indicates that cells other than TCR-αβ cells are able to help autoantibody production. 

Sap-KOII mice did not generate any detectable autoantibodies as expected.  

Autoantibodies were absent in the control mice, TCRβ-KO and MHC-II-KO mice. 

 Spleen frozen sections of Sap-CD8-KO, Sap-CD1d-KO, and Sap-TCRβ-KO mice 

were stained with A488-Thy1.2, A546-B220, and A647-GL7. Quantification of GCs in 

the spleens revealed that TCRβ chain-deficient mice developed significantly smaller and 

fewer GCs. GC size and number in Sap-CD8-KO mice were similar to Sap mice. GC 

size was scientifically reduced in Sap-CD1d-KO mice (Figure 21), which was 

consistent with the observation that Sap-CD1d-KO mice generated lower-titered 

autoantibodies (Figure 19). Together the results indicate that ANA production is highly 

dependent on TCR-αβ cells.  
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Discussion 

4.1 Characterization of autoantibody production in Sap mice 

Sap is an ENU-induced mutant mouse strain with a point mutation in the Zap70 

gene. The studies presented here are designed to characterize as well as gain 

mechanistic understanding the autoantibody response in Sap mice. The 3- to 4-fold 

reduction in Zap70 protein expression, combined with a ~10-fold reduced intrinsic 

kinase activity caused reduced CD4+ T cell development and failure to delete 

autoreactive T cells (F.-L. Chen & Y.-T. Chen, unpublished results).  

I have generated results that clearly demonstrate that the autoantibody response in 

Sap mice requires MHC-II-restricted CD4+ T cells and IFN-γ. Autoreactive T cells that 

recognize self antigens presented by antigen-presenting cells are required to initiate 

autoantibody response. Activated autoantigen-specific B cells proliferate and migrate 

into GC where they interact with TFH and follicular dendritic cells (FDC), undergo class 

switch recombination and affinity maturation, and finally differentiate into plasma cells 

that produce autoantibodies (Goodnow et al., 2010). Autoantibody response does not 

take place when any of these elements is missing. In this study, IF staining of serum 

autoantibodies and splenic GCs from Sap mice made deficient in CD4, CD8, CD1d, 

TCRβ, and MHC-II either by mAb treatment or by genetic ablation were studied. 

Treatment of Sap mice with anti-CD4 mAb resulted in complete elimination of all GCs 
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(Figure 12), clearly indicating the critical dependence of GC formation on CD4+ T cells. 

Thus, one might expect highly deficient formation of GCs in Sap mice on a CD4-KO 

genetic background. However, GCs were found in Sap-CD4-KO mice in the absence of 

strong autoantibodies (Figure 13). CD4 coreceptor-independent, MHC class II-restricted 

CD4-CD8-TCRαβ+ T cells have been shown to mediate GC formation in CD4-KO mice 

(Locksley et al., 1993). If this conclusion is applicable to autoantibody generation in 

Sap mice, then no GC formation is expected when all TCR-αβ T cells are eliminated. 

Indeed, scanty and weak GC formation was seen in Sap-TCRβ-KO mice (Figure 20). 

Despite the highly significant reduction in the magnitude of autoantibody in 

Sap-TCRβ-KO mice, weak autoantibody was nevertheless detected. TCR-γδ cells may 

play a role in the initiation of this weak autoantibody response as they have been 

reported to act as helper cells to induce anti-DNA autoantibodies (Rajagopalan et al., 

1990). Thus, even though MHC-II-restricted CD4+ helper T cells play a dominant role 

in helping autoantibody response, weak autoantibody response and GC reaction can 

take place in the absence of CD4+ T cells. CD8+ T cells are precursors of cytolytic 

effectors, and antibody response is unaffected by their absence. Consistent with this, the 

formation of autoantibodies and GCs in Sap mice was not affected by genetic ablation 

of CD8+ T cells (Figure 19). In contrast to (NZB × NZW)F1 (BWF1) mice in which 

CD1d deficiency exacerbates autoantibody formation (Yang et al., 2007), CD1d 
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deficiency in Sap mice caused a partial decrease in the ANA response, possibly due to 

the loss of IFN-γ secreted by NKT cells. As Sap-KOII mice have just recently become 

available, only ANA response analysis has been completed. ANA was undetectable in 

two of the three Sap-KOII-KO mice, with a very weak response detected in the third 

mouse.       

 Although ANA and ACA were both produced in Sap mice, they were not generally 

produced at the same time; younger Sap mice make mostly ACA and older Sap mice 

produce exclusively ANA (Figure 1). At this point, it is unclear why and how they 

undergo this transition. Since IFN-γ is critically required for ANA production, an 

age-associated increase in IFN-γ production, possibly by NK cells, may be the trigger 

for the ACA to ANA switch response. It should be noted that the mechanism by which 

IFN-γ promotes ANA response is far from clear, but its known effect on IgG2a isotype 

switch as well as its effect on increased antigen processing and presentation can be two 

interesting areas for future investigation.  

 Sap-CD4-KO mice were characterized by poor ANA response. Adoptive transfer of 

Sap CD4+ T cells taken from 4-wk old mice into 12-wk old Sap-CD4-KO mice restored 

the ANA response (Figure 17). From this result, we can infer that autoreactive CD4+ T 

cells are present in 4-wk old Sap mice. Why then is ANA response not observed in 4-wk 

old Sap mice? It may be that the number of autoreactive CD4+ T cells is too few in 4-wk 
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old Sap mice to initiate an ANA response. This seems unlikely as autoreactive CD4+ T 

cells can undergo rapid clonal expansion when they engage properly presented 

autoantigen. It is possible that the efficiency for autoantigen processing and presentation 

by dendritic cells (DC) increases in older Sap mice either due to increased availability 

of nuclear antigens caused by increased cell damage or by increased factors (e.g., IFN-γ) 

that promote antigen processing/presentation. The older Sap mice contain more B cells 

that are autoreactive against nuclear antigens, although this possibility had found no 

support from the published literature. 

 Intriguingly, when Sap spleen cells or purified CD4+CD25− T cells were 

transferred into the ANA response-deficient Sap-IFN-γ-KO mice, restoration of ANA 

failed (Figure 18). Recent data showed that DC derived from IFN-γ-KO mice had 

enhanced antigen presentation and IL-12 secretion (Wu et al., 2006), implying that 

deficiency in IFN-γ likely has an impact on necessary components other than DC for a 

successful autoantibody production. Further studies are required to clarify the 

mechanism of IFN-γ on antigen presentation in Sap mice. One potential way to 

investigate this issue may be to use OVA-pulsed CD11c+ splenic DC derived from 

Sap-OTII and Sap-IFN-γ-KO-OTII mice in co-cultures with responder T cells derived 

form Sap-OTII mice. Using this model, one can assess the extent of T cell proliferation 

as an indirect measure of the efficiency of DC at activating T cells. Given that the total 
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spleen cells from Sap donor mice contain IFN-γ-producing cells, the problem should lie 

within the Sap-IFN-γ-KO host. It is possible that the autoimmune-prone 

microenvironment in Sap mice favoring the survival of autoreactive Sap CD4+ T cells 

does not promise a good survival of transferred Sap cells in an IFN-γ deficient 

microenvironment. However, T cell survival in general is not affected by the absence of 

IFN-γ. Should IFN-γ play a role in the survival of autoreactive CD4+ T cells, then its 

mechanism must be significantly unique to autoreactive T cells and not T cells in 

general. Whether Sap CD4+ T cells indeed survive poorly in an IFN-γ-deficient host 

environment can be addressed by adoptive transfer of CD4+ T cells taken from 

Sap-eGFP tg mice, followed by flow cytometric analysis of GFP+ donor cells.   

 

4.2 Non-CD4+ T cell source of IFN-γ in autoantibody production 

IFN-γ is a pleiotropic cytokine that has been shown to be involved in regulating 

autoimmune diseases. It is also known to influence IgG2a class switch (Reinhardt et al., 

2009). The generation of IgG2a ANA in Sap mice was clearly IFN-γ-dependent (Figure 

14). In the absence of IFN-γ, IgG2a ANA was lost and IgM immune complex deposition 

in the kidney was reduced, suggesting an IFN-γ role in both IgG2a and IgM 

autoantibody production (Figure 14 & 15). This result is consistent with the 

Lyn-deficient autoimmune mouse model in which IFN-γ deficiency reduces IgG2a 
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anti-DNA antibody and IgM immune complexes (Scapini et al., 2010). Recently, it has 

been reported that IL-17 and IL-21 promote class switch to IgG2a/IgG3, and 

IgG1/IgG2b, respectively (Mitsdoerffer et al., 2010). Therefore, class switch to IgG2a 

can take place in the absence of IFN-γ even though IFN-γ is a dominant factor that 

drives IgG2a isotype switch. 

 The fact that depletion of IFN-γ resulted in complete loss of high-affinity IgG2a 

autoantibodies without affecting GC formation (Figure 14 B & C) implies that IFN-γ 

may not affect binding affinity of nuclear antigens in the priming phase yet is required 

to induce class switch to IgG2a. In the absence of IFN-γ, it is likely that GC B cells can 

only undergo class switch to immunoglobulin class other than IgG2a. As TFH cells 

express the class switch factor IFN-γ that enhances the production of IgG2a antibodies 

directly and locally in GC (Reinhardt et al., 2009), it will be of interest to determine 

whether high affinity IgG2a ANA would still arise in situations where TFH cells do not 

produce IFN-γ. 

 NK cells and γδT cells are considered to be the first line of defense in innate 

immunity against bacterial infections (Kaufmann, 1996; Lunemann et al., 2009). NK 

cells are known to be potent IFN-γ producers. Upon activation by antigen-primed DC 

directly or by cytokine signals such as IL-18 and IL-12 indirectly, NK cells secrete a 

large amount of IFN-γ (Borg et al., 2004; Orange and Biron, 1996). IL-12 and IL-18 are 
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produced by DC and macrophages in response to pathogenic stimuli (Szabo et al., 2003). 

It is therefore worthwhile to examine whether there is elevated IL-12 and IL-18 

production in Sap mice. The finding of elevated IL-18 in autoimmune inflammatory 

myopathies may be relevant in this context (Tucci et al., 2006). Previous studies have 

shown that activated NK cells can direct B cells toward IgG2a isotype switch (Gao et al., 

2001; Gao et al., 2008). Thus, the finding of high-titered IgG2a autoantibodies in older 

Sap mice may be caused by high IFN-γ production by NK cells in older but not younger 

Sap mice. Depletion of NK cells using anti-asialo-GM1 (ASGM) should provide 

additional clues to the role of NK cells in IgG2a ANA response in Sap mice. Another 

possible approach would be to breed Sap onto the NK cell-deficient Il-15-KO 

background (Kennedy et al., 2000). It is of interest to study whether ANA can be 

restored in Sap-IFN-γ-KO hosts adoptively transferred with Sap NK cells with or 

without Sap CD4+ T cells. Another interesting experiment is to transfer CD4+ T cells 

from Sap-IFN-γ-KO mice into Sap-CD4-KO hosts and observe for restoration of ANA 

response. If ANA can be restored, then source of IFN-γ must not be a CD4+ T cell. If 

ANA is not restored, it may mean CD4+ T cells are mostly devoid of autoreactive 

specificities, and that IFN-γ presence positively impacts on the development, expansion, 

or maintenance of autoreactive CD4+ T cells. 
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4.3 Autophagy and ANA response 

 Macroautophagy is a constitutively active process in eukaryotic cells. In 

macroautophagy, intracellular components and long-lived proteins are delivered via a 

double-membrane autophagosome to endosomes for lysosomal degradation (Crotzer 

and Blum, 2010). Degraded antigenic fragments are loaded onto the MHC-II molecules 

in the MHC-II-containing compartment (MIIC). The observation that only some but not 

all CD4+ T cells are positively selected in the absence of autophagy in Atg5-deficient 

mice, in combination with the finding that constitutive macroautophagy is detected in 

thymic epithetical cells (TEC) (Nedjic et al., 2008), confirm that macroautophagy in 

TEC is intimately involved in thymic positive selection. It has been reported that 

treating macrophages with IFN-γ upregulates autophagy (Singh et al., 2006). Other than 

that, little has been mentioned about IFN-γ and its role in macroautophagy or thymic 

positive selection. How IFN-γ mediates its effect on autoantibody production and 

nuclear antigen presentation is still not known at this time. It is worthwhile to compare 

total thymic IFN-γ mRNA between B6 and Sap mice, and between 3-wk old and 8-wk 

old Sap mice. If no differences in total IFN-γ mRNA is found, then it is unlikely that the 

IFN-γ-dependence reported here is mediated through its effect on thymic positive 

selection. 
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4.4 Immune complex deposition in Sap kidney without  glomerulonephritis 

Sap mice displayed enlarged glomeruli and Ig deposits, two histological features of 

acute glomerulonephritis (Yu et al.) (Figure 7). However, in Sap mice, deposition of 

immune complexes did not give rise to tissue damage, similar to B6.NZMc1 mice that 

are congenic for the NZM2410-derived Sle1 interval, a locus on chromosome 1 that has 

been thought to linked with autoimmune glomerulonephritis (GN) (Mohan et al., 1999). 

B6.NZMc1 mice are free of GN and only contain anti-H2A, -H2b, -DNA ANA. In 

contrast, NZM.C57Lc4 mice in which the autoantibody contributing genetic interval on 

chromosome 4 is replaced by corresponding interval from nonlupus-prone C57/L mice 

develop serious immune complexes and GN but are free of anti-dsDNA and anti-nuclear 

autoantibodies (Waters et al., 2004). These findings show that ds-DNA or anti-nuclear 

autoantibodies are not necessarily a prerequisite for GN development. 

  Three theories for the formation of immune complex that lead to lupus nephritis 

have been proposed: (A) circulating antibody-antigen immune complexes deposit 

directly in glomeruli, (B) autoantibodies bind directly to glomerular antigens, and (C) 

binding of autoantibodies to antigens that have already been trapped within glomeruli 

(Waldman and Madaio, 2005; Weening et al., 2004). The possibility that Sap serum 

autoantibodies contain specific binding affinity to glomerular antigens was ruled out 

because Sap autoantibodies reacted only with nuclear antigens and nothing else in the 



 

 48

glomerulus (Figure 8). Several studies have demonstrated that the pathogenicity of 

autoantibodies depends on their immunoglobulin subclass and ability to deposit in the 

glomeruli (Madaio et al., 1987; Pankewycz et al., 1987). My finding that the majority of 

immune complexes deposited in the Sap glomeruli are composed of IgM:Ag (Figure 10) 

suggests that the IgG2a-dominat ANA do not form immune complexes efficiently and 

that autoreactive IgM autoantibodies form immune complexes efficiently; they do not 

recognize antigens associated with cell-associated antigens and may recognize secreted 

soluble proteins. My finding of IgM immune complexes in the kidney without serious 

pathology is consistent with the report that IgM autoantibody is not as pathogenic as 

IgG autoantibody (Korganow et al., 1999).  

 To fully address acute glomerulonephritis, additional histological abnormalities 

and clinical features should be considered. Enlarged glomeruli are signs of cell 

proliferation within the glomerular or neutrophilic infiltration. Obvious hypercellularity 

was not observed within Sap glomeruli, suggesting that neither neutrophils nor 

macrophages were activated (Figure 7). IFN-γ is known to contribute to the severity of 

glomerulonephritis and the amount of Ig and C3 complement deposited in BWF1 mice 

(Haas et al., 1998). Consistent with the diminished immune complex deposition 

detected in Sap mice lacking IFN-γ (Figure 15), BW mice deficient in IFN-γR (Haas et 

al., 1998), MRL/lpr mice deficient in IFN-γ (Balomenos et al., 1998), or treatment with 
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soluble IFN-γR or anti-IFN-γ mAb to MRL/lpr mice for up to 12 wks (Ozmen et al., 

1995) decrease the deposition of Ig and reduce the severity of GN. Also, MHC class II 

upregulation in the renal proximal tubules has been reported to be responsible for the 

nephritis in MRL/lpr mice through the local presentation of autoantigens to T cells and 

trigger inflammatory immune response (Wuthrich et al., 1989). It is possible that IFN-γ 

level in Sap kidney is below the threshold for disease progression and MHC class II 

upregulation. One can evaluate the level of MHC class II expression in the renal 

proximal tubules. However, exactly how IFN-γ influences autoantibodies production 

and GN is still unclear. Future research can focus on the many possible mechanisms of 

how IFN-γ contributes to immune complex deposition and pathological kidney function. 

Whether IFN-γ plays a role in the IgM autoantibody response should be clarified first.   
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Figure 1. Appearance of autoantibodies in young Sap mice.
Tissue culture grown B16-F10 melanoma cells were fixed and incubated with serum 
samples (1:500 diluted) collected from two female (F) and two male (M) Sap and B6 
mice longitudinally at indicated ages. Bound antibodies were detected by A488-
conjugated anti-mouse Ig (green). Hoechst 33342 was used to detect the nucleus (red). 
The stained melanoma cells were analyzed by confocal microscopy. Images shown were 
taken at 630x magnification, 2x zoom. Scale bar = 10 μm. The detailed procedure is as 
described in Materials and Methods section 2.3. 
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Figure 2. Co-localization of cytoplasmic staining pattern with mitochondrial 
marker.
Tissue culture grown B16-F10 melanoma cells were labeled with a mitochondrial 
marker (red). The cells were then fixed, permeabilized, and incubated with serum 
samples (1:500 diluted) collected from a male (M) Sap mouse at 5 weeks and 12 weeks 
of age. Bound antibodies were detected by A488-conjugated anti-mouse Ig (green). 
Hoechst 33342 was used to detect the nucleus (cyan). Immunofluorescence co-
localization (yellow) of mouse Ig and mitochondrial marker was shown in the merged 
images. The cells were analyzed by confocal microscopy (630x magnification, 2x zoom, 
scale bars = 10 μm). The detailed procedure is as described in Materials and Methods 
section 2.5. 
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Figure 3. Appearance of autoantibodies in young Sap mice.
Liver frozen sections (5 μm) from IgH-KO mice were fixed and incubated with serum 
samples (1:500 diluted) collected from two female (F) and two male (M) Sap and B6 
mice longitudinally at indicated ages. Bound antibodies were detected by A488-
conjugated anti-mouse Ig (green). Hoechst 33342 was used to detect the nucleus (red). 
Immunofluorescence co-localization (orange and yellow) of mouse Ig and nucleus was 
shown in merged images. The stained liver frozen sections were analyzed by confocal
microscopy (200x magnification, scale bars = 50 μm). The detailed procedure is as 
described in Materials and Methods section 2.4. 
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Figure 4. Five autoantibody staining patterns are defined by Sap autoantibody.
Liver frozen sections (5 μm) from IgH-KO mice were fixed and incubated with serum 
samples (1:500 diluted) collected from a female Sap mouse at 24 weeks of age. Bound 
antibodies were detected by A488-conjugated anti-mouse Ig (green). Liver 
pancytokeratin were stained with A546-PanCK. Hoechst 33342 was used to detect the 
nucleus (red). Immunofluorescence co-localization (orange and yellow) of mouse Ig and 
nucleus was shown in the merged image: nuclear (A), nucleolar-like (B), cytoplasmic 
dot-like (C), cytoplasmic (D), and membranous (E) patterns. Stained liver frozen 
sections were analyzed by confocal microscopy (630x magnification, scale bars = 20 
μm). The detailed procedure is as described in Materials and Methods section 2.4. 
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Figure 5.  Western blotting of IgH-KO liver lysates reveals constant and changing 
autoantibody reactivity patterns. 
IgH-KO liver lysates (0.065 mg protein per lane) were separated by SDS-PAGE 
polyacrylamide gel and followed by electrotransferring to a nitrocellulose membrane. 
The membrane was probed with indicated mouse serum samples (1:160 diluted) 
collected from two female (F) and two male (M) Sap and B6 mice longitudinally at 
indicated ages followed by immunoblotting with HRP-goat anti-mouse IgG (1:5000 
diluted). A lane blotted with HRP-goat anti-mouse IgG without mouse serum was used 
as a control (lane C). Molecular weight markers (Kd) are as indicated. The detailed 
procedure is as described in Materials and Methods section 2.6. 
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Figure 6. Immune complex deposition in kidney glomerulus. 
Kidney frozen sections (5 μm thickness) from two female (F) Sap, two male (M) Sap, 
one F B6, and one M B6 mice at indicated ages groups were examined for immune 
complex deposition. Kidney frozen sections were fixed and stained with A488 goat anti-
mouse Ig (green). Deposition of immune complex in glomeruli was visualized by 
confocal microscopy (200x magnification, 1.5x zoom, scale bars = 50 μm). Detailed 
procedure is as described in Materials and Methods section 2.7. 
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Figure 7. Glomerular immune complex deposition with enlarged glomeruli in Sap 
mice. 
(A) Kidney serial frozen sections (5 μm thickness) from a female (F) Sap, a male (M) 
Sap, a F B6, and a M B6 mice ranging from 24 to 41 wks of age were subjected to H&E 
staining (top row) or to staining with A488 goat anti-mouse Ig (bottom row). H&E 
images were taken using a Zeiss AxioZ1 Imager microscope (400x magnification). 
Immune complex deposition in glomeruli was analyzed by confocal microscopy (400x 
magnification, scale bars = 50 μm). (B) Number of glomerulus counted: B6 M (n=5), 
Sap M (n=5), B6 F (n=9), Sap F (n=8). Each dot represents a single glomerulus,
**P<0.01. The glomerular size was quantified with ZEN 2009 light edition. The 
detailed procedure is as described in Materials and Methods sections 2.7 and 2.8. 
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Figure 8. Sap autoantibodies do not bind to glomerular antigens.
Kidney frozen sections (5 μm) from IgH-KO mice were fixed, permeabilized, and 
incubated with serum samples (1:500 dilution) collected from two male (M) Sap, two 
female (F) Sap, one M B6, and one F B6 mice ranging from 24 to 41 wks of ages. 
Bound antibodies were detected by A488-conjugated anti-mouse Ig (green). Hoechst 
33342 was used to detect the nucleus (red). The overlay images indicated double 
positive cells in yellow. The stained kidney sections were analyzed by confocal
microscopy. Images shown were taken at 630x magnification. Scale bar = 20 μm. The 
detailed procedure is as described in Materials and Methods section 2.4. 
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Figure 9. Sap B cells are able to class switch to IgG1 and IgG2a pathogenic 
autoantibodies.
Tissue culture grown B16-F10 melanoma cells were fixed and incubated with serum 
(1:500 diluted) samples collected from two female (F) Sap, two male (M) Sap, one F B6, 
and one M B6 mice at 24 weeks of ages. Bound antibodies were detected by A488-
conjugated anti-mouse IgM, A488-conjugated anti-mouse Ig, or biotin rat anti-mouse 
IgG1 and IgG2a followed by detection with A488-SA (green). Hoechst 33342 was used 
to detect the nucleus (red). The stained melanoma cells were analyzed by confocal
microscopy. Images shown were taken at 630x magnification, 2x Zoom. Scale bars = 10 
μm. Detailed procedure is as described in Materials and Methods section 2.3. 
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Figure 10. Glomerular immune complex deposition in Sap mice is mostly composed 
of autoantigen bound by autoantibody of IgM isotype. 
Kidney frozen sections (5 μm thickness) from two female (F) Sap, two male (M) Sap, 
one F B6, and one M B6 mice at ages ranging from 24 to 41 weeks were fixed and 
stained with A488 goat anti-mouse Ig, A488 rat anti-mouse IgM, or biotin rat anti-
mouse IgG1 or IgG2a followed by detection of A488-SA as indicated (green). 
Deposition of immune complexes in glomeruli was visualized by confocal microscopy 
(630x magnification, scale bars = 20 μm). Detailed procedure is as described in 
Materials and Methods section 2.7. 
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Figure 11. CD4+ T cell depletion results in rapid disappearance of germinal centers. 
Sap male mice (n=4, 12 wks of age) were treated with 200 μg GK1.5 mAb (i.v.). On 
indicated days post-GK1.5 treatment, spleens were removed. Single cell suspension 
from part of the spleen (~1/3) was subjected to marker analysis by flow cytometry.  
Frozen sections (5 μm thickness) made from the remainder of the spleens (~2/3) were 
stained with A488-GK1.5, A546-B220, A647-GL7, and Fc blocker 2.4G2 to identify 
germinal centers. (A) Germinal centers defined by GL7+ cell clusters within B220+ B 
cell follicles were analyzed by confocal microscopy (100x magnification, scale bars = 
100 μm). (B) Percentages of CD4+ T cells within TCRβ+ cells in the indicated mouse 
spleens. (C) A total of 20 B cell follicles were examined and the number and size of 
germinal centers found in these 20 B cell follicles were shown, *P<0.05. Detailed 
procedure is as described in Materials and Methods sections 2.7, 2.9 and 2.10.
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Figure 12. 2-dose in vivo CD4+ T cell depletion leads to complete disappearance of 
germinal centers. 
Sap male mouse (n=1, 12-13 wks of age) was repeatedly treated with 200 μg GK1.5 
mAb (i.v.) on indicated days. Spleens were removed 5 days post-GK1.5 treatment. 
Spleen frozen sections (5 μm thickness) were prepared and stained with A488-GK1.5, 
A546-B220, A647-GL7, and Fc blocker 2.4G2 to identify germinal centers. (A) 
Experiment design for 2-dose anti-CD4 mAb treatment. (B) Germinal centers defined 
by GL7+ cell clusters within B220+ B cell follicles were analyzed by confocal
microscopy (100x magnification, scale bars = 100 μm). (C) A total of 20 B cell 
follicles were examined and the number of germinal centers found in these 20 B cell 
follicles were shown. Detailed procedure is as described in Materials and Methods 
sections 2.7 and 2.9. 
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Figure 13. Greatly diminished autoantibody production but not GC formation in 
Sap-CD4-KO mice. 
Serum samples were collected from one male (M) Sap, one M B6, one M and two 
female (F) Sap-CD4-KO mice, and one M and one F CD4-KO mice at ages ranging 
from 12- to 14-wks. Spleen frozen sections (5 μm thickness) were prepared and stained 
with A488-GK1.5, A546-B220, A647-GL7, and Fc blocker 2.4G2 to identify germinal 
centers. (A) Cultured and fixed B16-F10 cells stained with sera (1:500 dilution) from 
the indicated mice. (630x magnification, 2x zoom, scale bars = 10 μm). (B) Germinal 
centers defined by GL7+ cell clusters within B220+ B cell follicles were analyzed by 
confocal microscopy (100x magnification, scale bars = 100 μm). (C) A total of 20 B 
cell follicles were examined and the number and size of germinal centers found in these 
20 B cell follicles were shown, *P<0.05. Detailed procedure is as described in Materials 
and Methods sections 2.3 and 2.7. 
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Figure 14. Loss of anti-nuclear but not anti-cytoplasmic autoantibodies, and 
reduced number of splenic germinal centers in Sap-IFN-γ-KO mice. 
Serum samples and spleens were collected from Sap male (M) mouse (n=1, 12 wks of 
age), Sap-IFN-γ-KO M mouse (n=4, 12-14 wks of age), and B6 M mouse (n=1, 12 wks 
of age). Spleen sections (5 μm thickness) were prepared and stained with A488-Thy1.2, 
A546-B220, A647-GL7, and Fc blocker 2.4G2 to identify germinal centers. (A) 
Cultured and fixed B16-F10 cells stained with sera (1:500 dilution) from the indicated 
mice (630x magnification, 2x zoom, scale bars = 10 μm). (B) Germinal centers defined 
by GL7+ cell clusters within B220+ B cell follicles were analyzed by confocal
microscopy (100x magnification, scale bars = 100 μm). (C) A total of 20 B cell 
follicles were examined and the number and size of germinal centers found in these 20 
B cell follicles were shown, **P<0.01. Detailed procedure is as described in Materials 
and Methods sections 2.3 and 2.7. 
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Figure 15. Glomerular immune complex deposition is greatly reduced in Sap-IFN-
γ-KO mice. 
Kidney frozen sections (5 μm thickness) from one female (F) Sap, two male (M) and 
two F Sap-IFN-γ-KO, and one F B6 mice at ages ranging from 12- to 14-wks, were 
fixed and stained with A488 goat anti-mouse Ig (green) for immune complex deposition. 
Deposition of immune complexes in glomeruli was visualized by confocal microscopy 
(630x magnification, scale bars = 20 μm). Detailed procedure is as described in 
Materials and Methods section 2.7. 
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Figure 16. Predominance of IgG1 and IgG2b subclasses of anti-cytoplasmic 
autoantibodies in Sap-IFN-γ-KO mice. 
Tissue culture grown B16-F10 melanoma cells were fixed and incubated with serum 
samples (1:500 diluted) collected from one female Sap-IFN-γ-KO mice at 23 weeks of 
ages. Bound antibodies were detected by A488-conjugated goat anti-mouse Ig, A488-
conjugated rabbit anti-mouse IgM, or biotin rat anti-mouse IgA, IgE, IgG1, IgG2a, 
IgG2b, and IgG3 followed by detection with A488-SA (green). Hoechst 33342 was used 
to detect the nucleus (red). The stained melanoma cells were analyzed by confocal
microscopy. Images shown were taken at 630x magnification, 2x Zoom. Scale bars = 10 
μm. Detailed procedure is as described in Materials and Methods section 2.3. 
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Figure 17. Adaptive transfer of CD4+ T cells from young Sap mice or B6 mice to 
Sap-CD4-KO mice induce anti-nuclear but not anti-cytoplasmic autoantibodies.
Sort-purified CD4+ T cells were isolated from the spleens of Sap or B6 mice (4 wks of 
age) and adoptively transferred into naive Sap-CD4-KO mice (12 wks of age). Sap-
CD4-KO control mouse did not receive any transferred cells. (A) Study design of the 
adoptive transfer experiment. (B) Tracing of donor CD4+ T cells by flow cytometry at 
indicated days. Percentages of donor CD4+ T cells within TCRβ+ cells in recipient PBL. 
(C) Tissue culture grown B16-F10 melanoma cells were fixed and incubated with serum 
samples (1:500 diluted) collected from the recipients at indicated days. Bound 
antibodies were detected by A488-conjugated anti-mouse Ig (green). Hoechst 33342 
was used to detect the nucleus (red). The stained melanoma cells were analyzed by 
confocal microscopy. Images shown were taken at 630x magnification, 2x zoom. Scale 
bar = 10 μm. The detailed procedure is as described in Materials and Methods sections 
2.3, 2.11, 2.12, 2.13, and 2.14.
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Figure 18. Transferring of total spleen cells or Sap CD4+ T cells from Sap mice to 
Sap-IFN-γ-KO mice fails to restore ANA production. 
Total spleen cells or sort-purified CD4+ T cells were isolated from the spleens of Sap 
mice (12 wks of age) and adoptively transferred into naive Sap-IFN-γ-KO mice (23 
wks of age). Sap-IFN-γ-KO control mice did not receive any transferred cells. (A) 
Study design of the adoptive transfer experiment. (B) Tissue culture grown B16-F10 
melanoma cells were fixed and incubated with serum samples (1:500 diluted) collected 
from the recipients at indicated days. Bound antibodies were detected by A488-
conjugated anti-mouse Ig (green). Hoechst 33342 was used to detect the nucleus (red). 
The stained melanoma cells were analyzed by confocal microscopy. Images shown were 
taken at 630x magnification, 2x zoom. Scale bar = 10 μm. The detailed procedure is as 
described in Materials and Methods sections 2.3, 2.11, 2.12, and 2.13.
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Figure 19. Autoantibody response in Sap mice is partially dependent on NKT cells 
but not CD8+ T cells. 
Tissue culture grown B16-F10 melanoma cells were fixed and incubated with serum 
samples (1:500 diluted) collected from one male (M) Sap, two female (F) Sap-CD8-KO, 
one M and one F CD8-KO, two M and two F Sap-CD1d-KO, one M and one F CD1d-
KO, and one M B6 mice at ages ranging from 12- to 14-wks. Bound antibodies were 
detected by A488-conjugated anti-mouse Ig (green). Hoechst 33342 was used to detect 
the nucleus (red). The stained melanoma cells were visualized by confocal microscopy 
(630x magnification, 2x zoom. Scale bar = 10 μm). Detailed procedure is as described 
in Materials and Methods section 2.3. 
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Figure 20. Screening of serum autoantibodies in Sap-TCRβ-KO and Sap-KOII 
mice. 
Tissue culture grown B16-F10 melanoma cells were fixed and incubated with serum 
samples (1:500 diluted) collected from Sap (n=1, M, 13 wks of age), Sap-TCRβ-KO 
mice (n=4, 2M2F, 12-14 wks of age), TCRβ-KO mice (n=2, 1M1F, 12-14 wks of age), 
Sap-KOII mice (n=3, 2M1F, 9-13 wks of age), KOII mice (n=2, 1M1F, 19 wks of age), 
and B6 mouse (n=1, M, 10 wks of age). Bound antibodies were detected by A488-
conjugated anti-mouse Ig (green). Hoechst 33342 was used to detect the nucleus (red). 
The stained melanoma cells were visualized by confocal microscopy (630x 
magnification, 2x zoom. Scale bar = 10 μm). Detailed procedure is as described in 
Materials and Methods section 2.3. 
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Figure 21. Analysis of formation of Germinal centers in Sap-TCRβ-KO, Sap-CD8-
KO, and Sap-CD1d-KO mice. 
Spleen frozen sections from indicated mice were stained with A488-Thy1.2, A546-B220, 
and A647-GL7. Germinal centers defined by GL7+ cell clusters within B220+ B cell 
follicles were analyzed by confocal microscopy (100x magnification, scale bars = 100 
μm). A total of 20 B cell follicles were examined and the number and size of germinal 
centers found in these 20 B cell follicles of each mouse were shown. Graphs represent 
mean ± SD. Each group consisted of one to four mice. *P<0.05, **P<0.01, ***P<0.001. 
Detailed procedure is as described in Materials and Methods section 2.7. 
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