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Abstract  

 

          SLE is an autoimmune disease characterized by the production of autoantibodies 

against self-antigens. Anti-dsDNA antibodies are found to correlate with SLE disease activity 

and it is believed that they bind to nuclear antigens to form immune complex and mediate 

tissue damage. The observation that serum from a subset of SLE patients impairs the 

neutrophil extracellular traps (NET) degradation, further suggested that autoantibodies can 

cause additional damage by binding to NETs.  

          The aim of my PhD project is to study the pathogenic mechanism of the anti-dsDNA 

antibodies. To achieve this I cloned 200 monoclonal antibodies from two active SLE patients 

and characterized their reactivity to a panel of nuclear antigens including histones, chromatin, 

dsDNA and extractable nuclear antigens. In order to identify the pathogenic group of anti-

dsDNA antibodies, their reactivity against apoptotic cells, neutrophil extracellular traps were 

tested by immunofluorescence and Western Blot. In addition to this, their potential binding to 

autoantigens in the kidney were studied by intraperitoneal injection of these mAb mice 

followed by immunofluorescence of the kidney specimens. Only one group of mAbs (which 

are histone 1 and naked dsDNA positive) deposit in the nephritic mouse kidney and they 

show high reactivity to both apoptotic cells and NET. Furthermore, this group of mAbs are 

able to stabilize the NET, prevent it from nuclease digestion. The stabilized NET-anti-

dsDNA antibody immune complex enhance the type I IFN expression in monocytes. 

Interestingly, this mAb also facilitates apoptotic cell engulfment to suppress type I IFN 

expression.  

           In summary, these findings indicate only a subgroup of anti-dsDNA antibodies are 

pathogenic, they deposit in diseased kidney tissue and fuel inflammation. These anti-dsDNA 

antibodies also stabilize NET and enhance type I IFN expression from monocytes. 
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 Chapter 1 

 

Introduction 

 

1.1 Systemic Lupus erythematosus (SLE) 

 

1.1.1 Epidemiology of SLE  

          SLE is a highly heterogeneous autoimmune disease with unknown causes. It has been 

diagnosed globally but incidence rates between races differs widely. SLE is more common in 

Europe and Asia but comparably rarer in Africa.1 European has an incidence rates of 

4.5/100000 population while in USA the average is around 5.6/100000 population and the 

incidence rates seems to increase from 1950 to 2000.2 Prevalence also varies quite far between 

the continents; Europe and Asia are lower of about 10/100000 and 13/100000 respectively 

compared with America of an average of 103/100000.3 

 

1.1.2 Clinical manifestation of SLE 

      The clinical manifestations of SLE is protean and almost all the organs can be affected. 

Constitutional symptoms such as fatigue is quite frequent and fever is reported in 50% of 

patients.1 Skin and/or mucous membrane are affected in more than 80% of the SLE patients.4 

The skin lesion is included in the classification criteria of SLE but is really variable both in 

terms of degree and types of involvement. Butterfly Rash is characterized by erythema over 

the bridge of nose and the cheeks. It is reported in around 50% of patients of SLE and is 

normally caused by exposure to sunlight (Ultraviolet light). Immune complex deposition is 

often found in the affected dermal-epidermal junctions.5 Several forms of arthritis and 
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vasculitis also occur in patients of SLE. Arthritis in SLE patients usually occur early and does 

not cause erosion.   

 

1.1.3 Lupus nephritis 

       Kidney inflammation (Lupus Nephritis) is the probably the most severe form of SLE 

and it affects about half of the SLE patients. Patients with LN (Lupus Nephritis) commonly 

have proteinuria, hypertension and high serum creatinine.6 Kidney biopsy is taken to establish 

the diagnosis of LN. Features such as IgG with IgA, IgM, C3 and C1q staining in the 

glomerulus are specific to LN.7 LN are classified into 6 groups according to clinic pathologic 

correlations, which are listed in the table 1.4 

 

Table 1. Classification of lupus nephritis 

Class I Minimal Mesangial Lupus nephritis 

Class II Mesangial proliferative Lupus nephritis 

Class III Focal Lupus nephritis 

Class IV Diffuse Lupus nephritis 

Class V Lupus membranous nephropathy 

Class VI Advanced sclerosing Lupus nephritis 

 

1.1.4 Assessment of disease activity 

      In addition to kidney biopsy, serum markers like anti-dsDNA antibody titer and 

complement levels are also used as noninvasive determinants to define the class of lupus 

nephritis. Class I is rarely diagnosed because of the normal serum markers and kidney functions 
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in these patients. Class III and IV are the common severe form of lupus nephritis and Class VI 

represent the scared kidney after the inflammation.7 The classification of SLE is typically based 

on the presence of at least 4 out of 11 criteria according to the American College of 

Rheumatology (ACR) revised in 1997.4 (table 2) 

 

Table 2. ACR criteria 

Criteria Definition 

Malar Rash  Fixed erythema, flat or raised, over the malar eminences, tending to 

spare the nasolabial 

folds 

Discoid Rash  Erythematous raised patches with adherent keratotic scaling and 

follicular plugging; 

atrophic scarring occurs in older lesions 

Photosensitivity  Skin rash as a result of unusual reaction to sunlight, by patient 

history or physician 

observation 

Oral Ulcers  Oral or nasopharyngeal ulceration, usually painless, observed by a 

physician 

Arthritis  Non-erosive arthritis involving two or more peripheral joints, 

characterized by tenderness, 

swelling or effusion 
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Criteria Definition 

Serositis  a. Pleuritis: convincing history of pleuritic pain or rub heard by a 

physician or evidence of 

pleural effusion or 

b. Pericarditis: documented by ECG or rub or evidence of pericardial 

effusion 

Renal Disorder  a. Persistent proteinuria >0.5 g per day or >3+ if quantitation is not 

performed or 

b. Cellular casts: may be red cell, haemoglobin, granular tubular, or 

mixed 

Neurological Disorder  a. Seizures: in the absence of off ending drugs or known metabolic 

derangements (eg, uremia, acidosis, or electrolyte imbalance) or 

b. Psychosis: in the absence of off ending drugs or known metabolic 

derangements (eg, uremia, acidosis, or electrolyte imbalance) 

Hematological Disorder  a. Hemolytic anemia with reticulocytosis, or 

b. Leucopenia: <4000/mm3, or 

c. Lymphopenia: <1500/mm3, or 

d. Thrombocytopenia: <100 000/mm3 in the absence of off ending 

drugs 
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Criteria Definition 

Immunological Disorder  a. Anti-DNA: antibody to native DNA in abnormal titer, or 

b. Anti-Sm: presence of antibody to Sm nuclear antigen, or 

c. Positive finding of antiphospholipid antibodies based on: (1) an 

abnormal serum 

concentration of IgG or IgM anticardiolipin antibodies, (2) a positive 

test result for lupus 

anticoagulant using a standard method, or (3) a false positive 

serologic test for syphilis 

known to be positive for at least 6 months and confirmed by 

Treponema pallidum 

immobilization or fluorescent treponemal antibody absorption test 

Antinuclear Antibody  An abnormal titer of antinuclear antibody by immunofluorescence 

or an equivalent assay at 

any point in time and in the absence of drugs known to be associated 

with ‘drug -induced 

lupus’ syndrome 

 

According to the recent revision in 2012 by the Systemic Lupus International Collaborating 

Clinics (SLICC), at least one clinical and one immunologic criteria are required for the 

diagnosis as listed in the table 3.  
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Table 3. SLICC criteria 

Clinical Criteria Immunologic Criteria 

Chronic Cutaneous Lupus  ANA 

Acute Cutaneous Lupus Anti-Sm 

Oral or Nasal Ulcers  Antiphospholipid Antibody 

Non-scaring Alopecia  Low Complement (C3, C4, CH50) 

Arthritis Anti-C1q antibody 

Serositis  

Renal  

Neurologic  

Hemolytic Anemia  

Leukopenia  

Thrombocytopenia  

 

 

       It is challenging to assess the disease activity of SLE patients as it is an extremely 

complex disease with heterogeneous clinical manifestations. A reliable and reproducible 

assessment method is required to deliver the best available treatment to the patients instead of 

individual’s impression about the disease activity. Some disease indices have been developed 

in the past years and some of them are widely used (table 4) 
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Table 4. Activity indices used in SLE assessment 

 BILAG ECLAM SLAM SLEDAI LAI 

Type of index (organ) Individua

l organ 

Global Global Global Global 

Weighted variables Yes Yes No Yes No 

Severity assessment Yes No Yes No Yes 

Immunological variable No Yes No Yes Yes 

Therapy No No No No Yes 

Retrospective 

calculation 

No Yes Yes Yes Yes 

Modified for pregnancy No Yes Yes Yes Yes 

Used in childhood SLE Yes Yes Yes Yes No 

      

 
 

ECLAM, SLAM SLEDAI and LAI are designed to measure the global disease activity and 

these are useful for clinical estimation and therapy adjustment.8 SLEADI is the most widely 

used and it measures the disease activity within 10 days. It is scored based on 24 different 

variables which are weighted according to the manifestations. However, these global index 

provide little information regarding disease activity between organs. The BILAG, by contrast, 

give separate scores for different organs and informs the degree of severity of each organs are 
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affected.9 Although these indices are fast, reliable and sensitive in accessing the disease activity 

but they also have their own limitations. A combination of some/all of these indices calculated 

by automatic algorithms give a more confident results and can be used in large multi-center 

clinical trials.  

 

1.2 Etiology of SLE 

1.2.1 The genetics of SLE 

       A complex interplay between the genetic, environmental, gender and age leads to 

clinical manifestations in the patients of SLE. Among them, the genetics of SLE is the most 

extensively studied and confers susceptibility to SLE. 

 

1.2.1.1 Twin studies 

       SLE tend to aggregates in families and monozygotic twins have a concordance 8 times 

higher than dizygotic twins. The concordance is 92% if autoantibodies are used as a marker.10,11 

However, the genes that are responsible for the disease development is not easy to find as SLE 

is a complex disease with high genetic and allelic heterogeneity.12 Roles of different genes in 

the course of SLE is studied through both spontaneous mouse models and SLE patients’ 

samples. 

 

1.2.1.2 Inbred mouse models 

         Some inbred mouse models spontaneously develop SLE-like symptoms and they 

provide valuable insight into the lupus susceptibility genes. Commonly used mouse models 

include NZW/NZB F1 (first generation of the cross between New Zealand White and New 

Zealand Black), MRL/lpr (MRL lymphoproliferation spontaneous mutation) and BXSB.Yaa 

(BXSB males with the mutant Yaa-containing Y chromosome).13,14 All of these mice 
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demonstrate high titres of anti-dsDNA antibodies, anti-glomerular antibodies and 

glomerulonephritis despite their distinctive genetic background.15   

 
1.2.1.2.1 Fas mutation 

           In MRL/lpr mice, Fas mutation occurs during inbreeding. Fas gene encodes the FAS 

death inducing receptor, which is crucial for the elimination of autoreactive lymphocytes.14 

MRL/lpr mice display joint/skin inflammation, lymphoproliferation, immune complex 

deposition in kidney and a wide range of autoantibodies.15 Female MRL/lpr mice produce 

higher amount of anti-nuclear antibodies than the males.16 It was suggested that the Fas 

mutation may block the apoptosis of the autoreactive lymphocytes, therefore inducing the 

break of tolerance.17 It should be noted that the Fas mutation alone fails to induce 

autoimmunity in some non-susceptible mouse strains.18 This may indicate the interaction 

between multiple genes and environmental factors is required for the full-blown SLE.  

 

1.2.1.2.2 Yaa mutation 

           BXSB-Yaa mice have Y-linked autoimmune accelerator (Yaa) mutation that resides in 

Y chromosome. BXSB-Yaa mice demonstrate lymphoid tissue hyperplasia, increased ANA 

and anti-retroviral gp70 antibodies, immune complex deposition and glomerulonephritis.15 

Unlike the other lupus prone mice models, gender bias towards males is observed in BXSB-

Yaa mice.19 Yaa mutated lupus prone mice develop severe SLE-like symptoms while 

nonautoimmune mouse strains such as C57BL/6 are resistant to the Yaa mutation.19 The Yaa 

loci contains multiple genes that are duplicated onto the Y chromosome. Among them, Tlr7 

was found to be critical for the development of the Yaa-mediated disease enhancement.20 

Whether the other genes in the Yaa region is involved in the lupus-like phenotypes observed 

in BXSB-Yaa mice warrants further investigation.  
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1.2.1.2.3 NZM/NZB 

          NZM/NZB F1 mice produce a range of antibodies against DNA, chromatin, histone 1 

(H1), histone 2A (H2A), Ro, La and Sm but not U1-SnRNPs that is found in SLE patients. 

They display female gender-biased lupus-like symptoms including immune complex 

deposition, glomerulonephritis and adenopathy.15  Multiple genes including Sle1, Sle2 and Sle3 

have been found to contribute to the disease development in NZM/NZB F1 mice. The role of 

each gene has been investigated in congenic strain on the C57BL/6 background, and B6.Sle1 

was found to produce autoantibodies against nucleosomes without nephritis.21 B6.Sle2 display 

B cell hypersensitivity with autoreactive IgM, again without glomerulonephritis.22 

Interestingly, the combination of Sle1 and Sle2 triggers autoantibodies with 

glomerulonephritis.23  

 

In addition to the evidence from mouse models, GWAS study identified dozens of susceptible 

loci linked with SLE and LN. Single nucleotide polymorphism (SNP) and copy number 

variants (CNVs) affecting FCGR2A, FCGR3A and FCGR3B have been shown to associate with 

the risk to development of SLE and LN.24 

 

1.2.1.3 Fc receptor genes 

           The sle1 locus are among the first few susceptible genes that are identified in the 

spontaneous mouse model NZB X NZW.25 It is analogous to the human chromosome 1q21-23 

region and the FcγRIIA in this region was previously reported to participates in SLE. In 

addition, human whole genome screening also identified this region as a major locus in SLE 

patients with nephritis, especially in Africans.26 FcγRIIA is an IgG receptor found on 

macrophages, neutrophils, eosinophils, platelets and langerhans cells. It is responsible for the 

phagocytosis of antibody opsonized pathogens or cellular debris, which induce adequate 
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downstream effects. The variant has an arginine at position 131 which makes it a weaker IgG 

binder. Therefore, the people with this variant may have defective handling of viral/bacteria or 

apoptotic cell, which is observed in a number of SLE patients.27  

 

FcγRIIb is the only inhibitory receptor that suppresses immune complex mediated cell 

activation. It is the only FcγR expressed on B cells, and suppress calcium influx in B cells when 

engaged.28 The regulatory function of FcγRIIb in autoimmunity has been shown in both human 

and mice.29 FcγRIIb-deficient C57BL/6 mice spontaneously develop lupus like disease, 

characterized by autoantibodies and immune complex mediated glomerulonephritis.30 The 

partial restoration of FcγRIIb on B cells prevents autoimmunity in NZM/NZW F1 mice.31 

These results demonstrate that FcγRIIb might be involved in the pathogenesis of SLE, possibly 

by sustaining B cell tolerance. The functional genetic variations in the FCGR2B gene is also 

associated with human SLE. One polymorphism of FcγRIIb, FcγRIIbT232 has impaired 

inhibitory function, and it is associated with susceptibility to SLE in several ethnic groups.32 

 

The role of FcγRIIIA is still controversial. The polymorphism encoding FcγRIIIA-158F is 

associated with SLE susceptibility in several studies in Caucasian and African-American.33 It 

has lower IgG1, 3 and 4 binding affinity than FcγRIIIA-158V, thereby might results in reduced 

immune complex clearance.28 On the contrary, FcγRIIIA-158V is correlated with the severity 

of lupus nephritis. In lupus nephritis patients, FcγRIIIA-158V may augment local inflammation 

because of its stronger binding to immune complexes.34  

 

1.2.1.3 Complement genes 

           Another group of gens that are also responsible for the immune complex and waste 

clearance is the complement system. The complement system is important for defense against 
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pathogens, immune complex clearance and adaptive immunity stimulation. Deficiency of C1r, 

C1s and C4 is closely related with SLE while homozygous deficiency of C1q cause SLE both 

in human and in mouse.35 It is believed that C1q deficiency leads to the accumulation of 

uncleared apoptotic cells, followed by high titers of autoantibodies and organ damage.36 

Nevertheless, C1q deficiency is very rare in patients and most of the genes may predispose to 

the disease in an add-up fashion and the full-blown SLE requires environmental triggers. 

 

1.2.2 Environmental factors 

           UV exposure is regarded as an important environmental trigger that induce SLE. 

Subcutaneous Lupus patients are sensitive to sunlight exposure and develop butterfly rash after 

exposing to UV.37 UVB is able to induce keratinocytes apoptosis effectively through mainly 

three pathways: 1) double strand DNA break, 2) death receptor engagement, 3) ROS 

production.38,39 Under normal physiological conditions, these apoptotic cells are readily 

removed and anti-inflammatory cytokines are secreted. By contrast, apoptotic cells are 

observed to accumulate in the lupus patients which might leads to secondary necrosis and local 

even systemic inflammation.40 Vitamin D deficiency is also correlated with the development 

of SLE. Vitamin D metabolite 1apha 25(OH)2D3 is a steroid hormone which suppress 

inflammation and Vitamin D itself may help immune cells differentiation.41 Certain drugs and 

chemicals such as chlorpromazine, hydralazine and isoniazid were shown to induce SLE in 

some predisposed individuals.42 These observations suggests that the environmental factors 

interact with genetic loci to trigger symptoms of SLE. Some people carry susceptible genes 

that makes them defective in handling certain stress, therefore are prone to the environmental 

stimuli. An example is the viral infection, Epstein-Barr Virus particularly. The lupus patients 

are found with remarkably high EBV infection compared with healthy volunteers.43 It is 

postulated the autoantibodies may arise because of their cross-reactivity to EBV.44  
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1.2.3 Impact of hormones 

           SLE is typically considered as a woman’s disease as it occurs in 9 times more often in 

women than men. This high disease incidence in the female may suggest the hormonal factors 

and the X chromosome may contribute to the disease susceptibility.45 Testosterone is the 

principle male hormone which is mainly secreted by the testicles of males and much less by 

the ovaries of females. It has a deactivating effect on the immune system. Estrogen is a female 

sex hormone and activates the immune system. In addition, female are born with stronger 

immune system which makes them more susceptible to autoimmune diseases like SLE.46 

Estrogen treatment of the lupus prone mice accelerate the disease with high titer of anti-histone 

antibodies whereas testosterone slows down the course of disease progress.47 In conclusion, 

both genetic and environmental factors confer susceptibility to SLE but the exact mechanism 

of individual factor is still unclear. It is postulated that people with genetic defects may develop 

SLE if they are exposed to certain environmental stimuli.  

 

1.3 Pathogenesis of SLE 

           The pathogenesis of SLE is complicated and evidence suggests that both innate and 

adaptive immune system are involved. In this chapter, the role of T cells, B cells and cytokines 

in the development of SLE will be discussed.  

 

1.3.1 T cells 

           T cells from SLE patients have a higher Ca2+ influx and different signaling pathway 

effectors compared with normal T cells. They were found to have a low expression of CD3ζ 

receptor but a FcγRI in replacement, which might lead to reduced amount of IL-2 and the 

persistence of autoreactive T cells.48 In addition, lipid raft aggregation was also observed in the 

T cells of SLE patients. Multiple TCR and CD3 are predominantly accumulated in the lipid 
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rafts of the T cells, which subsequently cause aberrant T cell signaling. This process, however, 

is reversible and is dependent on the cell-cell contact.49 Specifically, Interleukin-17 and Th17 

cells were observed to be upregulated in the kidney of the some SLE patients. The number of 

Th17 and level of IL-17 is even higher in the patients with active SLE, especially in lupus 

nephritis and vasculitis.50 Taken together, these aberrant molecular changes cause the over-

activating T cells in the SLE patients, which may play important roles in the progression of the 

disease. The pro-inflammatory microenvironment in SLE patients may induce the 

inflammatory Th17 proliferation, which was suggested to cause continuous autoreactive GC 

formation and organ damage. Inhibition of Th17 pathway in two mouse models ameliorate 

lupus nephritis.51 The rise in the number of Th17 cells also downregulate the Treg in the SLE 

patients, which probably contribute to the break of tolerance. This decrease might due to the 

lack of IL-2 and IL-6 upregulation, which inhibit the survival of Treg.
52 Currently, ustekinumab, 

a monoclonal antibody against IL-17 is on the phase I clinical trial. It showed significant 

improvement of cutaneous lupus upon treatment. Another specific T cell that may contribute 

to the pathogenesis of SLE is follicular T helper cells. They migrate from the thymus to the 

germinal center to stimulate the activated B cells, thus promoting autoantibodies production in 

the patients of SLE. It was found the number of Tfh cells are larger in an IgM induced 

autoimmunity mouse model. This subset (CXCR5+ CD4+) is also upregulated in a proportion 

of the SLE patients.53 Taken together, these findings suggest an amplified T cell activation, 

especially Tfh cells and the downregulation of Treg may contribute to the break of tolerance 

and tissue damage in SLE patients. The role of abnormal Treg function is unclear and may be 

caused by defective IL-2 production. 
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1.3.2 Cytokines 

              IL-2 is the key cytokine which regulate T cell growth and differentiation, Treg 

development and T cell death. IL-2 is observed to be downregulated and several signaling 

pathways related to IL-2 production were shown to be malfunction in patients of SLE.54 

Evidence from murine models of lupus suggested that the defective IL-2 production occurs in 

an age-related fashion and passive transfer of CD4 T cells from disease mouse to naive mouse 

lead to impaired IL-2 production.55,56 As a consequence of impaired IL-2 secretion, Treg are not 

properly formed, resulting in uncontrolled T cell activation. Type I IFN is a pro-inflammatory 

cytokine and have pleiotropic effects on the immune system to elicit anti-viral functions. Type 

I IFN was found to be upregulated in patients of SLE and are believed to play central role in 

the pathogenesis of SLE. It is highly correlated to the disease activity, immune activation and 

a range of active symptoms.57 Lupus prone NZBWF1 mice display early lupus symptoms when 

administrated with type I IFN while homozygous IFN receptor knockout NZB mice have 

ameliorated disease.58,59 It was found that IFNα also promote the activation of self-reactive T 

cells by the self-antigen presenting cells. In addition, B cells can be stimulated by IFNα to 

produce autoantibodies through enhanced immunoglobulin class-switching.60 IL-1, IL-6 and 

TNF-α are proinflammatory cytokines. IL-6 level was also found to be high in SLE patients 

and it may promote the autoantibody production.61 The effect of TNF-α in the pathogenesis of 

SLE is still controversial. MRL/lpr mice treated with anti-TNF-α antibodies had ameliorated 

inflammatory pulmonary lesions. By contrast, anti-TNF-α therapy induced antinuclear 

antibodies, anti-dsDNA antibodies in approximately 10% patients, while 0.2% of the patients 

develop SLE like symptoms.62 SLE is characterized by disordered regulation of a diverse range 

of cytokines which work together to sustain the pro-inflammatory environment. This abnormal 

microenvironment in term could promote the autoreactive B cells to exert its pathogenic 

functions.  
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1.3.3 B cells 

          The most astonishing immunological abnormality in patients of SLE is the overactive 

autoreactive B cells and high level of a range of autoantibodies.63 These autoantibodies, unlike 

the natural IgM autoantibodies in the healthy individuals, are class-switched and long lived.64 

In healthy individuals, autoreactive B cells are constantly generated during early B cell 

development in the bone marrow.65 Most of the polyreactivity are lost during the first stage 

when they are in the BM while the rest are silenced in the peripheral.66 Three main mechanism 

namely deletion, receptor editing and anergy keep the autoreactive B cells in check.67 68 

Nussenzweig group found that the mature naive B cells are highly autoreactive in SLE patients, 

suggesting that the early tolerance checkpoints are broken in patients of SLE.65 This leads to 

accumulation of autoreactive B cells, which upon stimulation by DNA/nucleosome, will be 

isotype switched and mutated to secrete high affinity autoantibodies.69 It was later 

demonstrated that activated naive B cells are the important source of autoantibodies during 

flare. This population is highly polyclonal and is unlikely to be activated by a dominant 

antigen.70 In addition, CD27highCD38+ plasma cells were also observed to be elevated in 

patients with active disease and correlated with the disease activity.64 These autoreactive B 

cells produce a wide range of autoantibodies, which are conventionally believed to deposit in 

the organs as immune complex to activate complement, engage the Fc receptors and further 

promote inflammation.71 However, autoreactive B cells were demonstrated to contribute to the 

pathogenesis independent of the serum autoantibodies. MRL/lpr mice which are incapable of 

secreting antibodies also presents spontaneous nephritis, memory T cell expansion and skin 

lesions, although less severe compared with intact MRL/lpr mice.72 In conclusion, the 

pathogenesis of SLE is extremely complex involving abnormal T cells and B cells that promote 

the production of autoantibodies, autoreactive T cells and pro-inflammatory cytokines, which 

result in various organ inflammation and failure. Other factors such as programmed cells death 
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and innate immune response are also involved in the pathogenesis of SLE and will be discussed 

in chapter 1.5 and 1.6.     

 

1.4 Anti-dsDNA antibody  

           Anti-dsDNA antibodies are the best studied autoantibody in SLE and are suggested to 

be the most specific autoantibody in SLE.73 The levels of anti-dsDNA IgGs are closely related 

to lupus nephritis development and immunoglobulin eluted from the kidneys of lupus patients 

can bind to dsDNA.74 Measurement of anti-dsDNA level is used commonly in the diagnosis of 

SLE and to assess disease activity. Despite the extensive study, the mechanism of anti-dsDNA 

antibody in the pathogenesis of SLE is still unknown.  

 

1.4.1 Nucleosome and dsDNA 

            The mammalian nucleosome is composed of approximately 146 bp DNA wrapped 

around core histones (H2A, H2B, H3 and H4), which have a conserved central structure with 

unconserved terminal tails. These core histones form an octamer with two H2A-H2B dimer 

and one H3-H4 tetramer.75 Histone 1 (or H5 in erythrocytes) and linker DNA link nucleosomes 

together, establishing a higher order chromatin structure.76  
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Anti-nucleosome antibodies can be generally grouped into three subtypes: 1) anti-dsDNA 

antibodies; 2) anti-histone antibodies; 3) antibodies that recognize conformational epitopes 

between DNA and histones.77,78  

 

1.4.1 Anti-dsDNA antibody forms immune complex with circulating DNA 

            The mechanism by which anti-dsDNA antibodies contribute to the development of SLE 

is still controversial, but is likely to be multi-factorial and working hypotheses include immune 

complex-mediated inflammation (to either circulating or renal-bound dsDNA or 

dsDNA/histone complexes) and interaction with a cross-reactive host renal antigen.79 Anti-

dsDNA antibodies may bind to circulating dsDNA and form immune complexes.80 These 

immune complexes could then deposit within glomeruli and initiate kidney inflammation 

through Fc receptor, Toll-like receptor engagement or by complement fixation.81,82 However, 
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Figure 1.1 Structure of the nucleosome 
Histone 1 is shown in red, histone 2A, B are shown in blue and green respectively. 
Histone 3 and 4 are shown in grey and brown respectively.  
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there is no significant difference in levels of circulating DNA between anti-dsDNA antibody 

positive and negative mice.74 The measurements of circulating DNA levels in SLE patients are 

also inconsistent.7,83 It was argued that the circulating DNA in active SLE patients is consumed 

by anti-dsDNA antibodies and therefore no difference in circulating DNA levels can be found 

in anti-dsDNA positive versus negative patients. However, how these immune complexes 

deposit in the glomeruli is unknown.  

 

1.4.2 Anti-dsDNA antibody binds to chromatin exposed on nephritic kidney 

          The second mechanism is favoured by recent findings in the murine lupus nephritis 

model. It has been suggested that anti-dsDNA antibodies bind to histone within the 

DNA/histone complexes released from apoptotic cells. The positively charged histone may 

then binds to the negatively charged glomerular membrane components including the heparan 

sulfate side chain of HS proteoglycans, e.g. agrin.84 This in turn leads to the deposition of anti-

dsDNA antibodies in the glomerular membrane which causes tissue damage. Indeed, perfusion 

of anti-nucleosome monoclonal antibodies causes immune complex deposition in the 

glomerular capillaries and proteinuria from SCID mice.71 Antibodies eluted from murine 

nephritic kidneys bind to both histone and dsDNA in the nucleosome core.74 Nevertheless, anti-

dsDNA antibodies that cross react with nucleosome alone cannot initiate SLE as immune 

complexes are readily cleared under normal physiological conditions.85 Fenton et al observed 

that the removal of nucleosomes from the glomerular basement membrane (GBM) inhibits 

anti-dsDNA binding to GBM in vivo.86 This suggests that nucleosome deposition on the GBM 

is required for the binding of anti-dsDNA antibodies to the GBM. The observation that some 

NZB/NZW lupus-prone mice had high levels of chromatin-IgG immune complex but without 

kidney deposition further suggests that anti-dsDNA/nucleosome antibodies alone may not be 

sufficient to initiate lupus nephritis.87 
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1.4.3 Cross-reactivity of anti-dsDNA antibody 

             It has been suggested that chromatin/nucleosome exposure are caused by factors 

including the upregulation of matrix metalloproteinase (MMP) and autoimmune CD8+ T 

cells.88 Anti-dsDNA/nucleosome antibodies bind to electron-dense structures (such as exposed 

chromatin) associated with glomerular matrices and initiate the early stage mesangial lupus 

nephritis.87 Additional factors such as severe loss of DNase I enzyme activity combined with 

early immune complex deposition lead to the progression of murine lupus nephritis.7  

 

Anti-dsDNA antibody may also become pathogenic when it cross-reacts with renal antigens. 

This cross-reactivity is observed in both mice and human. When murine anti-dsDNA mAb 

(H241 IgG2a-k) was injected to mice, binding at multiple glomerular sites were observed and 

persisted for 48 hours.89. It was suggested that this binding is direct because some of the non-

cross-reactive anti-dsDNA antibodies do not bind to the glomerulus.90 Several renal targets 

have been identified including constituents of GBM podocytes, mesangial cells annexin II, 

glomerular epithelial cells, α-actinin and laminin.91 The best-studied renal antigen to which 

anti-dsDNA antibodies may cross react is α-actinin, which is localised to epithelial cells and 

mesangial cells. It is an acidic protein (pH5) of 100 kDa.92 Pathogenic anti-dsDNA antibodies 

and immunoglobulin eluted from lupus mice cross-react with α-actinin while non-pathogenic 

anti-dsDNA antibodies do not.92 This finding, yet, was found to be inconsistent in SLE patients. 

Anti-α-actinin level did not show a positive correlation with lupus disease activity, unlike anti-

nucleosome and anti-dsDNA antibody levels from a longitudinal study of 60 patients.93 These 

conflicting results might indicate that α-actinin is probably not the sole target in renal tissues 

of human patients. A combination of α-actinin, laminin, and other renal antigens with anti-

dsDNA(nucleosome) antibodies together may elicit pathogenic effects in some patients. 
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1.4.4 Heterogeneity of anti-dsDNA antibody 

            Despite the strong correlation between anti-dsDNA and active lupus nephritis in the 

SLE patients, it is still unclear whether it is directly involved in the development of renal 

inflammation or secondary to the disturbed immunological milieu characteristic of SLE. Only 

about 70% of SLE patients have detectable anti-dsDNA antibodies and a group of SLE patients 

are clinically quiescent but with high titres of anti-dsDNA antibody.94  An answer to these 

paradoxes is that not all anti-dsDNA antibodies are pathogenic. A detailed study of anti-dsDNA 

antibodies from patients with both active and milder lupus nephritis will shed light on these 

questions. 

 

1.5 Cell death and SLE 

 

1.5.1 Cell death pathways 

           Death is inevitable but the living is not. This also applies to cell death; multiple types of 

cell death exist. There are mainly two types of cell death pathway: programed cell death and 

passive cell demise. Programed cell death (PCD) plays key roles in the development, 

homeostasis and pathogenesis. The deficiency in the clearance of DNA/nucleosome derived 

from PCD or passive cell death is highly correlated with autoimmune diseases.  

 

1.5.1.1 Apoptosis 

           Apoptosis is the most famous and well-studied PCD pathway. It can be stimulated by 

both intrinsic and extrinsic signals to activate the caspase proteins.95 These activated caspases 

cleave the 1) nuclear laminins that leads to nuclear shrinking and budding; 2) the cytoskeleton 

proteins that is responsible for the loss of cell shape; 3) PAK2 to mediate apoptotic body 

blebbing.96,97 During apoptosis, nucleases are activated by the caspase to cleave the condensed 
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chromatin into oligonucleosome ladder.98 With an increase in the nuclear permeability, 

oligonucleosomes migrate into the cytoplasm and fuse with the plasma membrane to form 

blebs. The apoptotic blebs are about 1.um and contains DNA fragments of 500-1000 bp, 

histones and ribonuclear proteins. These DNA, chromatin and ribonucleoprotein rich apoptotic 

blebs are then released from the apoptotic cells and are effectively engulfed under normal 

physiological conditions with anti-inflammatory effects.99 

 

1.5.1.2 Necroptosis 

           Necroptosis is a recently discovered ‘regulated necrosis pathway’. It has the similar 

morphology changes to necrosis, including loss of plasma membrane integrity, cell swelling 

and rupture. However, during necroptosis, the nuclei remain intact. Necroptosis is initiated by 

an array of stimulus including pathogens, cellular damage, various cytokines like TNF, 

interferon-γ (INF-γ).100 Following the ligation of TNF, the cell has three options: survival, 

apoptosis or necroptosis. If prosurvival Complex I (composed of TRAF2/5, IAPs, RIPK1, 

TRADD and LUBAC) is formed, the cell will survive. When TNFR is internalized, complex 

IIa is formed with the recruitment of FADD and procaspase-8, leading to apoptosis. If the 

caspase 8 is inhibited or deleted, complex I is de-ubiquitinated by CYLD, followed by RIPK1 

and RIPK3 phosphorylation. The complex IIa is then switched to complex IIb, called 

necrosome, which promotes necroptosis. In addition, TLR 3 and 4 engagement gives rise to 

TRIF (toll like receptor adaptor protein) activation, which then recruits RIPK1 and RIPK3 to 

form necrosome. Similarly, dsDNA binding to DAI attracts RIPK1 and RIPK3 in necrosome 

assembly. Although necroptosis is a regulated cell death, it releases much more danger 

associated molecular patterns compared with apoptosis and autophagic cell death.101 The 

physiological importance of necroptosis is still elusive as RIP3-deficient mice are healthy.102 

Naturally occurring necroptosis is found in several bacterial and viral infected individuals 
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accompanied by HMGB1 secretion.103
 This may indicate necroptosis response to pathogens by 

alarming the immune system to eradicate the invaders.  

 

1.5.1.3 Pyroptosis 

           Pyroptosis is a caspase 1 dependent programmed cell death pathway that is 

predominantly induced by microbial infections.104 The danger associated molecular patterns 

are sensed by TLRs and NLRs, which act in concert to enhance the NLRs mediated caspase-1 

activation. Some of the NLRs, including NLRP3, employ caspase activation and recruitment 

domain (CARD) containing adaptor protein ASC that binds caspase 1. The inflammasome 

complex undergoes oligomerization, and activates caspase 1. The activated caspase 1 then 

triggers the formation of plasma-membrane pores, which results in rapid membrane rupture 

and cell swelling.105 Similar to apoptosis, DNA cleavage and nuclear condensation occurs 

during pyroptosis. However, unlike apoptosis, nuclear integrity is maintained, and DNA is not 

cleaved into oligonucleosomal fragments of approximately 180bp.106 The activated caspase 1 

also processes the inactive IL-1beta and IL-18 into mature inflammatory cytokines, which are 

released during pyroptosis. A range of chemokines and cytokines are then expressed, and T 

cells, macrophages and leukocytes are activated to control the pathogen.107  

 

1.5.1.2 Necrosis 

              Necrosis, unlike the programmed cell death, is an incidental cell death process. 

Necrotic cells die passively upon stress, heat shock or stimulus that overwhelm the cell. The 

process is morphologically different from apoptosis; it expands with plasma membrane rupture 

but independent of cell fragmentation or DNA cleavage.108 Whereas apoptotic cell contents are 

packed in apoptotic bodies, necrotic cells release PAMPs therefore they are highly 
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inflammatory. Necrotic cells are cleared by a process called macropinocytosis which is slow 

and incomplete.109 

 

Secondary necrosis occurs if the elimination of apoptotic remnant is not cleared sufficiently. 

This phenomenon is easily induced in vitro but only observed in vivo under pathological 

conditions.110 Similar to primary necrosis, secondary necrosis is characterized by cytoplasmic 

swelling, plasma membrane rupture, mitochondria hyperpolarization, oxidative burst and the 

release of PAMPs as well as oxidized products.111 Unlike necroptosis, secondary necrosis does 

not rely on RIP1 or mitochondrial dependent ROS production because neither Nec-1, a RIP1 

inhibitor, or knockdown of mitochondrial complex I chaperone affects secondary necrosis.112 

DNA released from necrosis and secondary necrosis is not specifically cleaved like the 

apoptosis. DNA appears to be a smear on gel electrophoresis instead of a ladder-like pattern. 

Phagocytosis of secondary necrotic cells by phagocytes is largely aided by serum proteins such 

as C1q, MBL and polyreactive IgM.113,114 

 

1.5.2 Uncleared apoptotic cells and SLE – lessons from mouse models 

           When the quantity of apoptotic cells overwhelms the regulatory system, autoimmunity 

develops. Considerable data support the idea that defective clearance of apoptotic cells leads 

to autoimmunity.115,116 For example, a subset of SLE patients show defective apoptotic cell 

clearance ability with morphologically different macrophages that have impaired phagocyte 

function.117,118 In addition, accumulated apoptotic cells were observed in the bone marrow of 

SLE patients and skin of patients with cutaneous lupus.119 These findings are further confirmed 

in mice models. Mice lacking Mfge8, Mer, or C1q develop SLE-like disease with anti-nuclear 

antibodies and glomerulonephritis because of defective apoptotic cell clearance. 120,121. 

However, mice lacking CD14 have accumulated apoptotic cells without sign of autoimmunity. 
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Mice received apoptotic cell injection only display transient increase in autoantibodies 

production.122,123 In addition to these apoptotic cell related proteins, nuclease mutation also 

correlate with autoimmune diseases.  

 

1.5.2.1 DNaseII mutation and SLE 

           DNA released from dead cells is processed by multiple layers of regulatory mechanisms 

to prevent inflammatory response. DNA from the engulfed apoptotic cells (ACs) are normally 

transported to the lysosome of the phagocytes for degradation. DeoxyribonucleaseII (DNaseII) 

is the nuclease in the lysosome that degrade nucleosome of the apoptotic cells. Because there 

are billions of cells undergo apoptosis, almost one gram of DNA needs to be cleaved by 

DNaseII. Not surprisingly, DNaseII knockout mice die before or shortly after birth with 

numerous undigested DNA in the macrophages.124 DNaseII and IFN-IR double knockout mice 

are born normally although they still have lots of undigested DNA.125 These double knockout 

mice and the mice with induced DNaseII knockout after birth develop an age-dependent 

arthritis like disease that affect all the joints within 8 months.126 These results suggest 

accumulation of undigested DNA from apoptotic cells contribute to the development of 

arthritis in mice and DNaseII polymorphism was found to correlate with lupus nephritis 127.   

 

1.5.2.2 TREX1 mutation and SLE 

           Trex1 is a mammalian 3’DNA exonuclease that is generally associated with 

endoplasmic reticulum (ER). It cleaves cytosolic DNA which might be leaked from the 

lysosome.128 Unlike DNase II mutation mice, TREX deficient mice develop inflammatory 

myocarditis and TREX1 D18N mutation causes cutaneous forms of lupus 129. The mice display 

lupus like symptoms like systemic inflammation, vasculitis and nephritis with immune 

complex deposition possibly due to the cytosolic DNA accumulation.130 Because both DNase 
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II and TREX deficient mice display high type I IFN expression, it is plausible that undigested 

DNA initiate the inflammatory process. The different symptoms displayed is most likely due 

to the fact that DNase II only works in acidic condition and is expressed in specific organs 

including bone marrow and spleen while TREX1 works in the cytosol and is expressed 

ubiquitously.131  

 

1.5.2.3 DNaseI mutation and SLE 

           DNA may also be released into the extracellular space during cell death in the form of 

apoptotic bodies, microparticles or naked nucleosome.132,133 These DNA are digested by 

nuclease in the serum to prevent excessive intact DNA uptake that activate the immune system. 

DNaseI is the predominant nuclease in the serum and it is responsible for the digestion of 

nuclear DNA after cell death. It was reported that DNaseI deficient mice develop SLE like 

disease with high anti-DNA antibodies and glomerulonephritis. It should be noted that only 38% 

of the DNaseI deficient mice develop full-blown glomerulonephritis, indicating the presence 

of compensatory mechanisms such as C1q mediated apoptotic cell clearance.134 This effect is 

also confirmed in human because heterozygous DNase I mutation cause SLE type autoimmune 

diseases. C1q deficient mice also shows signs of glomerulonephritis, confirming its role in 

preventing the DNA-complexes build-up.121 DNaseIL3 is homologous to DNaseI and also 

digest extracellular DNA. Frameshift mutation of DNaseIL3 was found to be associated with 

patients of aggressive SLE and scleroderma. 135 The Dnase1l3-deficient mice display similar 

symptoms compared with Dnase1-deficient mice with high anti-DNA antibody titre, 

splenomegaly and ultimately the glomerulonephritis in the 129 mice but not B6 mice. Unlike 

DNaseI, DNaseIL3 is able to digest membrane coated DNA such as microparticles that are 

released from secondary necrotic cells. Taken together, DNaseI and DNaseIL3 act as second 
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line of defence to digest extracellular DNA from uncleared apoptotic cells and prevent anti-

DNA antibody-DNA immune complex formation as well as inflammation. 136 

 

1.5.3 Oxidized DNA from apoptotic cells  

           The quantity and quality of DNA sometimes can sometimes surpass the regulation of 

nuclease to trigger autoimmunity. Extracellular DNA itself was demonstrated to be poorly 

immunogenic but certain modifications such as oxidation and unmethylated CpG make it a 

more potent activator.137,138 The oxidized DNA is commonly found in the UV-induced 

apoptotic cells and it is resistant to TREX1 digestion.139,140 Hence, oxidized DNA could 

accumulates in the cytosol and engages cGAS to stimulates STING therefore initiates type I 

IFN production. This phenomenon is relevant to SLE and RA patients as high level oxidized 

DNA is observed in lupus specific skin lesions after UV exposure and synovial fluid (SF).141,142 

The oxidized DNA injection into MRL/lpr mice induce skin lesion, further confirms the 

immunogenicity of oxidized DNA.143  

 

1.5.4 DNA-protein complex from secondary necrotic cells 

           The accumulated DNA may also form complexes with nuclear proteins to mediate 

immune responses. The best studied DAMP that is complexed with DNA is HMGB1, a non-

histone nuclear protein that is composed of two DNA binding domains called the A box and B 

box as well as C terminal tail.111 While as a major nuclear component, HMGB1 is not ordinarily 

tightly bound to DNA and has considerable mobility inside the cell, translocating from nucleus 

to cytoplasm depending on the state of the cell. HMGB1 are released from primary necrotic 

and secondary necrotic cells, either by itself or bound to chromatin.144 It was then demonstrated 

that HMGB1 complexed nucleosome is able to induce IL-1b, IL-6 and TNF-α secretion from 

DC and macrophages while neither HMGB1 or nucleosome alone is active.145 Extracellular 
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DNA and nuclear proteins were also found to be related to systemic sclerosis. Although the 

exact etiology is still unclear, excessive damage of the fibroblast is thought to be initiate the 

fibrosis during the cause of the disease.146 Excessive cell death was observed during the 

prolonged fibroblast activation which cause the release of DAMPs.147 Nucleic acids alone or 

in complex with autoantibodies against topoisomerase I stimulate TLR to produce type I 

IFN.148,149 Yet, the role of type I IFN in the context of systemic sclerosis is unknown and IFN 

knockout sclerosis mouse models may shed light on this issue. 

 

1.5.5 Anti-dsDNA antibody, apoptotic cells and SLE 

             Excessive extracellular DNA also promote the production of anti-DNA antibodies that 

might further amplify the inflammatory responses. Level of Anti-dsDNA antibodies is highly 

correlated with lupus nephritis in SLE patients and they were found to bind to apoptotic cells.150 

Some of these anti-DNA antibodies were demonstrated to inhibit the apoptotic cell uptake via 

Fc receptor, further impair the dead cell clearance.151 On the contrary, polyclonal anti-dsDNA 

antibodies from SLE patients form complexes with secondary necrotic cells and promote the 

phagocytosis, followed by IL-8 and IL-1b production from granulocytes and monocytes 

respectively.152 The isotype of antibody also determine the function, nature anti-DNA IgM 

antibodies (T15-Nab) form complexes with apoptotic cells and facilitate the uptake. This 

process suppresses the inflammatory cytokine production by macrophages.153 The seemingly 

contradictory results are probably caused by two main factors: first, anti-DNA antibodies are 

highly heterogeneous and they have distinct antigen reactivity as well as antibody isotype. 

Second, the studies used different conditions for phagocytosis. Therefore, study focused on 

individual antibodies in vivo will help to answer the questions on the function of anti-DNA 

antibodies in the pathogenesis of apoptotic cell mediated autoimmunity.  
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1.6 Neutrophil Extracellular Trap (NET) and SLE 
 

1.6.1 NET  

              NET secretion is one of the function for neutrophil to neutralize pathogens. The 

pathway is determined by the size of the pathogen. If the pathogen is small enough to be 

phagocytosed, neutrophil elastase (NE) will be trafficked away from the nucleus, thus 

preventing chromatin decondensation and NETosis.154 Upon a pathogen that is too big to be 

phagocytosed, NETosis will be initiated. NET is composed of decondensed DNA released from 

neutrophils to control pathogens. DNA in the NET mediates intracellular signal transduction 

and immune responses that are found to participate in the pathogenesis of autoimmune 

diseases.155 It is still unclear which receptor transduces the signal but reactive oxygen species 

are critical for NETosis. It drives the protease to migrate from primary granules to the nucleus 

to degrade histones. 156,157 The chromatin is then further decondensed by NE and MPO and 

released into the cytoplasm.158,159  Finally, NET are released after the plasma membrane rupture. 

The NET release via cell death is slow while the alternative NET release from viable 

neutrophils is about two to three fold quicker. The decondensed DNA and antimicrobial 

proteins are wrapped in vesicles that are secreted from viable neutrophils in response to 

Staphylococcus aureus.160 

 

1.6.2 Immunological effects of NET clearance 

           Similar to DNA released from apoptotic cells, extracellular DNase and intracellular 

nuclease digest DNA in the NET to prevent inappropriate immune response. Nevertheless, 

physiological level of DNase alone may not be sufficient as they cannot degrade the insoluble 

aggregates formed by DNA+LL37/HNP from NET. This insoluble aggregate induces type I 

IFN production in a TLR9 dependent manner.161  NET was also shown to be engulfed by 

professional scavenger cells like monocytes/macrophages. It was demonstrated that DNase and 
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complement facilitate the NET engulfment by monocyte/macrophages. However, the exact 

receptor for NET and the intracellular DNA processing/degradation mechanisms are still 

elusive and remain an active field of research. The engulfed NET are then digested in the 

lysosome without any pro-inflammatory cytokine production.162 This finding, however, is 

challenged by other studies that demonstrate the NET initiates pro-inflammatory signalling 

pathway in PBMC, monoctyes and DC.139 These studies argues that the DNA content of the 

NET will activates cGAS and TLR9 in PBMC and pDC respectively, which subsequently 

initiate type I IFN production.163 This makes the clearance of NET remarkably different from 

apoptotic cell clearance, which upregulate TGF-β and IL-10 production to resolve the 

inflammation. One possible explanation for this disparity is that NET is predominantly 

produced to combat infection. Hence it might be favourable to promote the type I IFN secretion 

in response to NET therefore further control the pathogens. The outcome of the NET clearance 

may also be context specific which warrants further investigations.   

 

1.6.3 NET and SLE 

           NET, as a way to neutralize pathogens, is beneficial but undigested NET will leads to 

unresolved inflammation and tissue damage. It was found that the serum from a group of SLE 

patients protected NET from DNase degradation. As a result, the undigested NET was observed 

in the kidney of these patients, correlated with active lupus nephritis.164 NET was also observed 

in the glomerulus of the patients with ANCA vasculitis probably because of the continuous 

NET formation as well as protection from actin.165 Undigested NET found in the SLE patients 

also promote inflammatory responses through TLR9 dependent and independent pathways. 

Toll like receptor 9 (TLR9) is the only DNA receptor expressed on the endosome. It recognizes 

CpG DNA and NET DNA.166 The DNA complex in NET was shown to induce type I IFN 

production from plasmacytoid dendritic cell (pDC) in a TLR9 dependent manner, driven by 
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the TLR adaptor MydD88 and IFN regulatory factor 7 (IRF7). Lande et al illustrated that only 

the NET DNA-protein complex but not naked DNA is able to activate TLR9 in pDC due to the 

stability of the complex.161  

 

Neutrophil extracellular trap is mainly composed of dsDNA therefore it is not a surprise that 

NET will stimulate intracellular DNA sensors. In SLE patients, a group of granulocyte 

population called low-density granulocytes (LDGs) have been identified as the pathogenic 

granulocyte subset. They were found to simulate the production of higher amount of type I 

IFNs and induce more severe damage to endothelium.167,168 These LDGs spontaneously secrete 

NETs which is consisted of higher number of autoantigens including cathelicidin antimicrobial 

peptide (LL-37), matrix metallopeptidase 9 (MMP9), dsDNA and histone. Moreover, the 

dsDNA released from LDGs are found to be oxidized because of their mitochondria origin. 

These oxidized DNA are more resistant to cytosolic DNase, therefore augment the type I IFN 

production from PBMC and fix complement to exacerbate the inflammation.169,170 The DNA 

content in the endocytosed NET is sensed by cyclic GMP AMP synthase (cGAS) that activates 

the adaptor protein STING to simulate type I IFNs. Whether NET engage other DNA sensors 

via different uptake pathway should be studied to aid the development of specific therapy for 

NET induced inflammation. The type I IFN secreted in response to NET enhance the 

autoreactivity of the autoreactive B cells and further fuel the inflammation.166,171 In addition to 

DNA, cathelicidin and other NET proteins engage P2X7 receptor on LPS-primed macrophages, 

in turn activate NLRP3 inflammasome, leading to IL-1 and IL-18 release.172-174 This enhanced 

pro-inflammatory response is further augmented by the lack of NET clearance in SLE patients. 

A substantial proportion of SLE patients have defective DNase and/or DNase inhibitors that 

impairs the NET degradation. The presence of anti-NET antibodies in some of the patients 

might block the access of DNase to the NET, result in the NET deposition in the kidney of 
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lupus nephritis patients.164 Apart from SLE and ANCA vasculitis, NET were also shown to 

contribute to the development of rheumatoid arthritis. NET is detected in the synovial fluids, 

skin and rheumatoid nodules of the RA patients, which is suggested to display citrullinated 

antigens that subsequently induce anti-citrullinated protein autoantibodies production.142,175 

Furthermore, NET have direct effects on fibroblast-like synoviocytes (FLS), the cell that 

invade cartilage in RA, promoting IL-6 and IL-8 production. This process is diminished with 

DNase I treatment, indicating the involvement of extracellular DNA in the inflammatory 

response in RA. 

 

1.6.4 NET, anti-dsDNA antibody and SLE 

              NET was also found to form immune complexes (IC) with anti-NET antibodies. 

Autoantibodies against DNA is the most specific hallmark in SLE patients and the DNA-

autoantibody immune complex is found in SLE patients. Because undigested NET is often 

found in SLE patients, it is plausible these anti-dsDNA antibodies form IC with the NET. These 

IC are able to activate pDC to secrete type I IFN and TNF-α in a TLR9 dependent manner. The 

engagement of FcγR to the IC recruit cytosolic ER to the phagosome thereby triggering the 

downstream interferon production.176 In addition to pDC, other TLR9 and CD32 positive cells 

including monocytes, B cells and GM-CSF treated PMNs also respond to the DNA-antibody 

IC.177 pDC is also found to produce increased amount of type I IFN in the patients of active 

small vessel vasculitis but not inactive patients. This correlates with the increased level of 

circulating chromatin in the serum, which suggest the NET may stimulate the pDC to produce 

type I IFN in SVV patients.165 It still needs to be proved whether NET found in SVV patients 

stimulate pDC in TLR9 dependent pathway. 
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1.6.5 NET in animal models 

              The pathogenic role of NET in vivo has been studied in various animal models. 

Nakazawa and colleagues found that the NET which was induced by propylthiouracil (PTU) + 

PMA is relatively resistant to DNase I degradation and had a more compact conformation. The 

WKY rats that received the compact NET developed anti-MPO antibodies, alveolar capillaritis 

and glomerulonephritis.178 In addition to the direct tissue damage effect, intact NET also act as 

a source of autoantigens. Repeatedly immunization (>6 times) of mDC loaded with NET results 

in serum autoantibodies (ANCA and anti-dsDNA antibodies), renal dysfunction and 

pulmonary parenchyma. The author argued that anti-dsDNA antibodies are more correlated 

with glomerulonephritis while ANCA is correlated with tubulointerstitial lesions.179,180 

Evidence from lupus prone mice are still controversial. NZM mice have enhanced NEtosis and 

the inhibition of NET formation by peptidylarginine deiminase (PAD) inhibitor ameliorate the 

disease activity.181 By contrast, disease activity of MRL/lpr lupus prone mouse disease is 

exacerbated by the Nox2 knockout, which inhibit NET formation.182 It was argued that Nox2 

may contribute to immunosuppressive molecule secretion and Treg induction, therefore Nox2 

deficiency in lupus prone mice may cause severe symptoms. More studies using inhibitors on 

the different NET forming pathways may shed the light on the role of NET in the pathogenesis 

of SLE. 
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Chapter 2 

Materials and methods 

 

2.1 Samples, cells, antibodies and reagents  

             Blood samples were collected from patients in Hammersmith hospital with informed 

consent. The study was approved by Imperial College Healthcare, NHS Trust in the UK. 

Peripheral blood mononuclear cells (PBMC) were isolated by Ficoll-Hypaque density-gradient 

centrifugation. 

293T cells, Jurkat cells were grown at 37 oC in MEM, DMEM and RPMI-1640 medium 

respectively. All media were supplemented with 10% heat inactivated fetal calf serum, 

100ug/ml treptomycin, 2 mM L-glutamine and 100 units/ml penicillin. Monocyte were isolated 

by CD14 magnetic beads while neutrophils were isolated by dextran sedimentation. 

 

Peridinin chlorophyll protein–conjugated anti-human CD3 (345766), peridinin chlorophyll 

protein–conjugated anti-human CD20 (345794), fluorescein isothiocyanate–conjugated anti-

human CD27 (555440) and allophycocyanin-conjugated anti-human CD38 (555462) were 

from BD Pharmingen. Phycoerythrin-conjugated anti-human CD19 (R0808), horseradish 

peroxidase–conjugated anti-human IgG (P0214) and peroxidase-conjugated anti-mouse Ig 

(P0447) were from Dako. Alkaline phosphatase (ALP)-conjugated anti-human IgG (A9544), 

biotin-conjugated anti-human IgG (B1140), Biotin-conjugated anti-human IgM (B1265) and 

ALP-streptavidin (S2890) were from Sigma. 

 

Restriction enzymes, AgeI-HF (R3552), SalI-HF (R3138), XhoI (R0146), BsiWI (R0553), 

calf-intestinal ALP (M0290) and T4 DNA ligase (M0202L) were from NEB. Bovine serum 
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albumin (BSA, A7030), p-nitrophenylphosphate (PNPP, N2770-50), RPMI1640 (R8758), 

DMEM (D5046) and diaminobenzidine (D5905) were from Sigma. 

 

2.2 Buffers 

TBE buffer (10*) 

54g Tris, 27g Boric acid, 0.5M EDTA, 1L H2O 

 

Orange G agarose gel loading dye (10*) 

0.2% orange G, 30% glycerol 

 

competent E.coli 

DH5 cells were inoculated into LB broth (4.95g MgSO4, 0.586g NaCl, 0.376g KCl, 20g 

Tryptone, 5g yeast extract) and grown until density reached OD600 of 0.5. The pellet was 

resuspended and incubated on ice for 30 min in TFB1 (300mM Kac, 100mM RbCl2, 10mM 

CaCl2, 50mM MnCl2, 15% glycerol) before adding TFB2 (10mM MOPS, 10mM RbCl2, 75mM 

CaCl2, 15% glycerol) for 15 min. Cells were aliquoted and store at -80oC. 

 

FACS wash 

PBS with 1% foetal calf serum (FCS) and 0.5% BSA 

 

FACS fix 

PBS with 4% formaldehyde 
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SDS PAGE gels 

12% acrylamide resolving gel: 5ml H2O, 6ml 30% acrylamide, 3.8ml 1.5 Tris pH8.8, 150µl 

10% sodium dodecyl sulphate (SDS), 150µl ammonium persulphate (APS) and 6µl 

tetramethylethylethylenediamine (TEMED) 

5% stacking gel: 5.5ml H2O, 1.3ml 30% acrylamide, 1ml 1M Tris pH6.8, 80µl 10%SDS, 80µl 

APS and 8µl APS and 8µl TEMED 

 

SDS PAGE gel loading buffer (4*) 

4ml H2O, 8ml 0.5M Tris-HCl pH6.8, 1.6g SDS, 8ml glycerol, 4mg bromophenol blue. 

 

SDS PAGE running buffer 

24mM Tris, 192 mM glycine, 1% SDS 

 

Western blot transfer buffer 

24mM Tris, 192mM glycine, 20% methanol 

 

RNase inhibitor buffer 

5ml H2O, 125µl RNAsin (Promega) 

 

PEI solution (polyethylenimine) 

1mg.ml PEI in water, pH7 and filter sterilised 

 

ELISA coating buffer 

50mM sodium bicarbonate was made from 1 tablet of bicarbonate (Sigma) in 100ml H2O, 
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2.3 Generation of monoclonal antibodies (mAb)  

             Peripheral blood is collected and layered over Lymphoprep (Axis-Shield). The sample 

is then centrifuged at 800g for 30 minutes at room temperature. PBMCs are isolated as a 

separate layer of red blood cells, granulocytes and mononuclear cells and stained with CD19PE 

(Dako), CD27FITC (BD), CD3PerCp-Cy5.5 (BD), CD20PerCP-Cy5.5 (BD) and 

CD38APC(BD). Plasmablasts (CD3-CD20low/CD19+CD38hiCD27hi) were sorted by a FACS 

sorter into a 96-well plate containing 10ul RNase-inhibiting RT-PCR catch buffer (5ml RNase-

free water, 50µl 1M Tris pH8 and 125µl RNasin (Promega)). The plates are immediately sealed 

and frozen on dry ice and stored at -80°C. Single cell cDNA was synthesized in the original 

sort plates by adding 15µl RT-PCR reaction mix. RT-PCR reaction mix contains 1µl forward 

primer mix (1.2 µM), 1µl reverse primer mix (1.2 µM), 1µl dNTPs (200 µM), 5µl 10*buffer, 

0.5µl enzyme mix(one-step RT-PCR kit, Qiagen) and 6.5µl H2O. Individual IgH and IgL(k or 

λ) genes were amplified in the 2nd round PCR reaction with Hotstar Taq PCR kit(Qiagen). 

Then the IgH and Ig λ are digested with AgeI/SalI or AgeI/XhoI respectively prior to the 

ligation into the variable gene cloning site of the IgH/IgL expression vectors. The expression 

vectors are composed of the appropriate human constant region downstream of a murine 

immunoglobulin signal peptide and ampicillin resistant gene. The Igk products are sequenced 

and amplified according to its gene family by another round of PCR. It is then digested with 

AgeI/BsiWI before ligated into Igk expression vector. IgH and IgL chain containing plasmids 

are mixed with PEI and are transfected into human embryonic kidney fibroblast 293T cells. 

Cells are washed with DMEM/PBS 24 hr after transfection and then cultured in protein free 

media (Ultradoma). Supernatants are collected five-six days after transfection. 
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2.4 Anti-histone and chromatin ELISA. 

            A 96-well ELISA plate (Nunclon) is coated with anti-human IgG (Sigma) at a dilution 

of 1:10000 in carbonate bicarbonate buffer pH 9.7 overnight at 4°C. After blocking with 3% 

BSA for an hour, 50µl of the antibody supernatant is used at a dilution of 1:100. After 

incubation for 1 hour, the plate is washed 3 times with PBST. Then 50ul of the secondary 

antibody (alkaline phosphatase-conjugated goat anti-human IgG, Sigma) is used at a dilution 

of 1:1000. The plate is washed 3 times with PBST and 100µl of PNPP(Sigma) is added to each 

well. After 30 minutes, the OD is measured at 420 nm wavelength. The concentration of the 

sample is calculated according to the standard curve of control IgG of different known 

concentrations. 

 

2.5 dsDNA and ENA reactivity  

              Anti-dsDNA ELISA kit (Invitech Ltd) and anti-ENA ELISA (Orgentec Diagnostika 

GmbH) will be used to detect the anti-dsDNA and anti-ENA antibodies according to the 

manufacturer’s instructions. In brief, 50µl of antibody supernatant and 50µl of the control 

samples are incubated with the antigen coated wells for 30 minutes. Then the plate will be 

washed and enzyme conjugate, TMB substrate as well as stop solution will be added 

suquentially. OD is read at 450nm wavelength using a plate reader. According to the 

manufacturer’s description, the coating antigens of anti-dsDNA ELISA kit is dsDNA purified 

from calf thymus, which contains 4% protein. Crithidia slides were incubated with mAb at 

10µg/ml followed by FITC conjugated anti-human IgG antibodies (Sigma). 

 

Ig gene sequencing and analysis. Purified nested PCR products were sequenced at the MRC 

Lab in Hammersmith Hospital. Sequences were analysed by Chromas (Technelysium) and 

MEGA6 (Megasoftware). Ig gene family usage, CDR3 length and charge were determined by 
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IMGT/V-Quest (imgt.org). IMGT is a website that analyse the immunoglobulin and T cell 

receptor nucleotide sequences. 

 

2.6 Western Blot 

               Apoptotic cells or histone mixture were mixed with reducing buffer and heated to 95 

oC for 5 min. The preparation was then separated by electrophoresis through 15% SDS 

polyacryramide gels, which are transferred onto nitrocellulose membranes (RPN 303E; 

Amersham). The membrane was blocked by incubating with 5% skimmed milk powder in PBS 

for 1 hour at room temperature. The antibody reactivity to the antigens were tested by probing 

the membrane with the mAbs overnight at 4 oC followed by horseradish peroxidase-conjugated 

antibody to human IgG (P0214; Sigma). Membranes were developed by chemiluminescence 

substrate (RPN2106; Amersham). 

 

2.7 Immunoprecipitation 

             The Jurkat cells were lysed by NP-40 buffer for 10 min on ice with occasional rocking. 

The treated cells were then centrifuged at 10,000 g for 10 min at 4 oC. The supernatant was 

collected and 10 µg/ml isotype control antibody was added to pre-clear the lysate. After 1 hour 

co-incubation on ice, the supernatant was added to the pelleted protein A beads on ice. Mixture 

was mixed gently on ice for 1hour on a rocker followed by spinning at 10,000 g for 15 min at 

4 oC. Supernatant was collected and transferred to a clean tube. Anti-dsDNA antibody was 

diluted to 10 µg/ml to co-incubate with the lysate for 1 hour on ice. Next, the antigen-antibody 

mixture was co-incubated with 100 µl protein A beads for 1 hour at 4 oC with rocking. The 

beads were subsequently collected by centrifuging the mixture at 10,000 g for 15 seconds at 4 

oC.  The collected immune complex was further washed with lysis buffer three times. Finally, 

50 µl of laemmli sample buffer (2% SDS, 10% glycerol, 100 mM DTT, 60 mM Tris, 0.01% 
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bromophenol blue, pH 6.8) was added to the lysate and heated up to 85 oC for 10 min. The 

mixture was then centrifuged at 8000 g for 1 min and the supernatant was loaded onto gel. 

 

2.8 Apoptotic cells preparation 

            Jurkat cells were cultured in RPMI + 10% fetal calf serum (R10) and washed to be 

resuspended in RPMI at a concentration of 1*10^6 cells/ml. Jurkat cells were then added to 6-

well plate at 1ml/well. For anti-Fas IgM killing, 100 ng/ml anti-Fas IgM was added to each 

well and the Jurkat cells were collected, washed after 60 minutes. The treated Jurkat cells were 

rested in R10 for 8 hours. For UV killing, the plate was placed under UV (wavelength 320nm) 

for 30 minutes followed by washing. The cells were cultured in R10 for 3 hours. 

 

2.9 Phagocytosis assay 

              Apoptotic cells were washed twice with PBS and resuspended at 1 million cells/ml. 1 

µl of 1mg/ml pHrodo was added to the apoptotic cells at a final concentration at 

20ng/ml/million cells. The labelling was then quenched after 30 minutes by washing twice with 

PBS and R10. The labelled apoptotic cells were added to monocytes at a ratio of 2:1 (apoptotic 

cell: monocyte) and co-cultured for 60 minutes in R10. Antibodies were also added at this step 

if required at a concentration of 50 µg/ml. Following the incubation, monocytes were gently 

washed several times with cold PBS and cell dissociation buffer (Thermofisher Gibo) to 

remove free apoptotic cells. Then the medium was removed from the wells and the monocyte 

dissociation buffer was pipetted into the wells. Plate were rocked gently to detach the 

monocytes. The resuspended monocytes were stained with anti-CD14 APC for 30 minutes in 

dark. The cells were then fixed with 2% PFA and the percentage of phagocytosis was scored 

by FACS and fluorescent microscopy. 
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2.10 Apoptotic cell binding 

           Jurkat cells were either treated with UV exposure or anti-FAS IgM (Abcam) to induce 

apoptosis. The apoptotic cells were co-incubated with mAbs for 1 hour at 4 oC followed by 

FITC conjugated anti-human IgG (Sigma), Annexin V and PE staining. The mAb binding to 

the apoptotic cells were analysed by flow cytometer and microscope. 

 

2.11 Neutrophil isolation 

           4ml ACD was added to the whole blood in a 50 ml conical tube and mixed well. Next, 

12 ml of 6% Dextran solution was added to the mixture and the tube was inverted for 20 times 

to ensure adequate mixing. The solution was then left to stand for 45 minutes until layer 

separation is complete. The top yellow layer was centrifuged and the red blood cells were lysed 

by lysis buffer. The pallet was resuspended in PBS and carefully loaded on top of the 

lymphoprep. The mixture was centrifuged at 2000 rpm for 20 min with a low brake. The pallet 

was resuspended in RPMI again to gain the neutrophil population and checked under the 

microscope. 

 

2.12 NET stimulation 

              Sterile 13 mm-round-glass cover slips were placed on 24-well plate and 5*10^5 

neutrophils were seeded on each well for 30 min at 37oC. 500 ng/ml PMA solution in RPMI 

was added to the wells to stimulate the neutrophils for 3 hours. 

 

2.13 NET binding 

           Neutrophils were isolated by dextran sedimentation and then stimulated by PMA to 

induce Netosis. The neutrophil extracellular traps (NET) was fixed with 4% paraformaldehyde 
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and blocked with 20% goat serum. The NET is then co-incubated with 10µg/ml mAb followed 

by FITC conjugated anti-human IgG with either DAPI or sytox orange. 

 

2.14 NET degradation analysis  

           NET were induced as described and co-incubated with either PBS or mAbs at various 

concentrations for 1 hour and then washed with PBS. 1U/ml Mnase or DNaseI was then added 

to the NET with 2mM CaCl2 to kick start the digestion for 15 minutes at 37 C. The supernatant 

was then transferred to a black plate and sytox orange is added to the wells. The amount of 

digested DNA was then measured by fluorescence spectrometry. 

 

2.15 Monocyte isolation 

           Blood was taken from one in 250ml tube and 60ml RPMI was added to it. The blood 

was then added on top of 15ml lymphoprep followed by centrifuging at 2000rpm for 20 min 

with a slow deceleration. The PBMC layer was subsequently transferred to falcon tube and 

washed with RPMI. 5ml lysis buffer was used to get rid of the red blood cells. The collected 

PBMC was then counted and 107 PBMC was mixed with 80 µl MACS buffer with 10 µl CD14+ 

beads. The mixture was then incubated on rotor for 30 min at 4 oC, 

The cells were washed again with MACS buffer and loaded to magnetic column. The column 

was washed with MACS buffer for 4 times and the magnet was removed from the column. 

5 ml R10 was added to the column and the CD14+ cells were plunged out and counted. 

 

2.16 In vitro effect of NET-mAb complex 

           NET was induced by stimulating healthy donor neutrophils with PMA for 3 hours. NET 

was then washed with PBS and co-incubated with mAbs at indicated concentrations (from 

1µg/ml to 100µgm/ml) for 1 hour at 37 C. The NET is then co-incubated with human 
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monocytes isolated from healthy donor’s PBMC for indicated time in RPMI-10% FBS. After 

24 hours, mRNA was isolated (RNeasy Plus Mini Kit, Qiagen) followed by cDNA synthesis 

(SuperScript IV, Thermofisher) and gene expression measurement by qRT-PCR (brilliant III 

SYBR Green, Agilent).  Primers used: IFNA1 (forward: 5′- GGAGTTTGATGGCAACCAGT 

-3′, reverse: 5′- CTCTCCTCCTGCATCACACA -3′), IFNB (forward: 5′- 

AGCACTGGCTGGAATGAGAC -3′, reverse: 5′- TCCTTGGCCTTCAGGTAATG -3′) 

 

2.17 RNA extraction 

            Remove media from the NET-antibody-monocyte complex and add 75 µl RTL lysis 

buffer and mix well on a shaker. 70% ethanol was then added to the lysate and the mixture was 

transferred to a RNeasy spin column followed by spinning at 10,000 rpm for 15 seconds. The 

flow through was discarded and 350 µl buffer RW1 was pipetted to the column followed by 

another spinning at 10,000 rpm for 15 seconds. Flow-through was discarded again and 500 µl 

of RPE was added before another spinning at 10,000 for 15 seconds. Then the tube was washed 

with 500 µl of 80% ethanol by centrifuging at 10,000 for 2 min. The column was later loaded 

with RNase-free water and placed onto a clean tube for a final spinning for 1 min at 15,000 

rpm to elute RNA.  

 

2.18 cDNA synthesis and qPCR 

           10µl of extracted RNA was mixed with 1 µl oligodT (50mM), 1 µl dNTP (10mM) and 

1µl H2O. The tube was incubated at 65oC for 5 min before placing on ice for 1 min. A mixture 

of 4µl RT buffer, 1µl DTT (0.1M), 1µl RNase OUT and 1µl Superscript was then mixed with 

the sample. The mixture was incubated at 50oC for 90 min and stopped by heating up to 85oC 

for 5 min. Next, the qPCR mastermix was prepared, which contained 4.7 µl H2O, 10 µl 

2*brilliant II mastermix, 1 µl 50mM MgCl2, 1 µl forward primer, 1 µl reverse primer and 0.3 
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µl 1:500 diluted reference dye. 18 µl of the mastermix and 2 µl of the cDNA sample was loaded 

to qPCR 96-well plate, which was then placed into qPCR machine with the following cycling 

conditions. 

Step 1 2 3 4 5 6 7 

  45 Cycles 1 cycle 

Temperature 95 oC 95oC 60 oC 72 oC 

Quantificatio

n 

95 oC 60 oC 95 oC 

Melting 

Curve 

Time 10 min 30 sec 30 sec 30 sec 15 sec 60 sec 15 sec 

After the cycles, the CT value was recorded and the ∆CT was calculated by using house-

keeping gene CT as the reference. The RNA expression was then calculated and expressed in 

fold difference by comparing the ∆CT of the samples.  

 

NET western blot 

           NET was induced as described and dissolved in RIPA buffer with protease inhibitor 

tablet (10million neutrophils/ml). The NET solution was then denatured with 4 times reducing 

SDS-PAGE buffer and heated up to 95oC for 5 min. The western blot was performed as 

described earlier with anti-histone antibodies (anti-H1, H2 and H3, Abcam).  

 

Nephrotoxic nephritis (NTN) mice  

           Wild type C57BL/6 mice were housed in pathogen free conditions and animal 

procedures were performed in accordance with institutional guidelines and approved by the 

UK home office. To induce nephritis, mice were immunized with 200 µg of sheep IgG (Sigma) 

in CFA (Sigma) by I.P injection at day -5. The mice were then injected with 1 mg of sheep 

nephrotoxic globulin (Sigma) via the tail vein at day 0. The autoantibodies or the isotype 
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control antibodies were injected at day 4. The mice were sacrificed at day 5 and the kidney 

harvested.  

 

The proteinuria and haematuria of the mice was measured by dipstick using Hema-Combistix 

(Siemens, Berlin, Germany). Kidneys were fixed for 4 h in Bouin’s solution, transferred to 70% 

ethanol, and either embedded in paraffin or were snap-frozen in isopentane and stored at −70 °C. 

Sections embedded in paraffin were stained with periodic Acid-Schiff (PAS) reagent. Frozen 

sections were cut to a thickness of 5 µm. All light microscopic analysis and quantitative 

immunofluorescence were performed by an observer without knowledge of the sample identity. 

Glomerular thrombosis was assessed by grading the degree of PAS-positive material as follows: 

grade 0: no glomeruli with PAS-positive material; grade 1, 0–25%; grade 2, 25–50%; grade 3, 

50–75%; and grade 4, 75–100%. 

 

2.19 Kidney staining 

          Kidney was taken from the mice model and the lipid layer was removed. Isopentane 

was poured into a beaker on dry ice for 10 minutes before start. The kidney was then pressed 

into plastic holder with OCT followed by bubble removal. Then the kidney was put inside the 

isopentane for 10 minutes. Next day, the kidney was placed on cryostat to be cut into 2 µm 

sections on slides. Slides were frozen at -80oC until use. Before staining, the slides were taken 

out and defrost at room temperature for 30 min. After defrosting, put the slides into acetone 

tank for 7 min. The slides were dried and the kidney section was circled by a hydrophobic pen 

(Vector Laboratories Inc. Burlingame CA Cat:H-4000). The slides were then washed with PBS 

and incubated with 5% goat serum (Sigma G9023-10ml) for 1 hour. Slides were dried and 

incubated with primary antibody (anti-CD 68, Abcam, mAb cloned from patients) at required 

concentration (normally 1µg/ml) for 1 hour at room temperature. Again, the slides were washed 
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with PBS for 3 times in the tank. Afterward, slides were co-incubated with anti-human/mouse 

IgG FITC diluted at 1:200 in blocking buffer (goat anti-mouse Fc specific FITC, Sigma 

100M4848 F5387) for 1 hour at room temperature. Finally, slides were washed 3 times with 

PBS and mounted with the mounting media. 

 

Statistical analysis 

           Data were analyzed using GraphPad Prism 7.00 for Mac (GraphPad Software, San 

Diego, CA). Groups were compared by both parametric methods (T test and two-way ANOVA) 

and non-parametric methods (Mann-Whitney U test). 
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Hypothesis and Aim 

 

Hypothesis: A specific group of anti-nucleosome antibodies are pathogenic through two 

potential mechanisms: 1) Deposition in the kidney by binding to exposed antigens; 2) forming 

immune complexes to stimulate effector cells.  

 

 

Aim: Clone monoclonal antibodies from active lupus nephritis patients. Test the antigen 

reactivity and kidney deposition of anti-nucleosome antibodies. Study the role of anti-

nucleosome antibodies in NET binding, NET digestion and NET mediated inflammation.   

Study the role of anti-nucleosome antibodies in apoptotic cell binding, apoptotic cell 

phagocytosis. Investigate whether anti-nucleosome antibodies promote kidney inflammation 

in nephritis mouse models. 
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Chapter 3 
 

Results 

Anti-nuclear antibody characterization 

 

3.1 production of monoclonal antibodies 

              For antibody production from active SLE patients, two SLE patients with flare were 

consented to donate peripheral blood at the Hammersmith Hospital, London, United Kingdom. 

Both of them display severe lupus nephritis with high anti-dsDNA titres (figure 3.1a). The 

patients were selected because they were experiencing active flare, which is correlated with the 

expansion of antibody-secreting autoreactive B cells. Therefore, it was expected that they have 

higher frequency of anti-dsDNA B cells.  

 

As discussed in the previous chapters, we hypothesized that anti-dsDNA antibodies are highly 

heterogeneous. In order to identify the specific subtype of pathogenic anti-dsDNA antibodies, 

recombinant fully human monoclonal antibodies were cloned from these two active SLE 

patients (figure 3.1b). Plasmablasts, antibody secreting cells which express CD19 and high 

level of CD27 as well as CD38 were stained and single cell sorted by flow cytometry. They 

were first gated on FCS and SSC to select lymphocytes. Then the plasmablasts were gated on 

CD19+CD27highCD38high population. The frequency of plasmablast in both patients were 

around 0.05% (figure 3.1c). The CD19+CD27highCD38high population is then single-cell 

sorted into 96-well plates.  
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d Patient 1 Patient 2
Glomeruli: All show slight to moderate increase 
in mesangial cells and matrix. Two show 
segmental eosinophilic capillary wall thickening 
(wire loops) with hyaline thrombi. Two show 
segmental endocapillary hypercellularity. One 
has an area of segmental sclerosis. No amyloid.

Tubules: There is no significant atrophy. There is 
moderate acute injury.

Interstitium: Focal mononuclear cell infiltration.

IMMUNOFLUORESCENCE
Glomeruli: Mesangial IgA++, IgG+, IgM+, 
C1q++, C3++  Granular capillary wall IgA+/-, 
IgG+, C1q++, C3+

CONCLUSION
The kidney shows diffuse segmental lupus 
glomerulonephritis class IV-S (A/C) with active 
lesions in 4/8 glomeruli and a chronic lesion in 
one. There is thrombosis in an arteriole raising 
the possibility of anti-phospholipid antibodies

Glomeruli: None of the glomeruli is obsolete. All are abnormal. 
They all show a mild increase in mesangial matrix and
cellularity. Three show segmental endocapillary proliferation 
with karyorrhexis. One shows an area of segmental sclerosis. 
Neither crescents nor fibrinoid necrosis seen.

Tubules: There are minor foci of tubular atrophy amounting to 
<10% of cortical area in aggregate. There are many tubules 
show epithelial cells microvacuolation

Interstitium: There are minor foci of interstitial fibrosis 
amounting to<10% of cortical area in aggregate.

IMMUNOFLUORESCENCE
There is granular capillary wall IgG 1+ C3 3+ C1q 1+
and granular mesangial C3 3+ C1q 1+ There is equal intensity 

staining for kappa and lambda light chains.

CONCLUSION
This native kidney biopsy shows diffuse segmental proliferative
glomerulonephritis consistent with lupus glomerulonephritis 

class IV-S (A/C). There are active lesions in 3/6 glomeruli. One 
glomerulus has a segmental scar.

Figure 3.1. Monoclonal antibody cloning from two active SLE patients 
a). Clinical manifestation of the two active SLE patients.  b). flow chart illustrating the 
procedure of antibody cloning. Plasmablasts were isolated from the peripheral blood of 
the patients and the variable gene region was amplified to be inserted to the vector 
containing antibody constant region. The antibody was then produced by co-transfecting 
the 293T cells. c). flow cytometry of plasmablast from the one patient at day one after 
rituximab and the other one during a flare. Outlined population is the 
CD27highCD38highCD19+ population. The frequency of plasmablast of the patients is 
0.09% and 0.16% respectively (from left to right). d). The kidney biopsy reports of the 
two patients. 
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3.2 Two step PCR for antibody production from SLE patients 

            Detailed methods were described in the previous method sections. Briefly, RT-PCR 

mixture was added to the single plasmablast in the 96-well plate. The RNA released by 

plasmablast was reverse-transcribed and amplified. Heavy chain nested PCR (gamma chain 

specific) was then performed to amplify heavy chain variable gene which can be visualized by 

agarose gel electrophoresis (figure 3.2). The percentage of heavy chain positive wells is similar 

between the four plates from two patients of about 70%. This percentage indicates that the 

overall quality of plasmablast RNA is adequate but SLE patients may have some other isotypes 

of antibody other than IgG and IgM as reported. The heavy chain positive wells were then 

selected for light chain nested PCR. Lambda PCR was carried out in one step while kappa PCR 

was completed with two steps. The PCR products of kappa nested PCR were sequenced to 

identify the kappa gene family therefore a specific primer was then used to amplify the kappa 

genes accordingly. The majority of the heavy chain positive wells (95%) had one light chain 

gene whereas some of them were negative or double positive for lambda and kappa genes. 

Wells that have one pair of heavy and light chain genes were further processed to clone the 

mAb. 

 

 

 

Figure 3.2.  Agarose gel with the nested PCR products for Ig heavy chain variable 
region from single sorted cells 
Plasmablasts were sorted into a 96-well plate and frozen. RT-PCR and nested PCR 
amplified the variable, diversity and joining gene segments of the heavy chain and 
products were run on a 1% agrose gel. DNA ladder shows size in base pairs. The PCR 
product was approximately 380bp.   
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3.3 Expression of antibody by transfection 

           Heavy, lambda and kappa PCR products were then digested and annealed to the vectors 

containing heavy, lambda or kappa constant region respectively. These plasmids were then 

introduced into the DH5α-E. coli. Vectors were then purified from the bacteria and digested to 

check whether they contained the right variable genes (figure 3.3). 293T cells were transfected 

with pairs of heavy and light chain vectors from the same plasmablasts. Supernatant containing 

antibodies were collected four days after transfection and the concentration were determined 

by ELISA coated with anti-gamma chain capture antibody. Known concentration of the 

purified antibody was added to the same ELISA plates in serial dilutions to form standard 

curves. 

 

In total 206 mAbs were successfully produced from the two patients. Antibody yield varied 

from 1µg/ml to 100 µg/ml (figure 3.4), thus the concentration was sufficient for most of the 

following studies including ELISA, western blot, tissue staining and inhibition assay.  
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Figure 3.3. Agarose gel with digested vector product 
Amplified variable region was inserted to the vector with constant region. To confirm the 
ligation, vector was digested and the size of the insert was checked on agarose gel. DNA 
ladder shows size in base pair. The digested vector is on top of the gel while the insert is 
about 380bp.  
 
  

Figure 3.4. Standard curve for a dilution series of known IgG concentrations 
IgG was captured onto ELISA plates using anti-human IgG (γ chain) and incubated. 
Secondary antibody was anti-human IgG (Fc) conjugated to alkaline phosphatase and 
substrate was added to develop yellow colour. Absorbance was read at OD 405. The 
concentration of antibody was plotted on the x axis and the OD on the y axis so that a 
trend-line equation could be set. The equation was used to calculate the concentration of 
antibodies using their OD value. 
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3.4 Antigen reactivity of the antibodies 

           206 monoclonal antibodies were isolated and screened for ANA using indirect 

immunofluorescence assay (IFA) on fixed Hep-2 cells. 46 monoclonal antibodies were ANA 

positive and we then determined dsDNA, histone and Crithida reactivity (Method and Figure 

3.5). We observed a number of different antibody profiles: positive dsDNA histone and 

Crithidia antibodies (Group A polyreactive antibodies), positive DNA and histone antibodies, 

negative Crithidia (Group B) and antibodies that target DsDNA (Group C) and histone 

(GroupD) exclusively (Figure 3.5). We found that polyreactive antibodies bound to histone 1 

on WB whereas histone binding in the remaining group was mainly against histone 2 and 3 

(Table 3.1). Only Group A polyreactive antibodies expressed VH3-23 DNA and have a long 

CDR3 region (Table 3.2). Distribution of ANA antibodies were analysed in both SLE patients 

and we found histone antibodies (Group D) was most frequently detected and that Group A 

were only seen in patient 1. These findings confirm anti-nuclear antibodies from active SLE 

patients are highly heterogeneous, and their binding to histone supports the view that 

nucleosome is principal target of immune reactivity in vivo. 
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Crithidia dsDNA Chromatin
/histone

Group A (n=5) + + +

Group B (n=14) - + +

Group C (n=14) + + -

Group D (n=25) - - +

a b

c

d
Total=30

A
B
C
D

17%

30%

47%

6%

Total=16

D

37.5%

62.5%

B

Histone	1
A						B					C					D

Patient	1 Patient	2

Figure 3.5. characterization of autoantibodies against nuclear antigens. 
(a) Human monoclonal antibodies (mAb) were cloned from two active SLE patients. They 
were then tested against ANA as well as Crithidia immunofluorescence, dsDNA and 
histone ELISA to be categorized into four groups. ANA positive antibodies= 46 from 145 
mAb in total. ELISA and immunofluorescence were repeated for three times. Cut off= 
negative control + 3*SE (b) Table summarizing the groups of monoclonal antibodies 
according to Crithidia immunofluorescence, anti-dsDNA, histone and chromatin ELISA 
results. (c) pie charts summarizes the percentage of each group of mAbs from two SLE 
patients (black, group A, white, group B, dark grey, group C, light grey, group D). Total 
number of ANA positive mAb from each patient were regarded as 100%. (d) Western 
Blot of the mAbs from each group against histones. Histones were loaded to the SDS 
PAGE gels which were then transferred to nitrocellulose membranes. Supernatant of the 
mAb were added to the membranes overnight and peroxidase conjugated antibody and 
substrate used to visualise the bands. The result is representative of mAb from each group 
and the detailed histone reactivity was summarized in table 1. 
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histone histone chromatin dsDNA Crithidia

Group	 antibody WB OD sd OD sd OD

A 157	B11 H1 2.676 0.0035 2.909 0.0635 1.2 	+

157	B9 H1 1.961 0.03675 1.958 0.0045 1.6 	+

157	D4 H1 1.133 0.014 1.978 0.0015 1.83 	+

557	A3	 H1 1.419 0.04875 1.515 0.126 2.681 	+

557	D7 H1 0.105 0.00925 0.599 0.066 1.798 	+

B 157	D2 H2/3 1.931 0.0055 2.927 0.0025 1.7 	-

256	E4 	- 1.959 0.03225 1.38 0.014 1.35 	-

557	F4 H1	H2/3 1.359 0.03225 1.279 0.149 1.309 	-

156	E6 	- 0.36 0.019 0.316 0.053 0.801 	-

157	D3 	- 0.903 0.0095 1.102 0.0025 0.72 	-

157	E3 	- 0.181 0.026 0.361 0.0015 0.51 	-

156	D4 	- 0.282 0.019 0.226 0.038 0.329 	-

557	A2 H2/3 0.771 0.02825 0.1535 0.0245 0.245 	-

157	B1 	- 0.484 0.00625 0.14 0.00175 0.23 	-

256	A5 	- 0.175 0.02825 0.105 0.0025 0.15 	-

557	D5 H2/3 0.396 0.017 0.056 0.009 0.817 	-

557	F8 	- 0.165 0.01075 0.0095 0.0035 0.172 	-

156	E4 	- 0.153 0.012 0.02 0.005 0.126 	-

557	E2 H2/3 0.657 0.03675 0.0885 0.0165 0.107 	-

C 557	D2 	- 0.032 0.0095 0.018 0.005 0.669 	+

557	D12 	- 0.048 0.005 0.0065 0.0025 0.554 	+

D 156	C12 	- 0.084 0.00825 0.019 0.005 0.079 	-

557	A1 H1 0.231 0.01425 0.0195 0.0055 0.077 	-

157	A2 	- 0.132 0.005 0.09 0.063 0.07 	-

557	A5 	- 0.6 0.0055 0.0215 0.0045 0.061 	-

157	D9 H2/3 0.674 0.01125 0.09 0.0025 0.061 	-

256	B5 	- 0.085 0.0445 0.058 0.0035 0.06 	-

156	B9 	- 0.195 0.014 0.011 0.004 0.059 	-

156	E7 H2/3 0.111 0.00875 0.013 0.004 0.058 	-

156	E4 	- 0.126 0.006 0.016 0.003 0.054 	-

156	F3 	- 0.114 0.00625 0.0165 0.0035 0.05 	-

157	E1 	- 0.086 0.00575 0.05 0.002 0.047 	-

157	E9 	- 0.107 0.022 0.069 0.0025 0.035 	-

157	D10 	- 0.098 0.005 0.047 0.01225 0.0032 	-

557	E5 	- 0.104 0.023 0.01 	-

557	F10 	- 0.086 0.01 	-

156	B7 	- 1.056 0.02825 0.115 0.021 0.068 	-

157	C2 	- 0.276 0.00525 0.213 0.0855 0.062 	-

256	B7 	- 0.962 0.006 0.155 0.005 0.028 	-

157	C4 	- 0.344 0.006 0.12 0.004 0.027 	-

157	A8 	- 1.932 0.004 0.336 0.0025 0.012 	-

156	G5 	- 0.985 0.844 0.021 	-

557	F8 	- 0.82 0.92 0.12 	-

157	A5 	- 0.2 0.16 0.15 	-

557	F9 	- 0.033 0.003 0.0185 0.0035 0.128 	-

256	C6 	- 0.049 0.00275 0.035 0.006 0.62 	-

Table 3.1. Antigen reactivity of the mAb cloned from SLE patients 
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  HV 

HV 
family 
identity HD HJ CDR3 

CDR3 
length 

557A3 
V3-
23*01 98.96% D3-10* 

J6*02 
F  CAKELPYSGRWRKGMDVW 16 

557D7 
V3-
23*01 97.22% 

D6-19*01 
F 

J4*02 
F CAKAPRTSGFPFDYW 13 

157 B9  
V3-
23*01 95.83% D3-10*01 J5*02 CAKVGGIPYYGSGRWFGPW 17 

157 B11 
V3-
23*01 98.96% D4-11*01 J6*02 CAKAPGSLYYYYGMDVW 15 

157 D4 
V3-
23*01 92.01% D2-15*01 J4*01 CAKRGAAGTPPIFW 12 

Table 3.2. The VH usage and CDR3 amino acids of the group B antibodies. 
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3.5 Discussion 

           Autoantibodies against dsDNA are highly specific to SLE. However, only 70% of active 

SLE patients have anti-dsDNA antibodies and some lupus patients are clinically quiescent 

although they have very high titres of anti-dsDNA antibodies.183 One possible answer is that 

only a subset of anti-dsDNA antibodies is pathogenic. To study the heterogeneity of the anti-

dsDNA antibodies, I cloned the monoclonal antibodies from two active SLE patients with lupus 

nephritis. Patient 1 had similar percentage of plasmablasts (CD27highCD38highCD19+CD20-) 

but three times higher anti-dsDNA antibodies than patient 2. Although the plasmablast 

population from these two patients were not enlarged but their anti-dsDNA antibody titre 

correlate with number of plasmablast as reported by the others.70  

 

Production of the monoclonal antibodies through hybridoma or phage display is unsuitable for 

the study for several reasons. Hybridoma is time-consuming and can only be performed with 

memory B cells, hence may not be able to clone antibodies from plasmablast that correlate with 

disease activity.184,185 Phage display is much more efficient and excellent for selecting high 

affinity antibody to a given antigen.184 However, the heavy and light chains of antibodies 

produced by phage display are randomly paired, which does not represent natural antibody. 

Ideally a panel of antibodies should be produced to study the heterogeneity of anti-dsDNA 

antibodies but not limited to the high affinity ones. For the above reasons, the strategy I used 

is to clone Ig gene from single plasmablast and 145 monoclonal antibodies were produced in a 

month.  

 

Of the monoclonal antibodies I cloned, 45 of them are DNA/histone positive. Interestingly, 23 

out of 45 are auto-polyreactive. They displayed substantial reactivity against dsDNA, histone 

and nucleosome according to ELISA and Western Blot. This finding is consistent with the 
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previous studies which demonstrated autoreactive B cells have substantial polyreactivity, a 

specific feature for SLE. In contrast to the previous studies, polyreactive antibodies in my 

studies only recognized nucleosome antigens but not insulin or LPS.69 This indicate these 

autoantibodies might be produced by B cells, which were activated by nucleosome complex 

containing DNA and histones.  

 

One important finding from my study is that there are two types of Crithidia positive anti-

dsDNA antibodies. One group bind to dsDNA exclusively while the other group are auto-

polyreactive to histone 1, nucleosome and dsDNA. Crithidia is used in the clinic as the gold 

standard for SLE diagnosis and crithidia positive antibodies bind to dsDNA with high affinity. 

This group of crithidia positive polyreactive antibodies also bind to histone and nucleosome 

with high affinity according to ELISA and Western Blot. 

 

There is limited number of monoclonal antibodies in each group of anti-nucleosome antibody 

because only two patients were included in the study. More active lupus nephritis patients and 

age-controlled healthy individuals may be recruited for a future study, which potentially will 

further elucidate the heterogeneity of the anti-dsDNA antibody. Population expansion of 

plasmablasts were observed during active flares, and this may represent response to 

autoantigens including nucleosome and dsDNA. Indeed, roughly 20% of the mAb cloned from 

plasmablasts were autoreactive. The autoantibodies produced from tissue resident ASCs, 

plasma cells and memory B cells may also be involved in the pathogenesis of lupus nephritis, 

these are not included in my study. It was shown that autoantibodies from tissue resident ASCs 

deposit in the tubules of patients with tubulointerstitial nephritis. Hence, it will be interesting 

to study the autoantibodies from plasma cells and kidney resident B cells.  
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Chapter 4 
 

Results 
 

NET and anti-dsDNA antibody 
 

 
4.1 Anti-dsDNA antibodies bound NET 

           Neutrophil extracellular trap (NET) are released from neutrophils in response to 

pathogens.157 They are composed of decondensed chromatin, myeloperoxidase (MPO), LL37 

and other antimicrobial peptides and have been demonstrated to be involved in the 

pathogenesis of SLE and other autoimmune diseases.186 Undigested NET were found in a 

subset of SLE patients and they were proved to induce pro-inflammatory cytokines production 

in vitro 57. Anti-DNA antibodies bind to NET and plasma from SLE patients protect NET from 

nuclease digestion.164 To elucidate the characteristic of anti-NET antibodies, we stimulated 

neutrophils with PMA. Neutrophils from healthy donors were isolated by dextran 

sedimentation and the purity of viable neutrophils was more than 96%. Then the neutrophils 

were stimulated with PMA at a final concentration of 100ng/ml in RPMI for 3 hours. Netting 

neutrophils and a sheet of NET were visualized under light microscope. Formation of NETs 

were further confirmed by immunofluorescence staining the NET with sytox orange (figure 

4.1). 

 

To study the reactivity of mAb towards NETs, mAbs were co-incubated with unstimulated 

neutrophils or stimulated neutrophils at 37°C for 1 hour. Binding affinity of mAbs was 

accessed using a FITC conjugated anti-human IgG staining. All anti-nuclear mAbs showed 

similar binding pattern to the unstimulated neutrophils. Intriguingly, some anti-nuclear mAbs 

bound to NET and they showed distinct binding patterns. All group A recognized the secreted 

NET structure which is enriched in NE, MPO and nucleosome but not the netting neutrophil 
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(figure 4.2A). Group B antibodies recognized the extruded NET like the group A antibodies 

but with much lower affinity (figure 4.2B). Group D mAbs were only reactive to histones but 

not dsDNA or chromatin. They showed strong binding to the netting neutrophils but not to the 

extruded NET structure (figure 4.2C). The exact epitope of the NET these antibodies bind to 

is still unclear but it is plausible that the distinctive antigen reactivity makes them bind to 

different NET structures. Group C antibodies are only reactive to naked dsDNA and they did 

not bind to NET or netting neutrophils at all.  

 

          

              

 

PMA 10 µg/ml 50 µg/ml 100 µg/ml

NET

Netting 
neutrophil

Figure 4.1. Fluorescence image of the neutrophils being stimulated by PMA. 
Neutrophils were stimulated by various doses of PMA and then the amount of NET 
formation were visualized by staining them with sytox orange (red). From left to 
right the dose of PMA increase from 10ng/ml to 50ng/ml to 100ng/ml. The NET is 
the faint red large circles while the netting neutrophils are the small intense red dots.  
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Group	A DAPI DAPI DAPI

FITC FITCFITC

merge mergemerge

Unstimulated neutrophil PMA stimulated 30 min PMA stimulated 180 min

Unstimulated neutrophil PMA stimulated 30 min PMA stimulated 180 min

Group	B DAPI DAPIDAPI

FITC FITC FITC

merge mergemerge
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Figure 4.2. Immunofluorescence images of the antibody binding to neutrophils and NET.  
The antibody binding to unstimulated neutrophils and neutrophils stimulated with PMA for 30 
minutes as well as 180 minutes were shown from left to right respectively. Antibody reactivity 
were visualized by FITC conjugated secondary antibody in green. DAPI staining were used to 
detect NET and neutrophils in blue. Merge image were taken to identify the binding target. (A), 
(B) and (C) represent the binding of group A, B and D antibodies to the neutrophil and NET 
correspondingly. Bar length is 19µm. Image was taken at *20. N=3 
 

4.2 NET degradation is impaired by anti-dsDNA antibodies  

NET have been found in the kidney and skin of SLE patients and they may enhance type I 

IFN production as well as damage endothelium.157,164,168,186,187 Low density 

granulocytes(LDG), an immature neutrophil subtype, was identified in SLE patients. They 

spontaneously form NETs which contain highly oxidized DNA. These NETs are resistant to 

TREX1 digestion therefore are more proinflammatory.163 To study the effect of antibodies on 

NET degradation, NET was induced by activating neutrophils from healthy donors for 3 hours 

at 37 °C with PMA. Anti-NET antibodies were suggested to protect NET from nuclease 

digestion but the exact characterization of these antibodies are still unknown.164 Here, we 

analysed the NET protection activity of all the antibodies binding to NET at various 

concentrations. The NET was co-incubated with the MNase for 10 min at 37°C. The 

Group	D DAPI DAPI DAPI

FITC FITCFITC

merge mergemerge

Unstimulated neutrophil PMA stimulated 30 min PMA stimulated 180 min



	 75	

supernatant was then collected with the addition of sytox orange. The amount of NET 

degradation was therefore measured by fluorescent ELISA reader. Isotype control antibody 

(2G4) and PBS was used as negative control to co-incubate with NET and MNase. The amount 

of NET degradation when co-incubated with PBS was defined as 100% degradation. MAbs 

were added to the NET and Mnase to study their effect on NET digestion by MNase. We found 

that NET degradation was significantly inhibited only in the presence of group A antibodies, 

which prevented on average 49% of NET digestion by MNase (figure 4.3A). Among them, 

157B9 and 157B11 showed the highest NET protection activity of 59% and 67% respectively. 

Group B antibodies and group D antibodies showed much weaker NET protection ability of 

around 20% (figure 4.3C). The protected NET was visible under light microscopy, with a sheet 

like structure. The NET protection activity is also correlated with the NET binding ability of 

these antibodies. Group A antibodies recognized the DNA rich extracellular traps with high 

affinity, thus possibly covering the NET and prevented it from nuclease digestion (figure 4.2B). 

By contrast, group D antibodies bound to the netting neutrophils but not much to the 

extracellular traps, may therefore leave sites for nuclease to approach the nucleosome on the 

NET (figure 4.2). These results were also confirmed by microscopy (figure 4.3C). 

Furthermore, the NET protection activity of the antibodies is also dose dependent, reaching the 

highest protectivity at around 40 µg/ml. (figure 4.3B). These results demonstrate that only 

group A antibodies can protect NET by binding strongly to the extruded NET structure. 
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Figure 4.3. Group B mAbs partially prevent NET from digestion. 
Amount of NET degradation were measured after incubation of NET with 1U/ml Mnase in the 
presence of 100ug/ml mAbs from four groups of autoantibodies. The difference was analysed 
by multiple t test and p = 0.0052, n=3 (A). NET were co-incubated with 557A3 (group B) at 
different concentrations as well as 1U/ml Mnase. Amount of NET degradation was measured. 
N=2 (B). NET was degraded by 1U/ml Mnase in the presence of isotype control antibody (2G4) 
group A, B, C and D antibodies. They were then fixed and stained with DAPI (blue) (C).  
 

 

4.3 Anti-dsDNA antibodies enhance type I IFN expression 

      The function of the nuclease resistant NET were then studied. Monocytes were co-

incubated with anti-NET antibodies with NET and type I IFN expression were measured. All 

the antibodies that protected NET from degradation (group A) enhanced type I IFN 

expression by monocytes, with an average of 7 fold. On the other hand, all non-protective 

antibodies showed some but not significant type I IFN enhancement compared with non-

complexed NET (figure 4.4a). These results agreed with the recent findings that NET 

resistant to nuclease have higher type I IFN enhancement ability.57,188  In addition to that, our 

results for the first time showed that antibody not only protected NET but also enhance their 

inflammatory effect. Anti-DNA antibodies were shown to form complexes with DNA and 
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stimulate pDC to secrete IFNα in a Fc and TLR9 dependent manner.189,190 Here, we 

demonstrated that 557A3, an anti-DNA antibody that stabilizes NET, formed immune 

complex with NET to stimulate type I IFN expression by around 7 fold (figure 4.4b). It 

should be noted that anti-DNA antibodies that does not bind to NET cannot enhance type I 

IFN expression when co-incubated with monocytes and NET (figure 4.4a). The 557A3 

enhanced type I IFN expression in a dose dependent manner saturating at 100 µg/ml (figure 

4.4c). This correlates with the dose-dependent NET protection by 557A3 which peaks at 100 

µg/ml. To further investigate the mechanism of the type I IFN enhancement, we mutated the 

Fc of the 557A3 by two amino acids (557A3 LALA), making it deficient in binding to the Fc 

receptors. The 557A3 LALA failed to enhance type I IFN when complexed with NET 

compared with uncomplexed NET, demonstrating that the process is Fc-dependent (figure 

4.4d). 

 

 

Figure 4.4. Group A mAbs enhance type I IFN response in a Fc mediated pathway.  
(a) Monocytes were co-incubated with NET and antibodies from each group (circle, group A, 
square, group B, up-triangle, group C, down-triangle, group D). Type I IFN expression were 
then measured by qPCR and fold change were calculated against negative control (anti-DENV 
antibody). IFNA: interferon a1; IFNB: interferon b1. Experiments were repeated for three times 
and mean with SD were calculated. The difference was analysed by t-test, p=0.015 (b) Type I 
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IFN mRNA levels upon incubation of NET with anti-DENV antibody (black bar) or with 
557A3(group A, grey bar) and human monocytes. The results are expressed as mean and SD 
of three independent experiments. (c) Type I IFN mRNA levels upon incubation of NET with 
a range of concentrations of 557A3 and human monocytes. (d) Type I IFN mRNA levels are 
measured by incubating NET, monocyte and 557A3 (dark grey) or 557A3LALA (light grey). 
LALA mutation stands for leucine to alanine at two positions at the Fc region of the mAb, 
results in disability in binding to Fc receptor.  
 

4.3 NET component 

In order to study the component of NET, NET (from 30,000 neutrophils per lane), NET 
digested by Dnase and unstimulated neutrophil (30,000 per lane) were loaded to SDS-PAGE 
gel (figure 4.5a). The protein component is visualized by coomassie blue. There is sufficient 
amount of protein in the unstimulated neutrophil lysate but not in the NET preparation. The 
Dnase treatment did slightly increase the amount of protein in the SDS-PAGE gel, indicating 
that NET protein is stacked on the top of the gel by DNA (figure 4.5a). NET western blot was 
performed as described in methods. The presence of histone 1, 2 and 3 in PMA stimulated NET 
was investigated by probing the membrane with anti-H1, 2 and 3 antibodies (Abcam) overnight 
at 4 oC. None of the NET membrane showed positive result, possibly because the protein is 
stacked on the top of the gel with DNA (figure 4.5 b and c).  
 

 

 

 

  

a

b

Neutrophil controlNET - DnaseNET 

NET NET - Dnasec Neutrophil control
5 µl 25 µl

d

H1

H2
H3

Figure 4.5. NET western blot. 
NET, NET treated with Dnase and neutrophil lysates were denatured to run on SDS 
page gel, and stained with coomassie blue (a), or transferred to nitrocellulose 
membrane (b, c and d). Membrane was probed with anti-H1, H2 and H3 antibodies 
followed by secondary antibodies conjugated to HRP. Signal were developed by 
chemiluminescent substrate. 
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4.4 Discussion 

           Recent findings demonstrate that neutrophil plays important role in the pathogenesis of 

SLE.186 Several lupus autoantigens are related to neutrophils, such as the deiminated histones 

and neutrophil granular proteins that are displayed on the NET.191 It is possible that NET 

together with the trapped bacterial break tolerance and induce the production of anti-nuclear 

antibodies in susceptible individuals. A distinct neutrophil subtype, low density granulocyte 

was found to spontaneously form NET with mitochondrial DNA in SLE patients.192 In order 

to study whether the anti-dsDNA antibodies recognize NET, I tested the NET reactivity of 

these mAbs. As expected, some of the anti-dsDNA antibodies bound to NET as reported by 

the others. Although it is plausible that they all bind to the DNA content on the NET, the mAbs 

that only bind naked DNA did not bind to NET while the others showed two different binding 

patterns. This result indicates that some anti-nucleosome antibodies are able to bind to NET 

while it is still doubtful whether antibody against naked DNA recognizes NET. All of the group 

A antibodies showed strong reactivity against the NET but not the netting neutrophils, whilst 

group C antibody prefer to bound to the netting neutrophils. These two groups of antibodies 

both recognized histones but group A antibodies also bound naked DNA and histone 1. Group 

B antibodies are similar to group A antibodies except they were negative on Crithidia test, 

indicating they had weaker affinity against naked DNA. Group B antibodies showed binding 

against NET similar to group A antibodies although the affinity is much weaker. These results 

suggest that anti-dsDNA antibodies that were polyreactive to histones and nucleosome bound 

to NET while anti-histone antibodies prefer to bound to the netting neutrophils. It is known 

that modified histones along with neutrophil proteins like MPO and LL-37 are exposed on the 

NET but the exact structure of the NET is still unclear. Therefore, it will be of interest to study 

the epitopes of the NET that these antibodies bind to, which will potentially elucidate the 

structure of the NET and the autoantigen that break the tolerance.  
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NET was found on the kidney and in the circulation of the SLE patients, possibly prompts 

tissue damage and pro-inflammatory cytokines secretion.164,168,188 These NET found in SLE 

patients are rich in mitochondrial DNA and more resistant to nuclease digestion, conceivably 

explaining why they persist in the circulation and are more proinflammatory.192 Apart from 

abnormality of the NET itself, serum factors such as anti-NET antibodies may also protect the 

NET from nuclease digestion.164 I tested the ability of the mAbs to protect NET from nuclease 

digestion and all group A antibodies protected around 50% of the NET from digestion. This 

finding correlates with their NET binding because they exhibit the strongest reactivity against 

the NET but not the netting neutrophils. It is likely that these polyreactive mAbs bound to 

multiple antigens on the NET, therefore cover the NET and inhibit the contact between 

nuclease and the NET. Unsurprisingly, the mAbs that bound to the netting neutrophils failed 

to prevent NET from degradation as they did not cover up the NET. Of note, when the group 

A antibodies were added to the digested NET, they aggregated to form immune complexes that 

is visible under microscope. This finding in turn promote us ask another important question: 

does the nuclease resistant immune complex be more pro-inflammatory than the non-resistant 

ones? It has been reported before that mouse anti-DNA antibody form immune complex with 

DNA and stimulate type I IFN production from pDC. In my study I found that anti-DNA 

antibodies complexed with NET were able to amplify type I IFN expression in monocytes. 

Moreover, the NET protective anti-DNA antibodies induced four-fold higher type I IFN 

expression compared with the non-protective ones. These findings support the recent papers 

which suggest nuclease resistant NET are more pro-inflammatory.57 It is of note that the NET 

they reported are resistant to intracellular nuclease TREX1 but not extracellular nuclease which 

is used in my study. Hence, it is possible that the nuclease resistant NET immune complex 

engage different DNA/histone sensors to trigger type I IFN expression. To sum up, group A 
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antibodies bind to the NET and protect them from degradation therefore induce higher type I 

IFN expression than the other anti-NET antibodies. 

 

It should be noted that NET induced by different stimuli may have DNA of different origins. 

For example, NET induced by anti-RNP antibody contains higher percentage of mitochondrial 

DNA than the one stimulated by PMA.192  In terms of protein component, NET stimulated by 

different stimuli has similar composition although distinctive NET signalling pathways are 

engaged.193 It is still early days of NET research and a thorough analysis of the NET component 

is lacking. It is also elusive whether NET stimulated by different stimuli has distinctive 

functions. It will be of interest to test the function of NET that is induced by LPS, which may 

better reflect the in vivo NET.  
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Chapter 5 

 

Results 

Apoptotic cells and anti-dsDNA antibodies 

 

5.1 Induction of apoptosis 

           Uncleared apoptotic cells are believed to the major source of extracellular DNA that 

initiates the break of tolerance in SLE. Mice lacking key apoptotic cell engulfment proteins 

develop SLE spontaneously while C1q deficiency causes human SLE.120,121 Yet, the role of 

anti-dsDNA antibodies in the clearance of apoptotic cells and the pathogenesis of SLE is still 

controversial. Some claimed that anti-dsDNA antibodies inhibit the apoptotic cell clearance 

while other groups found anti-dsDNA antibodies promote dead cell engulfment in a pro-

inflammatory manner.152,194 Therefore, the effect of the groups of mAbs related to apoptotic 

cell clearance and immune response was investigated.  

 

Primary apoptosis is readily phagocytosed and the process is silent with anti-inflammatory 

cytokines including IL-10 and TGFb secretion. Uncleared apoptotic cells, on the other hand, 

undergo secondary necrosis that result in the release of the DAMPs. HMGB1 that is complexed 

with dsDNA or nucleosome was found to induce strong pro-inflammatory response.108 To 

study the primary apoptotic and secondary necrotic cells, cell death was triggered on human 

Jurkat T cells with UV exposure. The treated Jurkat cells were stained with FITC conjugated 

annexin V and propidium iodide (PI). A thirty-minute UV exposure killed 8.5% of the Jurkat 

cells with smaller size (figure 5.1) in the left population on FSC-SSC plot. There were 67% of 

them underwent secondary necrosis as they were double positive for PI and annexin V after 
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180 min (figure 5.1). 29.7% of the dead cells were primary apoptotic as they were only positive 

for annexin V (figure 5.1).  

 

Another method to induce cell death was used using anti-FAS IgM antibodies at a 50ng/ml for 

30 minutes to trigger the cell death. Strikingly different to UV induced cell death, only 9% of 

them lost membrane permeability 30 minutes after anti-FAS treatment (figure 5.2 a). After 8 

hours, 62% of the treated Jurkat cells were dead and more than half of them were secondary 

necrotic (figure 5.2 b).    

 

 

PI (propidium iodide)

Annexin V

30 min

180 min

60 min

Figure 5.1. FACS analysis of Jurkat cells treated with UV 
Jurkat cells were treated with UV and then gated on the FSC and SSC first to distinguish the 
live and the dead. They were then gated on the annexin V (y axis) and PI (x axis) to sort 
apoptotic and secondary necrotic cells. The results showed the treated Jurkat cells being left for 
30-minute, 1-hour and 3 hours after the treatment.  
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Annexin V
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Figure 5.2. FACS analysis of Jurkat cells treated with anti-FAS IgM 
Jurkat cells were treated with anti-FAS IgM and then gated on the FSC and SSC first to 
distinguish the live and the dead. They were then gated on the annexin V (y axis) and PI (x axis) 
to sort apoptotic and secondary necrotic cells. The results showed the treated Jurkat cells being 
left for 30 minutes, 4 hours and 8 hours after the treatment.  
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5.2 Anti-dsDNA antibodies bound to apoptotic cells 

           The binding of the mAbs to the apoptotic cells were then studied by co-incubating the 

antibodies with the UV treated or anti-FAS treated Jurkat cells for 30 minutes on ice to ensure 

the antibodies did not penetrate inside the cells. Two anti-DENV antibodies were used as 

negative controls and they showed no binding to either viable, apoptotic or secondary necrotic 

cells (plotted as red lines) (figure 5.3 d).  APC conjugated anti-human IgG antibodies were 

used to stain the bound IgG on the cells (plotted as blue lines). All of the group A antibodies 

recognized the dead cells but only half of them bound to both apoptotic and secondary necrotic 

cells (figure 5.3 a).  1/3 of the group B antibodies were reactive to both apoptotic and secondary 

necrotic cells (figure 5.3 b). 2/25 group D antibodies bound to both apoptotic and secondary 

necrotic cells (figure 5.3 c). None of the group C antibody were positive to apoptotic cells. The 

binding of the antibodies was also tested on the anti-FAS treated Jurkat cells and the results 

were the same as the UV-treated Jurkat cells. The binding was then visualized by 

immunofluorescence staining (figure 5.4). The UV-treated Jurkat cells were cytospined onto 

polylysine coated slides and fixed with 4% PFA without permeabilization. The antibodies were 

then probed on the slides and stained with anti-human IgG FITC. Interestingly, group B 

antibody 557A2 and group D antibody 156B7 had different binding patterns compared with 

group A antibody 557A3 although they all bound to the surface of the dead cells. It seems that 

557A3 partially co-localized with histone 1 on the surface of apoptotic cells while the other 

two did not (figure 5.4 a, b and c).  
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Figure 5.3. FACS analysis of mAb binding to the treated Jurkat cells 
Jurkat cells were killed by UV light and then co-incubated with mAbs on ice for 1 hour. 
The early apoptotic, late apoptotic and viable cells were gated according to Annexin V 
and PI staining. The binding of the mAb from group A (a), group B (b), group C (c), 
group D (d), and negative control mAb (e) to the cells were then detected by Alexa 647 
conjugated anti-human IgG. Histograms of the mAb binding are also demonstrated. The 
negative control antibody binding was displayed in red and mAb from each group (f to i) 
in blue. N=3   
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Figure 5.4. Immunofluorescence of the antibody binding to dead cells 
Jurkat cells were treated by UV and fixed on the slide with 4% PFA. They were then 
stained with 557A3 (a), 557A2 (b) and 156B7 (c) antibodies. The antibody binding was 
then detected by FITC conjugated anti-human IgG antibody. The cells were also stained 
with anti-histone 1 antibody conjugated by Alexa 555. The images were merged to study 
the co-localization. Bar 10 µm. 
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5.3 Histones are the antigen target on apoptotic cells 

The nature of the antigen target was then studied by immunoprecipitation and Western Blot. 

Secondary necrotic cells were lysed by NP-40 and then ultracentrifuged to collect the 

membrane. The membrane was then pre-cleared with protein A beads and isotype control 

antibodies. The group A antibodies were then added to the lysate with protein A beads to form 

immune complexes. Afterwards, the immune complexes were extensively washed to remove 

unspecific bindings before loaded onto SDS page gel. It appeared that all the group A 

antibodies bound to a protein complex comprised of five proteins including 11,12,13,14 and 

30 kDa (figure 5.5 a). The composition, excitingly, is similar to nucleosome which is 

composed of histone 2,3,4 of 11-15kDa and histone 1 of around 30 kDa. To verify whether 

group A antibodies bind to the nucleosome complex exposed on the dead cells, anti-histone 

1,2a and 3 antibodies were used to probe the membrane containing the (557A3-dead cell lysate) 

immune complex. It appeared that anti-histone antibodies bound to the immune complex and 

these results validated that group A antibodies recognize nucleosome expressed on the 

secondary necrotic cells (figure 5.5 b). Because group B and group D antibodies failed to form 

immune complexes in immunoprecipitation assay, western blot of the dead cell lysate were 

performed to address the question. Membrane of the secondary necrotic cells was collected, 

lysed and loaded to SDS PAGE gels. They were subsequently transferred to the membrane and 

incubated with the group B or group C antibodies. The binding of the antibodies to the lysates 

were detected by anti-human IgG HRP and ECL. The group B antibodies bind to the histone 2 

and 3 on the secondary necrotic cells similar to group A antibodies while some of the group C 

and D antibodies were negative on the western blot (figure 5.5 c, d and e). Taken together, 

these results indicate that all group A and some group B and group D antibodies recognize 

nucleosome exposed on the surface of apoptotic and secondary necrotic cells. 
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Figure 5.5. Immunoprecipitation and western blot of mAbs against apoptotic cells. 
Membrane of the apoptotic cells were isolated by ultra-centrifuging and co-incubated with 
557A3 and protein A beads followed by extensive washing. The mAb-protein complexes 
were then run through SDS PAGE gel on the left lane, n=3. The viable cell membrane was 
used as negative control on the right lane. The marker shows the size of the protein on the 
left. Two bands on both lanes are the antibody heavy and light chains (a). 
The immobilized immune complex was then tested by western blot with anti-H1, H2a and 
H3 antibodies, A=apoptotic cell immune complex, L=live cell immune complex (b) 
Western blots were also performed to check the target of the anti-apoptotic mAbs. 
Membrane was isolated from apoptotic cells and lysed to run on SDS page gel which is 
subsequently transferred to nitrocellulose. Membrane was probed with anti-apoptotic mAbs 
followed by secondary antibodies conjugated to HRP. Signal were developed by 
chemiluminescent substrate. Viable cell, UV treated and anti-FAS IgM treated Jurkat cell 
membrane were used from left to right respectively against group A antibodies (c), group 
B antibodies (d) and group C antibodies (e).   



	 90	

5.4 Anti-dsDNA antibody facilitates secondary necrotic cell uptake in an anti-inflammatory 

manner 

           The role of anti-apoptotic cell antibodies in secondary necrotic cell phagocytosis is 

rather controversial. To address this dispute, the role of the mAbs was tested on the 

phagocytosis of secondary necrotic cells. The secondary necrotic cells were labelled with 

pHrodo, a dye that only emits fluorescent signals when pH is lower than 6. Therefore, positive 

signal means dead cell engulfment not attachment. The labelled dead cells were then mixed 

with CD14 monocytes with or without antibodies at 37°C. The percentage of phagocytosis 

were then determined by quantifying the fluorescence of the phagocytes. Anti-apoptotic cells 

from group A enhanced the apoptotic cell phagocytosis (figure 5.6 a). They induced 27% 

higher phagocytosis compared with negative control antibody (anti-DENV mAb) (figure 5.6 

e). Group B and D antibodies enhanced the phagocytosis by 10%. (figure 5.6 b and c).  

 

In a further experiment the immune response of the antibody mediated phagocytosis was 

sought. It was previously shown that antibody mediated phagocytosis is pro-inflammatory and 

may worsen the inflammation in patients of SLE. To study the outcome of the phagocytosis, 

mAbs and the PBMCs were co-incubated with secondary necrotic cells. After 24 hours, the 

RNA was extracted and the type I IFN expression was measured by real-time PCR. The type I 

IFN expression were indeed enhanced when secondary necrotic cells were added to the PBMC 

possibly due to the extracellular DNA endocytosis (figure 5.7). However, when secondary 

necrotic cells were pre-incubated with 557A3, the IFNα and IFNß expression were reduced by 

2.5 fold while CXCL10 expression were almost completely inhibited (figure 5.7). This 

preliminary data shows that 557A3 may enhance the uptake of secondary necrotic cells and 

inhibit type I IFN expression.  
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In conclusion, these results showed that group A, B and C antibodies could bind to apoptotic 

cells, but only group A antibodies boost the phagocytosis of the secondary necrotic cells. It is 

rather unexpectedly that this enhancement diminishes the expression of CXCL10 and type I 

IFN by PBMCs. It will be of great interest to investigate the mechanism of this inhibition 

because this might provide an approach to promote dead cell uptake and ameliorate the 

inflammation in the SLE patients. 
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Figure 5.6. FACS analysis of antibody mediated apoptotic cell engulfment. 
Apoptotic cells were labelled with pHrodo dye and mixed with mAbs. These immune 
complexes were then co-incubated with anti-CD14 labelled monocytes. After 1-hour 
incubation, monocytes were gated for CD14 (y axis) positive monocytes with apoptotic cells 
engulfed were gated for CD14 positive and pHrodo (x axis) positive. The antibody mediated 
engulfment were measured by compared the negative controls by using anti-DENV antibody 
(e) to the group A antibody 557A3 (a), group B antibody 557A2 (b) group C antibody 156B7 
(c) and group D antibody 157D2 (d). (f) The experiment was repeated three times, the mean 
and SD was calculated.  n=3, p value calculated by t-test, p = 0.024 
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Figure 5.7. Type I IFN expression of PBMC induced by secondary necrotic cell. 
Apoptotic cells were co-incubated with PBMC with mAbs. The type I IFN 
expression was measured by qPCR after 24 hours. Level of expression is 
expressed on the y axis (from left to right, IFNα, IFNß and CXCL10 
respectively). The expression level is compared by co-incubation with group B 
antibody 557A3 with negative control anti-DENV antibody 747A11. The 
experiments were repeated 3 times and the mean with SD calculated. The p value 
was calculated by non-parametric one-way ANOVA test, p = 0.002. 
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5.5 Discussion 

           Uncleared apoptotic cells are found in patients of SLE and impairment of apoptotic cells 

lead to SLE in mouse models.120 DNA are released from the uncleared apoptotic cells, which 

may stimulate the innate immune system to break tolerance, leading to autoantibody 

production.195 All the group A antibodies bind to apoptotic cells and some group B and group 

C antibodies were also positive for apoptotic cells. All the group A antibodies recognized the 

histone 1 on the membrane of apoptotic cells, while the others prefer to bound to the histone 

2/3 on the membrane of the apoptotic cells. These findings again demonstrate that anti-DNA 

and anti-apoptotic cell antibodies are heterogeneous and they may have different effect on the 

clearance and immune response of the apoptotic cells. How these autoantibodies interact with 

the apoptotic cells to affect the immune response is still controversial. Some reported they 

facilitate the apoptotic cell uptake while one paper claims they inhibit the uptake although they 

all suggest the outcome is pro-inflammatory.152 Expectedly, the anti-apoptotic cell antibodies 

showed different effect on the apoptotic cell engulfment. Group A antibody 557A3 enhanced 

the uptake of the apoptotic cells by monocytes while the other antibodies showed little 

influence on the engulfment. This result is unexpected because all of them bind to the 

membrane of the apoptotic cells confirmed by immunofluorescence staining and western blot. 

It might be possible that group A antibodies have higher affinity against the membrane of 

apoptotic cells or they bind to the surface of the apoptotic cells in a different orientation 

compared with the other antibodies, making them more accessible to the phagocytes, in turn 

result in enhanced engulfment. In summary, 557A3 bind to the histone 1 on the membrane of 

apoptotic cells and promote the phagocytosis. Surprisingly, this process inhibits the expression 

of type I IFN and CXCL10 from PBMC. This finding is astonishing because it may provide a 

way to clear the secondary necrotic cells in an anti-inflammatory fashion. Still, a more thorough 

investigation of the cytokine expression and immune cell activation should be carried out to 
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determine the outcome of the 557A3 facilitated apoptotic cell uptake. It will also be interesting 

to study the effect of the other antibodies from group A, B and C on apoptotic cell clearance. 
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Chapter 6 

 

Results 

 

Glomerulus deposition of anti-dsDNA antibodies 

 

6.1 Anti-dsDNA antibodies bound to nephritic kidney in vitro 

           Glomerulonephritis is the most severe manifestation of SLE. Anti-dsDNA antibodies 

are normally observed in inflamed glomerulus, hence immune complex deposition in the 

glomerulus may cause complement fixation and inflammation.86 According to our two-hit 

hypothesis, additional insults that cause kidney damage are required for autoantigen exposure. 

The pathogenic autoantibodies may then bind to the autoantigen on the kidney to form immune 

complex, leading to complement activation and kidney inflammation. To test the hypothesis, 

kidney sections from both healthy and nephritic mice were fixed on the slides, and then 

followed by autoantibody probing. The binding of the autoantibodies to the kidney section 

were detected by immunofluorescence staining.  

 

All the Antibodies from the different groups were studied and they showed diverse binding 

pattern on nephritic kidney. Four group A and two group B antibodies showed profound 

reactivity to the kidney while all group C and group D antibodies showed much weaker or no 

binding (figure 6.1). However, the two group B antibodies did not bind to specific part of the 

nephritic kidneys (figure 6.1 b). Interestingly, group A antibody 557A3 bound to glomerulus 

on the nephritic kidney (figure 6.1 a). This correlate with the finding that anti-dsDNA 
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antibodies deposit in the glomerulus of SLE patients. By contrast, mAbs from group C and 

group D showed unspecific or negative binding to the nephritic kidney (figure 6.1 c and d).  

 

Not surprisingly, most of the mAbs from group C and group D antibodies showed 

little/negative binding on the healthy mice kidney as well (figure 6.1). Group A and group B 

antibodies did not bind to healthy kidney (figure 6.1a and b.1b). These results demonstrated 

that some group A and group B antibodies only recognize nephritic glomerulus but not healthy 

glomerulus.  
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Figure 6.1. Immunofluorescence of the nephritic and healthy mice kidney that is 
stained with anti-nuclear antibodies.  
Kidney from nephritic and healthy mice were fixed by acetone followed by co-
incubation with monoclonal anti-nuclear antibody from a) group A, b) group B, c) 
group C and d) group D. The binding was visualized by FITC conjugated anti-human 
IgG. Arrow points to the glomerulus.  
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6.2 Anti-nuclear antibody bound to nephritic kidney in vivo 

           The binding of these mAbs to nephritic kidney sections in vivo was then investigated. 

To study the nephritic kidney, nephrotoxic nephritis (NTN) mice model was employed. Briefly, 

the wild type mice were first immunized with rabbit antibody to induce anti-rabbit antibody 

antibodies. After 5 days, rabbit anti-GBM antibodies were injected to deposit on the glomerulus. 

As a result, immune complex was formed between rabbit anti-GBM antibodies to anti-rabbit 

antibodies on the glomerulus. This IC recruited complement and initiated kidney inflammation. 

For this experiment, the two mAbs that bound glomerulus were selected from group A and B. 

The two mAbs that showed the weak binding to nephritic kidney from group C and C were 

selected. Four days after anti-GBM antibody injection, the mAbs were injected to the NTN 

mice intraperitoneally. The same mAbs were also injected to the wild type mice on the same 

day to study the kidney deposition in healthy kidney (figure 6.2). 
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Figure 6.2. chart describing the procedure of antibody injection to the nephritic 
mice.  
Anti-GBM immunization and anti-GBM antibody injection initiate the kidney 
inflammation on day 0. Anti-nuclear antibody was then injected on day 4 and the 
kidney is collected on day 5. 
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Because human IgG was injected to the mice, the concentration of serum human IgG antibody 

was measured after the injection to check whether they got absorbed or stayed in the circulation. 

The serum concentration of human IgG remained stable 2 hours after injection as expected. 

The concentration of group B, C and D antibodies remained constant 6 hours after injection 

(figure 6.3 bii, cii and dii) Interestingly, concentration of group A antibody 557A3 dropped 

dramatically 6 hours after injection (figure 6.3 ai). It seems that group A antibody 557A3 may 

trafficked to tissues therefore the concentration dropped.  

 

Those mice were sacrificed 10 hours after injection and the kidney were sectioned and fixed 

with acetone. These sections were then assessed for human IgG deposition by 

immunofluorescence staining. Mouse IgG and complement deposition were also assessed to 

confirm that NTN mice had inflamed kidney. Group B antibody 557A2 displayed little 

deposition to the nephritic kidney although they were able to bind the sectioned kidney in vitro 

(figure 6.3 bi). Group C and group D antibody 156B7 and 157D2 did not deposit in the 

nephritic kidney at all (figure 6.3 ci, di). By contrast, group A mAb 557A3 was trapped in the 

glomerulus of nephritic kidney (figure 6.3 ai). It showed specific dot-like staining pattern to 

the glomerulus but it did not seem to localize to particular glomerulus structures such as 

podocytes, glomerular basement membrane and mesangial cells. This result confirmed that 

group A antibody 557A3 trafficked to the inflamed kidney 6 hours after injection. None of the 

mAbs tested deposit in the healthy kidney.  
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Figure 6.3. Mouse kidney deposition of the antibodies.  
Human antibodies from each group were intraperitoneally injected to the nephritic 
mice. After six hours the mice were killed to collect serum and kidney sample. (i) IgG 
deposition was studied by staining the acetone fixed kidney with FITC conjugated 
anti-human IgG (green) and DAPI (blue). Arrow point to the glomerulus, n=6 (a) is 
the mouse kidney injected with 557A3 (group A), (b), (c) and (d) are kidney samples 
with group B, C and D antibody injection respectively. (ii) Amount of human IgG in 
the mouse serum is measured by ELISA at 2 hours (black bar) and 6 hours (grey bar) 
after the injection with the four groups of mAbs. (Y axis, the concentration in µg/ml, 
n=3). The difference was analyzed by t test, p = 0.0012 (a), (b), (c) and (d) represent 
the mice injected with group A, B, C and D antibodies respectively.  
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Taken together, these results reveals that group A antibody 557A3 bind to nephritic kidney but 

not healthy kidney. This is probably because nucleosome is exposed on the glomerulus on 

inflamed kidney but not healthy glomerulus. The anti-dsDNA antibody 557A3 recognize the 

nucleosome on the glomerulus and bind to the nephritic kidney.  

 

6.3 Anti-dsDNA antibody did not exacerbate kidney inflammation 

           Dose the kidney deposition lead to more complement fixation and enhanced 

inflammation? We addressed this question by engineering the constant region of the 557A3. I 

cloned a mouse IgG2a, IgG1 constant region and insert it to the plasmid containing 557A3 

variable gene. The 293T cells were transfected with this mouse constant region containing 

plasmid and 557A3 with mouse Fc was then produced and confirmed by anti-Mouse-IgG 

antibodies with ELISA. 

 

These mouse 557A3 IgG2a were then purified and injected to the NTN mice 2 days after anti-

GBM antibody injection. One hundred microgram of 557A3 was injected every-day for 3 days 

and then the mice were sacrificed (figure 6.4 a). Level of mouse antibody deposition were 

checked by immunofluorescence staining of the kidney with anti-mouse IgG-FITC. Level of 

mouse antibody deposition was comparable between the mice (figure 6.4 a). I then measured 

the complement deposition by staining the kidney with FITC conjugated anti-C3 antibody. 

Mice received 557A3 had slightly but not significantly higher C3 deposition (figure 6.4 b). 

Mice received 557A3 had fewer infiltrating macrophages compared with isotype control, but 

the difference is not significant (figure 6.4 c). In order to study the severity of nephritis, kidney 

sections were stained with haematoxylin and thrombosis level were scored. Surprisingly, 

thrombosis level of the mice received 557A3 were lower compared with the mice received 

anti-DENV antibody 747A11 (negative control) although the difference did not reach statistical 
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significance (figure 6.4 d). There was no difference regarding the haematuria or proteinuria 

level between the mice received 557A3 and anti-DENV antibody (figure 6.4 e and f).  
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Figure 6.4. disease activity in the NTN mice injected with anti-dsDNA antibody.  
a) Nephritis was initiated by anti-GBM antibody injection after anti-GBM immunization. The 
mice were injected with group A antibody before and after nephritis initiation. The kidney was 
collected 5 days after anti-GBM antibody injection. Level of anti-GBM antibody deposition on 
the kidney was measured by staining the acetone fixed kidney with anti-sheep IgG FITC 
followed by quantification of the fluorescence signal. The results were analysed by Mann-
Whitney U test; significance was not reached b) Level of C3 deposition on the glomerulus was 
quantified by staining the kidney with FITC conjugated anti-C3 antibody. p = 0.057 c) Number 
of infiltrated macrophages were measured by staining the kidney with anti-CD68 antibody. 20 
glomeruli were analysed for each mouse. The number of infiltrating macrophage between two 
groups did not reach statistical significance. d) The kidney was paraffin embedded and stained 
with haematoxylin and eosin. The area of glomerular thrombi was graded from 1 to 4 and 50 
glomeruli was graded for each mouse. The thrombosis level was then calculated by averaging 
the grade of 50 glomeruli. The grading was decided by two independent individuals and 
samples were double blinded. The difference between control and A3 injected mice was 
analysed by Mann Whitney U test, p = 0.06. e) and f) The level of haematuria and proteinuria 
was measured by dipstick with grade from 0 to 3 at day 5. The difference between two groups 
were analysed by Mann-Whitney U test. 
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6.4 Discussion 

              Anti-dsDNA antibodies deposit in the kidney of lupus nephritis patients but the 

mechanism is still controversial. Our results show that some of the anti-dsDNA antibodies 

cloned from active lupus nephritis patients bind to kidney of nephritic mice but not wild type 

mice. Therefore, they probably recognize antigens that are exposed during kidney 

inflammation but not native glomerulus antigens. During inflammation, increased number of 

cells undergo apoptosis or even secondary necrosis, leading to the release of intracellular 

contents including nucleosome. These nucleosomes may serve as the antigen target for the anti-

dsDNA antibodies to deposit in the kidney as suggested by other groups. One of the group A 

antibody 557A3 deposited in nephritic kidney in vivo. Although dsDNA reactivity is more 

specific than nucleosome, extracellular DNA is rarely in naked dsDNA form in vivo. 

Nucleosome from dead cells were observed in the glomerulus of SLE patients, hence the 

antibodies that are only reactive to naked dsDNA may not be able to deposit in the kidney. 

However, it is odd why 557A3 bind to glomerulus while the anti-nucleosome group B antibody 

does not. It is possible that these Crithidia positive antibodies bind to multiple epitopes with 

higher affinity on the nucleosome, thus making them highly reactive nucleosome embed in the 

glomerulus. The epitopes they interact with in the glomerulus warrants further investigations.  
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Chapter 7 

 

Discussion 

 

Our results indicate that only a specific group of anti-DNA antibodies were able to enhance 

pro-inflammatory responses and deposit in the nephritic kidney. This probably explains that 

why SLE patients are asymptomatic or in remission despite high titre of anti-DNA 

antibodies.183,196,197 The role of pDC in response to dsDNA and NET has been studied but the 

immunological response of monocyte to anti-dsDNA antibodies and NET is unclear 57,188,189. 

It was shown that NET engulfment by monocyte is silent or even anti-inflammatory 198. Our 

study showed that anti-dsDNA antibody stabilized NET to stimulate both monocyte and 

endothelial cells, therefore may promote systemic and local inflammation.  

 

Anti-dsDNA antibodies were shown to bind to NET and serum from SLE patients with high 

anti-dsDNA antibodies were shown to protect NET from nuclease digestion 164,199,200. Our 

study identified a subset of monoclonal anti-dsDNA antibodies that bind to NET and prevent 

it from nuclease digestion. It was previously reported that NET with mitochondria DNA is 

resistant to TREX digestion and enhance type I IFN expression.25 Our findings may provide 

additional mechanism for the formation of nuclease resistant NET therefore further elucidate 

the pathogenic effect of antibody and NET. NET without antibody damage endothelium and 

may promote thrombosis and our results indicate anti-dsDNA antibody further augment this 

process 168,201. It will be of interest to investigate the effect of this stabilized NET on 

macrophage, dendritic cells and neutrophils. Furthermore, future studies that investigates the 

stimulation pathway may be beneficial for the development of novel therapy.  
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The heterogeneity of the anti-dsDNA antibodies has been long recognized but the 

understanding of their characteristics is lacking 78,150,202,203. We found a group A anti-dsDNA 

antibodies were potentially pathogenic. Group A antibodies that bind to strongly to both 

dsDNA and histone 1, therefore they may fix to nucleosome complex in vivo stronger than 

anti-nuclear antibodies that only bind dsDNA or histone. It will be of interest to study the 

crystal structure of the interaction between this group of antibodies and nucleosome. 

Prospective studies in large cohort of well characterised SLE patient will be needed to assess 

whether the appearance and/or concentration of polyreactive dsDNA antibodies are either 

linked to presence of LN or correlate with active renal disease.  

 

As the immune complexes formed by these antibodies with NET is resistant to nuclease 

digestion, nuclease supplementation alone will be insufficient to dismantle the NET 204. 

Therefore, pharmacologic inhibition of NETosis could be used as alternative therapeutic 

approach to treat SLE patients with high anti-dsDNA antibody titre181 in addition to 

immunosuppressant. Alternatively, a column coated with the Fab region of group A antibodies 

can be used to isolate the extracellular nucleosome/dsDNA from the blood, thus preventing the 

formation of immune complexes or direct immune responses to nucleosome/dsDNA. 

 

Future work: Monoclonal antibodies from plasma cells and kidney resident B cells shall be 

cloned to study their pathogenicity. The component of NET induced by different stimuli need 

to be studied to further elucidate the role of anti-dsDNA antibodies in vivo. To investigate 

whether anti-dsDNA antibodies exacerbate nephritis, rat NTN or other nephritis models may 

be used.  
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