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ABSTRACT 

 

Genome sequencing and transcriptomic analyses are hypothesis-free approaches to 

identify genetic variants(s) and biological pathway(s) associated with a disease. T cells are 

paramount in the pathogenesis of systemic lupus erythematosus (SLE). Hyperactive CD4+ T 

cells can promote the production of auto-antibodies by offering excessive help to B cells. B6 

congenic mice carrying the Sle16 locus (B6.129-Sle16) have increased auto-antibody levels, 

mild glomerulonephritis, and hyperactive T and B cells. These data indicate that intrinsic T cell 

abnormalities might drive the lupus-like disease development in B6.129-Sle16 mice. The aim 

of my thesis was to use exome sequencing and transcriptomic analysis of B6.129-Sle16 T cells 

from pre-disease mice to identify new candidate gene(s) and pathway(s) in lupus.  

 

Exome sequencing analysis uncovered 35 candidate genes with functional variants. 

RNAseq analysis of CD4+ and CD8+ T cells showed that the PYHIN gene family (Pydc4, 

Pydc3, Pyhin1 and Ifi204 genes) was the most differentially expressed in B6.129-Sle16 mice 

compared to B6 controls. PYHIN gene family expression is induced by type I interferon (IFN) 

and an increased IFN signature is a well-known characteristic in SLE. In my study, using in-

vitro, in-vivo and ex-vivo analyses, I found no differences in the expression of IFN-inducible 

genes nor in pDC activation between B6.129-Sle16 mice and B6 controls. However, I observed 

that Pydc4 and Ifi204 gene expression could be modulated via anti-CD3 stimulation, indicating 

that these genes might directly regulate T cell proliferation, independent of type I IFN 

signalling. Altogether my findings identified new genes relevant to SLE and showed that the 

lupus-like disease in B6.129-Sle16 mice is independent of type I IFN, supporting the notion 

that lupus pathogenesis is driven by several mechanisms. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Systemic Lupus Erythematosus 

 

1.1.1 Epidemiology and clinical manifestations  

Systemic lupus erythematosus (SLE) is a chronic, multi-organ autoimmune disease 

characterized by hyperactive immune cells, the production of anti-nuclear antibodies (ANA), 

and the deposition of immune complexes in different organs causing damage5. "Lupus" is the 

Latin word for "wolf," and "erythema" means "redness or blush." Historically, the term "lupus" 

was used because of the skin lesions have a similar appearance to a wolf’s bite. The hallmark 

butterfly rash across the face also contributed to the disease name.   

 A person is diagnosed to have SLE if he/she meets any 4 of 11 criteria published by 

American College of Rheumatology (ACR)6, 7. The 11 criteria include clinical symptoms (such 

as malar or discoid rash, photosensitivity, oral ulcers, arthritis, serositis, renal or neurological 

disorders) and abnormalities detected in the blood (such as lymphopenia, anti-nuclear antibody 

or thrombocytopaenia). The severity of the clinical manifestations can vary greatly among 

patients, ranging from mild skin rash, joint pain and swelling to life-threatening damage to 

kidneys, heart or brain. Self-reactive IgG antibodies against nuclear antigens (ANA) are one of 

the characteristics of SLE. ANA antibodies are against different antigens such as dsDNA, 

chromatin, ribonucleoprotein (RNP), Smith (Sm; against the core units of small nuclear RNP), 

Ro and La (against Ro-RNP complex, part of non-coding Y-RNA)8. Of these, anti-dsDNA and 

anti-Sm antibodies are most specific to SLE. ANA production results in the formation of 

immune complexes (IC) that deposit in various organs leading to systemic inflammation and 

organ damage9. In addition to ANA, antibodies against phospholipids are detected in 30-50% 

of SLE patients, which may cause thrombosis and complications during pregnancy10.     
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 SLE has a female preponderance (10:1) with an age predilection from late teens to early 

40s11. Both hormonal and sex chromosome-based genetic differences may account for the 

disparity in the incidence of lupus between men and women. Non-Caucasians have from two 

to four-fold more incidence of SLE compared to Caucasians, with higher prevalence in 

African-Americans, Asians, Hispanics, and Native Americans ethnicities12. 

 

1.1.2. Aetiology 

SLE is a complex genetic trait disease of multifactorial aetiology. Environmental factors linked 

to SLE include exposure to toxicants, sex hormones, ultraviolet (UV) light and virus 

infections13. The genetic predisposition to SLE is supported by higher concordance rate in 

monozygotic compared to dizygotic twins (24% to 2%, respectively), high heritability (43% to 

66%) and strong familial aggregation (10 to 12%)14, 15, 16. The combination of multiple genetic 

and environmental factors results in perturbation of the homeostatic maintenance of immune 

tolerance, causing hyperactivity of the immune system and auto-antibody production.  

 

1.1.2.1 Genetic factors  

SLE is known to be a multigenic disorder with complex epistatic interactions between different 

genes. Familial aggregation has been documented in twin study showing 10-fold increased 

concordance in monozygotic twins compared to dizygotic twins, as well as in multiple survey 

studies showing at least 10% of patients with SLE had first-degree relative affected by SLE or 

other autoimmune diseases14, 17. Using a polygenic liability model, heritability of SLE was 

estimated to range from 43% to 66% within families, indicating that approximately half of the 

phenotypic variance of SLE could be explained by genetic factors16, 18, 19. However, so far the 

susceptibility loci identified from GWAS can only account for approximately 15% of the 

heritability of SLE20. This gap in the heritability estimation between GWAS and pedigree-
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based studies may be due to the high heterogeneity of the syndrome in large population; 

therefore, heritability calculation derived from small cohorts may yield unreliable estimates21. 

In addition, most cases of SLE are sporadic (approximately 90%), indicating that a complex 

combination of both genetic susceptibility and environmental factors contributes to the disease 

development22.   

 Many studies have been conducted to discover susceptibility genes contributing to lupus 

including candidate gene studies, genome-wide linkage analysis, and genome-wide association 

studies (GWAS)23, 24, 25. A decade ago, the candidate gene approach was the most frequently 

used technique to investigate SLE genetics. The technique is simple and straightforward; lupus 

patients and matched controls were recruited and assayed for polymorphisms in a gene of 

interest. The selection of possible candidate genes was based on disease pathogenesis 

hypotheses. As break of immune tolerance is the hallmark of the disease, several genes 

involved in innate and adaptive functions of the immune system were explored as candidate 

genes. Some of the most important candidate gene studies are listed in Table 1.1.  

 Genome-wide linkage analysis uses genetic markers (such as microsatellites or SNPs) to 

test whether some allelic variants are linked to a certain disease or phenotype. Linkage analysis 

is normally performed in pedigrees with affected family members, sibling pairs, or a cohort of 

patients versus controls. The grade of link of a locus to the disease phenotype is expressed in a 

logarithmic value and thus named LOD (logarithm of the odd). LOD of more than 3.3 is 

considered significant indicating the association is most likely true. Several studies have used 

genome-wide linkage analysis to identify susceptibility loci for SLE and Table 1.2 lists the 

lupus loci that could be replicated in more than one study. However, candidate gene and linkage 

analysis were not ideal tools to study SLE as most of the data generated in a cohort were not 

confirmed in other studies24. Additionally, many individual studies did not reach acceptable 

power. 
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Table 1.1. Genes associated with SLE using a candidate gene approach. 

Gene name Location Publication(s) 

C1Q 1p36 Berkel, A. I., et al.26 

C2 6p21 Sullivan, K. E., et al.27; Agnello, V.28 

C4 6p21 Hauptmann, G., et al.29 

PTPN22 1p13 Lee, Y. H., et al.30 

FCGR2A 1q23 Karassa, F. B., et al.31; Karassa, F. B., et al.32 

FCGR3A 1q23 Karassa, F. B., et al.33 

IL10 1q32 S, D. A., et al.34 

CTLA4 2q33 Lee, Y. H., et al.35 

HLA-DRB1 6p21 
Truedsson, L., et al.36; Martin-Villa, J. M., et 

al.37; Zhang, J., et al.38 

TNFα 6p21 Lee, Y. H., et al.39 

TNFβ 6p21 Zhang, J., et al.38 

MBL 10q11 Lee, Y. H., et al.40 

 

Table 1.2. Lupus loci identified using genome-wide linkage analysis  

Linkage 

region 

LOD 

score 

Study 

design 

Associated 

gene(s) 

Cohort 

ethnicity 
Publication(s) 

1q23 4.0 
Extended 

pedigrees 

FCGR2A, 

FCGR3A 
EA, AA 

Moser, K. L., et al.41; 

Edberg, J. C., et al.42 

1q31-32 3.8 
Extended 

pedigrees 
 EU 

Moser, K. L., et al.41; 

Johanneson, B., et al.43 

1q41-43 3.3 
Extended 

pedigrees 
PARP EA, HIS 

Edberg, J. C., et al.42; 

Shai, R., et al.44 

2q37 4.2 
Extended 

pedigree 
PDCD-1 EU 

Prokunina, L., et al.45; 

Lindqvist, A. K., et al.46 

4p16 3.8 
Extended 

pedigree 
 EA 

Gray-McGuire, C., et al.47; 

Xing, C., et al.48 

6p11-21 4.2 
Sibling 

pairs 
HLA-DR 

EA, HIS, 

AA 
Graham, R. R., et al.49 

12q24 3.3 
Extended 

pedigree 
 HIS, EA Nath, S. K., et al.50 

16q12-13 3.4 

Sibling 

pairs, 

extended 

pedigrees 

 
EA, AA, 

HIS 

Gaffney, P. M., et al.51; 

Nath, S. K., et al.52 

 

AA is African-American; EA is European-American; EU is European; HIS is Hispanic 
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 The advancement of high-throughput genomic screening technologies such as 

sequencing and SNPs microarrays has triggered the investigation of SLE susceptibility genes 

through GWAS. GWAS is a hypothesis-free approach based on the screening of millions of 

SNPs distributed throughout the whole human genome in relation to a phenotype. GWAS can 

score SNPs from unrelated individuals affected by a disease. To date, at least 60 SLE 

susceptibility loci have been identified by GWAS23, 25, 53 and Table 1.3 shows some of the best-

known genes. GWAS have confirmed some of previous lupus susceptibility genes, such as 

FcγRs and PTPN22, and discovered many more genetic variants linked to SLE. These 

susceptibility genes have highlighted a range of biological processes that could be deranged in 

SLE.  

 The first category includes genetic variants that cause defective clearance of immune 

complexes and/or apoptotic cells. Lupus patients have been shown to have defects in clearance 

of apoptotic cells54. Complement system is an important mechanism in apoptotic cell removal: 

binding of complement molecules to apoptotic cells will enhance ingestion of dying cells by 

phagocytes and defects in multiple complement genes have been linked to SLE55. In addition 

to the complement system, FCγRs also contribute to control IC clearance. FCγRs are expressed 

on multiple immune cell populations and promote endocytosis of ICs through binding of IgG-

Fc fragment56. FCγRIIA H131R variant, resulting in histidine(H) to arginine(R) switch, has 

lower affinity for IgG2 and correlates with increased susceptibility to SLE57, 58. Low FCγRIIB 

gene copy numbers have also been associated with SLE59. These biological processes can be 

grouped into three main categories (Table 1.3). 

 The second category of SLE susceptibility genes consist of genes related to innate 

immune activation through toll-like receptors (TLR) and type I interferon (IFN) signalling. 

TLR are transmembrane pattern recognition receptors (PRR), which have extracellular leucine 

rich repeats specific for various conserved pathogen associated molecular patterns (PAMPs)60. 
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There are 10 TLRs identified in humans and 12 TLRs in mice; most of these receptors are 

expressed on the cell surface membrane. However, TLR3, TLR7/8 and TLR9, recognizing 

dsRNA, dsDNA, and cytosinephosphate-guanine (CpG) sequences in DNA respectively, are 

localized intracellularly, within the endosome compartment61. Increased TLR7 gene copies and 

two single nucleotide polymorphisms, rs179008 and rs3853839, have been associated with 

SLE in different ethnicities62, 63 In addition, polymorphisms in tyrosine kinase 2 (TYK2) and 

interferon regulatory factor 5 (IRF5) genes, transcription factors regulating IFNα signalling, 

have been described to be linked to lupus64. A non-synonymous SNP of TNFAIP3, ubiquitin-

editing enzyme A20, has also been shown to increase susceptibility to SLE through 

spontaneous activation of NFkB signalling in leukocytes65.  

 The third category are genes involved in B and T cell signalling resulting in hyperactive 

lymphocytes (e.g. PTPN22, STAT4, BANK1, TNFSF4)23, 53, 66. Activated T cells promote 

differentiation of autoreactive B cells into plasma cells producing IgG anti-nuclear auto-

antibodies. The protein tyrosine phosphatase non-receptor 22 (PTPN22) is a crucial negative 

regulator of T cell activation and the R620W mutation of PTPN22, change of amino acid from 

Arginine(R) to Tryptophan(W), has been strongly linked to SLE, though the mechanism is still 

uncertain67, 68. Polymorphisms encompassing genes related to B cell receptor signalling such 

as B cell scaffold protein 1 (BANK1) and protein tyrosine kinases (e.g. BLK and LYN) are 

also associated to lupus69.  

 Other uncategorized SLE susceptibility genes are genes involved in less understood 

biological processes such as epigenetic transcriptional regulation (Methyl-CpG-binding protein 

2, MECP2), post-transcriptional mRNA decay process (Nonsense Mediated mRNA Decay 

Factor, SMG7) and post-translational protein modification (E2 ubiquitin-conjugating enzyme, 

UBEL2L3)70, 71, 72. Current efforts in SLE genetics have provided new insights into the 

mechanisms of SLE.  
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Table 1.3. Genes associated with SLE identified in GWAS. 

Gene Region SNP P-value 
Cohort 

ethnicity 
Publication(s) 

 

Category I: Clearance of immune complexes and removal of apoptotic cells 

DNA degradation, apoptosis, and clearance of cellular debris 

TREX1 3p21 
Rare 

mutation 
N/A EU 

Lee-Kirsch, M. A., et al.73, 

Namjou, B., et al.74 

ATG5 6p21 rs573775 1.4 × 10−7 EU 
G., et al.75,  

Bentham, J., et al.76 

RAD51B 
14q23-

q24.2 
rs4902562 6.2 × 10−10 EU, LA 

Bentham, J., et al.76, 

Alarcon-Riquelme, M. E., 

et al.77 

DNASE1 16p13.3 
rare 

mutation 
N/A AS Yasutomo, K., et al.78 

Immune complex processing and phagocytosis 

C1Q 1p36 
rare 

mutation 

complete 

deficiency 
EU 

Walport, M. J., et al.79, 

Bowness, P., et al.80 

FCGR2A/B 1q23 rs1801274 6.8 × 10−7 
EU, AS, 

AA 

Salmon, J. E., et al.81, 

Wu, J., et al.82,  

Hatta, Y., et al83,  

Zuniga, R., et al.84 

CR2 1q32.2 haplotype 1.0 × 10−5 EU, AS 
Douglas, K. B., et al.85,  

Wu, H., et al.86 

C1R/C1S 12p13 
rare 

mutation 

complete 

deficiency 
EU Sullivan, K. E.87 

C4A/B 6p21.3 CNV 2.0 × 10−5 EU 
Christiansen, F. T., et al.88, 

Boteva, L., et al.89 

 

Category II: Innate immune activation 

TLR and type I IFN signalling 

IFIH1 2q24 rs1990760 1.6 × 10−8 
EU, AS, 

AA 

Bentham, J., et al.76, 

 Molineros, J. E., et al.90, 

Cunninghame Graham,  

D. S., et al91 

miR146a 5q34 rs2431697 8.0 × 10−28 EU, AS 
Bentham, J., et al.76,  

Ciccacci, C., et al.92 

IRF5/TNPO3 7q32 rs12537284 1.7 × 10−14 
EU, AS, 

HS, LA 

G., et al.75,  

Hom, G., et al.93, 

Alarcon-Riquelme,  

M. E., et al.77,  

Han, J. W., et al.94 

IRF7/PHRF1 11p15.5 rs4963128 3.0 × 10−10 
EU, AA, 

AS 

G., et al.75,  

Bentham, J., et al.76 

IRF8 16q24.1 rs11644034 2.7 × 10−9 EU 

Lessard, C. J., et al.95,  

Cunninghame Graham, D. 

S., et al91 

TYK2 19p13.2 rs280519 3.9 × 10−8 EU 
Mahmoudi, M., et al.96,  

Namjou, B., et al.97 

TLR7 Xp22.3 rs3853839 2.0 × 10−9 
AS, EU, 

HS 

Deng, Y., et al.98,  

Shen, N., et al.99 
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Gene Region SNP P-value 
Cohort 

ethnicity 
Publication(s) 

Neutrophil and monocyte function and signalling 

ITGAM 16p11.2 rs9888739 1.9 × 10−18 

EU, AA, 

HS, LA, 

AS 

G., et al.75,  

Hom, G., et al.93,  

Nath, S. K., et al.100,  

Alarcon-Riquelme, M. E., 

et al.77, Yang, W., et al.101, 

Sanchez, E., et al.102 

ICAMs 19p13.2 rs1143679 3.3 × 10−46 
EU, AA, 

HS, AS 
Kim, K., et al.103 

NFkB signalling 

TNIP1 5q33.1 rs7708392 3.8 × 10−13 
AS, EU, 

LA 

Alarcon-Riquelme, M. E., 

et al.77, Han, J. W., et al.94,  

Adrianto, I., et al.104,  

Gateva, V., et al.105 

TNFAIP3 6q23 rs5029937 5.3 × 10−13 EU, AS 
Bentham, J., et al.76,  

Zhou, X. J., et al.106 

SLC15A4 12q24.32 rs10847697 3.5 × 10−11 AS, EU 
Bentham, J., et al.76,  

Zuo, X. B., et al.107 

PRKCB 16p11.2 rs16972959 1.3 × 10−9 AS, EU 
Sheng, Y. J., et al108,  

Demirci, F. Y., et al.109 

UBE2L3 22q11.21 rs5754217 7.5 × 10−8 
EU, AS, 

AA, HS 

G., et al.75,  

Han, J. W., et al.94,  

Zuo, X. B., et al.107,  

Lewis, M. J., et al.71 

IRAK1/MECP2 Xq28 rs17435 1.8 × 10−15 
EU, AS, 

AA 

Bentham, J., et al.76,  

Sawalha, A. H., et al.70,  

Kaufman, K. M., et al.110 

 

Category III: B and T cell function and signalling 

STAT4 2q32 rs7574865 2.8 × 10−9 

EU, AS, 

AA, HS, 

LA 

Remmers, E. F., et al.111,  

Hom, G., et al93, 

Alarcon-Riquelme, M. E., 

et al.77, 

Han, J. W., et al.94 

IKZF2 2q34 rs3768792 1.2 × 10−13 EU Bentham, J., et al.76 

AFF1 4q21 rs340630 8.3 × 10−9 AS, EU 
Okada, Y., et al.112,  

Demirci, F. Y., et al.109 

IKZF1 7p12.2 rs4917014 2.7 × 10−23 AS, EU 

Han, J. W., et al.94,  

Lessard, C. J., et al.113,  

Cunninghame Graham, D. 

S., et al91 

CSK 15q24.1 rs34933034 1.0 × 10−9 EU 

Bentham, J., et al.76 

 Manjarrez-Orduno, N., et 

al.114 

IKZF3 17q21 rs9913957 3.0 × 10−8 EU, AA Lessard, C. J., et al.95 

T cell function and signalling 

PTPN22 1p13.2 rs2476601 3.4 × 10−12 EU, HS 
Begovich, A. B., et al.115,  

Namjou, B., et al.116 
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Gene Region SNP P-value 
Cohort 

ethnicity 
Publication(s) 

TNFSF4 1q25 rs2205960 6.3 × 10−9 
EU, AS, 

AA, HS 

Alarcon-Riquelme, M. E., 

et al.77,  

Manku, H., et al.117,  

Chang, Y. K., et al.118, 

 Delgado-Vega, A. M., et 

al119 

CD80 
3q13.3-

q21 
rs6804441 2.5 × 10−16 AS Yang, W., et al.120 

IL12A 3q25.33 rs564799 1.5 × 10−9 EU Bentham, J., et al.76 

TCF7 5q31.1 rs7726414 4.4 × 10−16 EU Shen, N., et al.121 

PPP2CA 5q31.1 rs7704116 3.8 × 10−7 
EU, HS, 

AS, AA 
Tan, W., et al.122 

PDHX/CD44 11p13 rs2732552 2.4 × 10−13 

EU, AS, 

AA, HS, 

LA 

Lessard, C. J., et al123 

B cell function and signalling 

NCF2 1q25 rs10911363 9.5 × 10−8 EU, LA 

Alarcon-Riquelme, M. E., 

et al.77, Cunninghame 

Graham, D. S., et al91,  

Jacob, C. O., et al.124 

IL10 
1q31-

q32 
rs3024505 4.0 × 10−8 EU Gateva, V., et al.105 

RASGRP3 
2p25.1-

p24.1 
rs13385731 1.2 × 10−15 

AS, LA, 

EU 

Han, J. W., et al.94, 

Wang, C., et al.125 

BANK1 4q24 rs10516487 3.7 × 10−10 
EU, AS, 

AA 

Kozyrev, S. V., et al.126, 

 Bentham, J., et al.76,  

Sanchez, E., et al.102,  

Chang, Y. K., et al.118 

MSH5 6p21.3 rs409558 1.9 × 10−5 EU 
G., et al.75,  

Zhang, D., et al.127 

PRDM1 6q21 rs6568431 7.1 × 10−10 EU Gateva, V., et al.105 

BLK 
8p23-

p22 
rs2248932 7.0 × 10−10 

EU, AS, 

AA 

Hom, G., et al.93,  

Han, J. W., et al.94,  

Sanchez, E., et al.102,  

Gateva, V., et al105 

LYN 8q12 rs7829816 5.4 × 10−09 EU 
G., et al.75,   

Lu, R., et al128 

ETS1 11q23.3 rs6590330 1.8 × 10−25 AS, EU 
Han, J. W., et al.94, 

Lessard, C. J., et al.113 

ELF1 13q13 rs7329174 1.5 × 10−8 AS 
Demirci, F. Y., et al.109, 

 Yang, J., et al.129 

CIITA/SOCS1 16p13.13 rs9652601 7.4 × 10−17 EU 
Bentham, J., et al.76 

 

 

Other genes 

SMG7 1q25 rs2702178 2.4 × 10−8 EU Deng, Y., et al.72 

PXK/ABHD6 3p14.3 rs6445975 7.1 × 10−9 
EU, AS, 

AA 

G., et al75,  

Sanchez, E., et al.102,  

Vaughn, S. E., et al130,  
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Gene Region SNP P-value 
Cohort 

ethnicity 
Publication(s) 

Oparina, N. Y., et al131 

NMNAT2 1q25.3 rs2022013 1.1 × 10−7 EU, LA 

G., et al.75,  

Han, J. W., et al.94, 

 Deng, Y., et al.72 

UHRF1BP1 6p21 rs11755393 2.2 × 10−8 EU, AS Gateva, V., et al.105 

JAZF1 7p15 rs849142 1.5 × 10−9 EU, LA 
Alarcon-Riquelme, M. E., 

et al.77, Gateva, V., et al.105 

XKR6 8p23.1 rs6985109 2.5 × 10−11 EU G., et al.75 

WDFY4 10q11.22 rs1913517 7.2 × 10−12 
EU, AS, 

LA 

Bentham, J., et al.76,  

Alarcon-Riquelme, M. E., 

et al.77, Lessard, C. J., et 

al.113 

ARID5B 10q21 rs4948496 5.1 × 10−11 AS, EU 

Bentham, J., et al.76,  

Yang, W., et al.120,  

Demirci, F. Y., et al.109 

DHCR7/NADSYN1 11q13.4 rs3794060 1.3 × 10−20 EU Bentham, J., et al.76 

SH2B3 12q24 rs10774625 4.1 × 10−9 EU Bentham, J., et al.76 

ATG16L2/FCHSD2/P2RY2 11q13.4 rs11235667 
6.7 × 

10−1251 
AS Lessard, C. J., et al.113 

PLD2 17p13.1 rs2286672 2.9 × 10−9 EU Bentham, J., et al.76 

TET3 2p13 rs6705628 6.9 × 10−17 AS, EU 
Yang, W., et al.120,  

Demirci, F. Y., et al.109 

GPR19 12p13 rs10845606 3.8 × 10−17 AS Yang, W., et al.120  

DRAM1 12q23 rs4622329 9.4 × 10−12 AS 
Bentham, J., et al.76, 

 Yang, W., et al.120 

CXorf21 Xp21.2 rs887369 5.3 × 10-10 EU Namjou, B., et al.74 

PRPS2 Xp22.3 rs7062536 1.0 × 10−8 AS, LA 

Zhang, Y., et al.132,  

Alarcon-Riquelme, M. E., 

et al.77 

 

EU, European ancestry; AS, Eastern Asian ancestry; AA, African American; HS, Hispanic 

(Latin American in the USA); LA, Latin American ancestry. Table adapted from Teruel, M. et. 

al.25 

 

 

  



27 

 

1.1.2.2 Environmental factors  

Lupus onset and flares in genetically susceptible individuals are triggered by various 

environmental factors. These environmental factors include ultraviolet light, viruses, 

hormones, drugs, chemical toxins such as smoke, and diet13. These factors can promote the 

development of lupus through the induction of cellular death, DNA damage, molecular 

mimicry, lymphocyte activation and cytokine secretion. For example, antibodies generated 

against Epstein-Barr virus (EBV) cross react with auto-antigens such as Ro and Sm, indicating 

a role for molecular mimicry triggering lupus133. Studies have also revealed an increased risk 

for SLE among cigarette smokers compared with non-smokers134. 

 

1.1.3. Lupus pathogenesis  

SLE occurs as a result of a perturbation in the homeostatic maintenance of immune tolerance. 

A schematic illustration of lupus pathogenesis is shown in Figure 1.1. ANAs against 

nucleosome components such as DNA, chromatin, histones, and small nuclear RNPs are the 

serological hallmark of SLE. Apoptotic cells are a potential source of these auto-antigens and 

abnormalities in their processing and disposal is thought to be one of the initiating steps in the 

breach of immune tolerance to nuclear antigen. Efferocytosis is an anti-inflammatory process 

by which apoptotic cells are removed by phagocytes before the membrane integrity of apoptotic 

cells is breached135. Early apoptotic cells present multiple cell surface markers to regulate 

chemotaxis and phagocytosis; the signals include ‘find-me’ (such as ATP, UTP) and ‘eat-me’ 

signals (such as phosphatidyl serine, PS)136. Phagocytes such as macrophages express CD36, 

scavenger receptor A, and PS receptor, that can bind directly to ‘eat-me’ molecules and initiate 

phagocytosis, causing release of anti-inflammatory cytokines such as IL-10 and TGF-β.  

Failure to rapidly remove dying cells may increase the exposure of the immune system to 

accumulated danger signals and nuclear components136. In patients with SLE there is evidence 
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of apoptotic cells within blood, skin, and lymph nodes137, 138. Macrophages from lupus patients 

have been reported to have impaired ability to phagocytise apoptotic cells139, 140. A 

polymorphism in the integrin-alpha(M) (ITGAM/CD11b), a component of complement 

receptor 3, identified by GWAS, has been shown to cause impaired uptake of iC3b opsonized 

particles by phagocytes141. Mice deficient of T-cell immunoglobulin mucin 4 (Tim-4), a key 

receptor of PS on the surface of apoptotic cells, have defects in apoptotic cell clearance and 

develop auto-antibodies against dsDNA142. Additionally, gene deletions of DNAseI or serum 

amyloid P component (SAP), which normally play a role in removal of DNA or solubilisation 

of chromatin released by apoptotic cells, promote lupus143, 144. 

Some auto-antibodies in lupus can be pathogenic145. For example, anti-dsDNA 

antibodies can form IC with antigens in the glomerular basement membrane (GBM) of the 

kidney, where initiation of inflammation and complement activation causes 

glomerulonephritis146. RNP-IgG IC can drive inflammation in SLE by triggering neutrophils 

to undergo NETosis, a specific form of caspase-independent, reactive oxygen species (ROS)-

dependent cell death147. NETotic neutrophils extrude DNA and de-condensed chromatin mixed 

together with granular protein to form large web-like structures called neutrophils extracellular 

traps (NETs). NETs can form ICs with anti-dsDNA antibodies and deposited in the kidney, 

supporting inflammation and tissue destruction through the recruitment of more inflammatory 

cells148. Multiple innate (e.g. neutrophils, macrophages) and adaptive immune cells (e.g. 

plasmacytoid DCs, T and B cells) are crucial players in the development of SLE. In the next 

sessions, I will brief summarise some key observations and focus on CD4+ and CD8+ T cells 

that were at the core of my study.   
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Figure 1.1 Factors involved in lupus development. Genetic predisposition is a requisite for 

aberrant immune system activation in lupus. Environmental and stochastic events lead to 

accumulation of DNA damage triggering activation of the immune system towards self-

antigens. Antigen-presenting dendritic cells are necessary for adaptive immune cell activation 

and contribute to inflammatory cytokine production. Activation of autoreactive B and CD4+ T 

cells leads to production of pathogenic auto-antibodies that, along with inflammatory 

cytokines, promote tissue injury in lupus. Figure is taken from Crampton, S. P., et al.149  
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1.1.3.1 Neutrophils and macrophages 

Increased activation of neutrophils has been found in lupus patients, and is associated with 

development of vascular disease150, 151. Activated neutrophils may die by NETosis and the 

formation of NETs has been reported to: i) facilitate the trafficking of DNA-containing ICs to 

TLRs intracellular pathway; ii) induce the production of type I IFNs by plasmacytoid DCs; iii) 

serve as a source of relevant self-antigens for presentation to T lymphocytes; iv) mediate 

vascular damage and thrombosis in SLE151, 152. Microarray analyses of lupus patients PBMCs 

showed an IFN gene signatures associated with the genes that are typically expressed in 

granulocytes and NETs, suggesting that while pDCs are the main source of type I IFN, 

neutrophils may be involved in amplifying IFN signalling153. Overall, the reports in the 

literature highlight the role of neutrophils in mediating local and systemic inflammation in 

lupus, through formation of NETs and activation of pDCs.  

Nephritis is one of the predominant manifestations in lupus. Tissue-infiltrating 

monocytes are known to promote inflammation causing tissue damage154, 155. Adoptive transfer 

of macrophages can induce glomerular cell proliferation and worsen proteinuria in 

experimental glomerulonephritis156. Moreover, elimination of mononuclear cells with 

macrophage-specific antibodies or by irradiation reduces mononuclear cell infiltrate and 

proteinuria157, 158. Together these studies postulate that activation and infiltration of circulating 

FcR-bearing myeloid cells, including monocytes and macrophages, is sufficient to initiate 

inflammatory responses and worsen tissue damages in lupus. 

 

1.1.3.2 Plasmacytoid DCs (pDCs) 

Dendritic cell populations are comprised of classical DC (cDCs) and pDCs. Mature cDCs are 

professional antigen presenting cells, as they have a superior ability to present antigen to prime 

CD4+ T cells159. Conversely, activated pDCs are professional type I IFN secreting cells, but 
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have a limited ability to prime CD4+ T cells160. pDCs are a small population (less than 1% of 

peripheral blood mononuclear cells) of lineage-negative, bone-marrow derived circulatory 

cells in innate immune system161.  

Activation of TLRs signalling in pDCs induces IRF-7 mediated transcription of type I 

IFN and NFkB-mediated secretion of pro-inflammatory cytokines such as TNFα and IL-6. 

Nucleic acid-containing ICs are potential stimuli of nucleic acid-responsive endosomal TLRs 

leading to type I IFN production and immune dysfunction in SLE162, 163. Auto-antibodies with 

specificity for RNA-binding proteins (such as Ro, La, Sm, and RNP) are significantly 

associated with expression levels of IFN-inducible genes in peripheral blood cells of patients 

with SLE164. Activation of TLR7 in particular, is associated with the production of anti-Sm 

antibodies165. Injection of a TLR7 ligand, Imiquimod, can aggravate the lupus nephritis in 

MRL/lpr mice and long-term topical application of Imiquimod (or R848) has been reported to 

elicit a lupus like disease in wild-type animals166,167. These observations collectively point to 

an important role of pDCs in SLE development through endocytosis of nucleic acid containing 

ICs and endosomal TLRs activation. However, recent data also suggest that a TLR-independent 

activation of cytoplasmic nucleic acids sensors, such as retinoic acid-inducible gene (RIG-

I/DDX58), melanoma differentiation-associated protein (MDA5/IFIH1), and cyclic GMP-

AMP synthase (cGAS), is also associated with SLE168, 169.     

 

1.1.3.3 B cells 

B cell regulation is impaired in SLE, contributing to the production of auto-antibodies, 

cytokines, and presentation of antigens to T cells. B cell tolerance can be breached by multiple 

ways namely: i) intrinsic abnormalities in B cells lowering the activation threshold; ii) defects 

in FcγR and TLR signalling; iii) enhanced level of B cell survival/proliferation factors; iv) 

increased availability of T cell help170, 171. Genetic modifications of B cell signalling molecules 
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leading to decreased threshold of B cell activation are known to promote lupus pathogenesis. 

Deficiency of CD22, a B cell specific inhibitory receptor, led to a breach of B cell tolerance to 

dsDNA, but was not sufficient by itself to cause renal damage172. Mutation of SHP-1, another 

B cell inhibitory receptor, and targeted SHP-1 deletion resulted in altered B cell development 

and disturbed B cell tolerance mechanism, leading to a more severe lupus-like autoimmune 

disease173, 174. Deletion of Lyn, a src-tyosine kinase involved in B cell activation, produced a 

similar autoimmune phenotype175. Transgenic mice overexpressing CD19, a B-cell receptor 

(BCR) co-receptor, developed a lupus-like phenotype and increased expression of a B cell 

scaffolding gene, Bank1, enhanced B cell activation and led to autoimmunity176,177, 178. For both 

Bank1 and Lyn, additional deletion of TLR7/MyD88 in B cells, reversed the autoimmune 

phenotype, implicating a role for TLR signalling in the breach of B cell tolerance in lupus 

development175, 179.      

 The FcγR family comprises of IgG antibody receptors expressed mainly on innate 

immune effector cells. In humans three subclasses of FcγR have been described: FcγRI (CD64), 

FcγRII (CD32), and FcγRIII (CD16), each having different IgG subclass ligand affinity, cell 

expression and function. These receptors provide one of the main mechanisms for the clearance 

of ICs, but they are also crucial in setting the activation threshold of B cells. B cells only express 

the low-affinity FcR for IgG (FCγRIIb), which negatively regulates BCR-mediated B cell 

activation. Notably, FCγRIIb-deficient mice developed enhanced autoimmunity when crossed 

to the Yaa mice180.  

Increased survival of activated B cells is also associated with the development of a 

lupus-like disease. Mutations in the pro-apoptotic death receptor Fas (lpr mutation) or its ligand 

FasL (gld mutation) resulted in lupus181. Bim, Bak, and Bax are genes involved in the initiation 

of B cell apoptosis and mice lacking Bim, Bak or Bax demonstrated breach of B cell 

tolerance182, 183. Overexpression of the anti-apoptotic protein BCL2 and BAFF have also 
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resulted in enhanced survival of B cells, leading to autoimmunity184, 185. In addition to antibody 

production, B cells can also act as antigen presenting cells to T cells. Ablation of B cells in the 

MRL-lpr lupus-prone mice resulted in decreased T cell activation186. When mice were 

reconstituted with B cells that could not produce antibodies, they still developed lupus-like 

disease and excessive T cells activation, suggesting a role for B cells in T cell priming.  

Taken together, a plethora of studies have supported the capacity of B cell survival 

factors, FcγR/TLRs signalling and intrinsic abnormalities in BCR signalling to elicit antibody 

production by B cells in lupus. B cells can also act as professional APCs. However, CD4+ T 

cells are still recognized as the most efficient drivers of B cell differentiation to antibody-

producing cells and this will be discussed in more detail in the next sessions.  

 

1.1.3.4 CD4+ T cells 

The auto-antibody response in SLE is antigen-driven and T cell dependent187. In humans 

several genes affecting T cell signalling, production of cytokines, proliferation and regulatory 

functions have been reported3. The T follicular helper cell population, which promote 

differentiation of antibody-producing B cells, is expanded in SLE188. CD40 and CD40 ligand 

(CD40L) are expressed on B and T cells respectively; the interaction between these molecules 

provides costimulatory signals needed for B cell activation. CD4+ T cells from SLE patients 

have enhanced expression of CD40 ligand189. Overexpression of CD40L may augment 

activation of B cells and enhance auto-antibody production, as demonstrated by in-vitro 

experiments showing elevated CD80 expression on B cells co-cultured with T cells from lupus 

patients189, 190.  SLE patients have also more CD3+CD4-CD8- T (double negative) and Th17 

cells, both cell types contribute to the pro-inflammatory environment by producing IL-17191, 

192. A mutation in PTPN22, a T cell negative regulator, causes loss of function resulting in 

hyper-responsivity and increased apoptosis of T cells193.  
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 Similar aberrations in the T cell compartment have been detected in lupus models. CD4+ 

T cells from lupus-prone mice are hyperproliferative and have increased activation and 

secretion of IL-2 upon stimulation with low affinity antigen194. Conversely, depletion of CD4+ 

T cells retarded the autoimmune response, improved the renal function and prolonged life195, 

196, 197. One of the lupus genetic variants associated with a decreased T cell activation threshold 

and enhanced differentiation of Th1 cells is Ly108 (CD352/SLAMF2)198. A variety of lupus-

prone strains share the same susceptibility allele that has been shown to trigger enhanced TCR-

mediated responses194, 199. CD4+ T cell infiltration may also contribute to tissue damage and 

blockade of CTLA4, a co-stimulatory molecule for T cell activation, can inhibit nephritis 

progression200.201.  

 Multiple abnormalities in regulatory T cell (Tregs) have also been described in SLE. 

CD4+CD25+ Tregs suppress T effector cells via cell contact and/or via secretion of cytokines, 

including TGF-β and IL-10. In general, studies have reported decreased number of 

CD4+Foxp3+ Treg in SLE patients202, 203. The suppressive capacity of these cells is associated 

with the expression of transcription factor Foxp3, which can be up-regulated by TGFβ and IL-

2204. TGF-β and IL-2 are needed for the generation of CD4+ Tregs and the production of these 

cytokines is decreased in SLE patients205.  

 More recent studies have demonstrated other factors contributing to T cell irregularity in 

lupus patients, such as epigenetic modifications and metabolic abnormalities. T cells derived 

from SLE patients show hypomethylation of CG-rich DNA sequences and of IFN-regulated 

gene promoters206. Furthermore, lupus CD4+ T cells have a hypermetabolic state characterized 

by increased glucose flux and oxidation207, 208. In summary, alterations in T cell signalling, 

production of cytokines, proliferation and regulatory functions are all contributing to the 

breaching of immune tolerance in SLE.  
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1.1.3.3 CD8+ T cells 

Although there is an extensive literature on CD4+ effector and regulatory T cells in SLE, the 

role of CD8+ T cells is poorly understood and the findings are contradictory. SLE patients have 

been reported to have increased number of activated CD8+ T cells expressing perforin and/or 

granzyme B and this correlated with disease severity209. Activated CD8+ with cytotoxic 

capability could propagate autoimmunity by increasing auto-antigens load210. CD8+ T cells 

from active lupus patients can generate granzyme B-specific auto-antigen that could be 

recognized by lupus auto-antibodies209. Moreover, increased type I IFN level in SLE could act 

as ‘third signal’ to CD8+ T cells and stimulate survival, development of cytotoxic function and 

production of IFNγ211. In addition, infiltration of CD8+ T cells into the tissue may contribute 

to amplify tissue injury. Urinary CD8+ T cell counts are increased during flare in lupus nephritis 

patients212, and periglomerular CD8+ T cell infiltration is associated with poor prognosis in 

patients with SLE213. However, defects in cytotoxic T cell capability have also been described 

in SLE patients. Multiple studies have showed that SLE patients are more prone to develop 

infections and in-vitro activation of CD8+ T cells from lupus patients shows less degranulation 

and reduced production of perforin and granzyme B214, 215, 216, 217.  

In mice, it has been reported that (NZB/W)F1 mice develop abnormalities in their CD8+ 

T cell compartment, including reduced number in circulation and increased apoptosis in 

responses to TCR signalling compared to healthy mice218. Mice lacking MHC class I molecule, 

therefore devoid of CD8+, are resistant to experimental SLE219. In contrast, ablation of MHC 

class I dependent CD8+ T cells and natural killer cells in lupus-prone BXSB.yaa mice lead to 

an accelerated disease, suggesting protective effect220. In addition, the increased number of 

pro-inflammatory double negative (CD3+CD4-CD8-) T cells in humans and mice is thought to 

be derived from activated CD8+ T cells221, 222. 
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Recently a study in SLE patients has shown that a specific gene expression profile of 

CD8+ T cells can be used as biomarker to predict long-term prognosis223. The expression profile 

defining the poor prognostic group was enriched in genes involved in the regulation of T cell 

receptor (TCR) and Interleukin-7 receptor (IL-7R) signalling pathways, as well in the 

expansion of CD8+ memory T cells223. Interestingly, genes involved in exhaustion were 

associated with good prognosis and were thought to be protective224. These studies postulate 

that while CD8+ exhaustion could be detrimental in chronic infections, poorly functional CD8+ 

T cells may be beneficial in lupus, connecting infections and lupus. Both lupus and chronic 

virus infected patients have sustained expression of type I IFNs162; increased and sustained 

production of pro-inflammatory mediators, such as IL-6 and TNFα; altered expression of some 

cell surface receptors, including programmed death ligand 1 (PDL1) and TNF-related 

apoptosis-inducing ligand (TRAIL; also known as TNFSF10); and a shift in T cell 

differentiation towards a T follicular helper cell phenotype225. In summary, it remains unclear 

whether the expansion of activated CD8+ T cells has protective or deleterious roles and more 

studies will be required to address this issue.  
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Figure 1.2 T cells are key players in the development of SLE. The distribution of different T 

cell subpopulations is abnormal in SLE, with increase in the proinflammatory Th17 cells 

population, and decrease in the anti-inflammatory T regulatory cell population. Tfh cells, a CD4+ 

subset specialized in providing help to B cells are also augmented in SLE. The generation of 

proinflammatory DN (CD3+CD4−CD8−) T cells from CD8+ T cell precursors is also increased. 

Abbreviations: APC, antigen-presenting cell; CD40L, CD40 ligand; DN, double negative; IL, 

interleukin; TFH cell, follicular helper T cell; TH17 cell, type 17 helper T cell; Treg cell, 

regulatory T cell. Figure is taken from Crispin, J. C., et al.3 
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1.2 Lupus models  

Mouse models of SLE are undoubtedly valuable tools in investigating genetics, pathogenesis 

and therapeutic options in lupus. They can be grouped in three categories: genetically 

engineered mice, induced and spontaneous models226. 

 

1.2.1 Genetically engineered models of SLE 

Important lessons have been learnt from genetically modified mice. One can study the effects 

of a gene of interest by silencing or increasing its expression in a certain cell populations or 

transferring it from one species (e.g. human) to another (e.g. mice). Based on the current 

knowledge on lupus pathogenesis, many genes have been explored in mice. Most of these mice 

have been generated in the C57BL/6 (B6) strain, which does not develop spontaneous lupus, 

but is permissive226. In general, knockout mice with deletion of genes required for clearance of 

apoptotic debris such as C1qa, DNAseI, SAP, and c-mer are prone to develop a lupus-like 

disease143, 144, 227, 228. Deficiencies of genes involved in preventing excessive B and T cell 

activation or proliferation (e.g. CD22, Lyn, FcγRIIb, Fyn, PD-1, CD45 E613R and CTLA-4) 

also trigger autoimmunity229, 230, 231, 232, 233, 234, 235. Similarly, overexpression of genes 

responsible for increased activation, proliferation, or survival of immune cells (e.g. Bcl-2, 

BAFF, TLR7 and PTEN) causes breach of immune tolerance184, 236, 237, 238. In addition, 

disruption of molecules involved in cell-cycle check-points, such as p21 and Gadd45, also 

results in accumulation of activated T and B cells leading to the development of lupus-like 

disease239, 240. The list of knockout mice associated with lupus has been recently reviewed by 

Guo Y et al241. Taken together, genetically modified mice are powerful tools to study the role(s) 

of an individual gene in the development of SLE.  
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1.2.2 Induced models 

A lupus-like disease can be induced in normal mice by exposing the animals to a wide variety 

of agents such chemical components (e.g. squalene, pristane, imiquimod), drugs 

(procainamide) and biologics (e.g. lymphocytes from semi-allogenic mice)242, 243. The two 

most widely used models are the pristane-induced model and the chronic graft-versus-host 

disease (cGVHD) model.   

Pristane (2,6,10,14-tetramethylpentadecane) is an isoprenoid alkane found in plants, 

shark liver and mineral oil. Intraperitoneal injection of pristane in non-autoimmune prone mice, 

such as BALB/c mice, causes a lupus-like syndrome with high levels of IgG anti-dsDNA, anti-

Sm/RNP, and IC deposition in the kidney leading to proteinuria and nephritis244. Pristane 

induces type I IFN production through the TLR7/MyD88 pathway as TLR7 deficiency 

abolishes pristane-induced type I IFN production and eliminates auto-antibody production and 

renal disease245,246. However, FcγR-deficient mice injected with pristane still developed lupus-

like disease, indicating that the modulation of TLR7 by pristane does not rely on IC uptake by 

pDCs245. The exact mechanism(s) of pristane-mediated TLR7 activation remains to be 

identified. 

More recently, it has been reported that long-term topical application of a TLR7 agonist, 

Imiquimod (or R848), elicits a lupus-like disease in wild-type animals167. Following 4 weeks 

of treatment, mice developed auto-antibodies, glomerulonephritis, splenomegaly, and 

expansion of activated myeloid cells, B and T cells. Mice depleted of pDCs, TLR7-deficient, 

or IFNAR-deficient animals were protected from the disease, demonstrating the contribution 

of type I IFN in the disease development167. In addition, as TLR-7 activation is elicited by 

epicutaneous treatment with Imiquimod, this model highlights the role of skin in the induction 

of systemic autoimmunity. This is relevant as sensitivity to UV radiation is a common feature 

of SLE patients. Although long-term topical application of Imiquimod is needed for non-lupus 
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prone mice to develop autoimmunity, a single intraperitoneal injection of Imiquimod is enough 

to aggravate lupus nephritis in lupus prone MRL/lpr mice166.  

The cGvHD model is induced by the injection of splenocytes from non-autoimmune 

B6.C-H2bm12/KhEg (bm12) mice, which carry a mutant H2Ab differing by 3 amino-acids from 

the H2Ab chain of B6 mice, into co-isogenic B6 recipients. The initial polyclonal expansion of 

recipient autoreactive B cells is triggered by the direct interaction with donor allo-specific 

CD4+ T cells. The initial phase is followed by an antigen-driven phase that involves recipient 

CD4+ and CD8+ T cells247. ANA, anti-dsDNA, anti-chromatin, and anti-SM auto-antibodies 

are detected as early as 10-14 days after induction, followed by development of GN248.  

Taken together, the cGvHD, pristane, and Imiquimod-induced lupus models have 

provided meaningful insights for the study of the mechanisms involved at the onset of the 

disease such as TLR7 signalling activation and MHCII contribution to disease development.  

   

1.2.3 Spontaneous models 

Spontaneous murine models of SLE have been used in a plethora of studies to map lupus 

susceptibility genes. The NZB, (NZBxNZW)F1 hybrid, and their recombinant inbred derived 

lines, NZM2410 and NZM2328, are thought to more closely resemble human SLE249. The 

BXSB-yaa strain, carrying the Y-linked autoimmune accelerator (yaa) gene on the BXSB 

background, and the MRL-lpr strain, carrying the lpr mutation of FAS on the lupus prone MRL 

background, are also well-known250, 251. All these mice have abnormal immune cells activation 

leading to breach in B cell tolerance, resulting in auto-antibody production, deposition of IC 

and complement in the kidney, as summarized in (Table 1.4). Analysis of these models has 

provided key insights into the different pathways leading to the development of lupus with 

important implications for the disease in humans.  
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1.2.3.1 NZB mice and their crosses 

The New Zealand Black (NZB) mice spontaneously develop high titre antibodies against 

ssDNA, have activated lymphocytes and mild GN252. The F1 cross between NZB and New 

Zealand White (NZW) mice results in more severe kidney disease. These mice develop 

proteinuria at 6 months of age and have 50% mortality by 8 months253. Similar to human lupus, 

NZB and (NZB x NZW)F1 models have a female predominance254. To search for causal lupus 

loci, investigators have backcrossed (NZBxNZW)F1 mice to NZW and used sibling matings 

to generate 27 substrains, termed New Zealand Mix (NZM) mice255.  

 The two most studied mice strains among the NZM mice are NZM2410 and NZM2328. 

Although NZB2328 mice also develop GN, the disease in these mice appears to occur 

independently of anti-dsDNA antibody production and two susceptibility loci, in chromosome 

1 and 4, were identified256. The NZM2410 mice display splenomegaly, expansion of activated 

CD4+ T and B cells, high titer of ANA and early onset of GN257. Linkage analysis of NZM2410 

mice has identified four susceptibility loci named Sle1, Sle2, Sle3 and Sle4, located on 

chromosome 1, 4, 7 and 17, respectively258. These loci were introgressed into the B6 

background and the corresponding congenic strains were generated259. B6.Sle1 mice exhibit 

loss of tolerance to chromatin components and will be described in more detail in subsection 

1.2.3.5. B6.Sle2 congenic mice have a lowered B cell activation threshold with increased 

polyclonal IgM levels, but no evidence of organ damage260. B6.Sle3 mice have an expansion 

of activated CD4+ T cells that are resistant to apoptosis after anti-CD3 stimulation, while 

splenic B cells show increased activation only in aged mice199. Although B6.Sle3 mice have 

low levels of ANA, approximately 20% of mice still develop severe GN, indicating 

contribution of T cells to the end organ damage. Sle4 locus covers the MHC region in 

chromosome 17. B6.Sle4 mice have increased anti-chromatin, but not anti-dsDNA 

antibodies258. Epistatic interactions between these susceptibility loci have also been described. 
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For example, while B6 mice carrying Sle1 locus only develop mild GN, bicongenic mice 

having Sle1 locus and other susceptibility loci, in particular the Sle3 locus, have severe GN and 

enhanced mortality261.  

 Generation of bicongenic mice has also led to the discovery of modifying loci capable of 

suppressing the autoimmunity driven by these susceptibility loci261. Some of the known 

suppressor loci are Sles1, Sles2, Sles3 and Sles4, which are located on chromosome 17, 4, 3 

and 9, respectively. Of these loci, the Sles1 locus mediates the strongest lupus suppressor 

effect261. Introgression of Sles1 onto the B6.Sle1-yaa mouse inhibited the disease phenotype 

without supressing the TLR7 hyper-responsiveness brought by the yaa locus262.  

 

1.2.3.2 MRL-lpr mice  

MRL genome is derived from at least 4 different inbred strains: AKR/J, B6, C3H/Di and 

LG/J263. During the inbreeding process, a spontaneous genetic mutation happened and some 

offspring developed massive lymphadenopathy early in life. The mutation was then named 

‘lpr’ for lymphoproliferation and subsequently found to be a mutation in the Fas gene. Fas is 

a surface-bound receptor belonging to the tumor necrosis factor receptor (TNF-R) family 

expressed in most immune cells. MRL-lpr mice spontaneously develop IgG antibodies against 

dsDNA and small nuclear ribonucleoprotein, severe GN and 50% mortality by 5 months of 

age251. In addition, MRL-lpr mice have marked lymphadenopathy  attributed to the expansion 

of the CD4-CD8-CD3+B220+ T cells264. Unlike the NZB mouse and its crosses, the disease 

affects both male and female mice. Introduction of the Fas-lpr mutation into another mouse 

strain triggers lymphadenopathy and auto-antibody production, but only strains with a pre-

disposition to lupus susceptibility can develop full-blown autoimmunity265. Interaction of Fas 

with its ligand, FasL, induces apoptosis266. In MRL-lpr mice, the defect in Fas gene leads to 

impaired apoptosis in B and T cells267. Despite the development of a strong autoimmune 
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phenotype in MRL-lpr mice, mutations in the Fas and FasL genes in lupus patients are very 

rare, with only a few cases reported to date268, 269.   

 

1.2.3.3 BXSB mice 

BXSB mice are derived from (B6 x SB/Le)F1 backcrossed to SB/Le. BXSB mice display 

secondary lymphoid tissue hyperplasia, hypergammaglobulinemia, high titers of IgG, ANAs 

and IC-mediated glomerulonephritis270. In contrast to the NZB and MRL-lpr models, male 

mice are more severely affected in the BXSB mouse strain, with higher incidence, earlier onset 

and higher mortality than the females270, 271. This is mainly due to the Y-linked autoimmune 

accelerator (yaa) locus, that is a translocation of the telomeric end of the X chromosome to the 

Y chromosome, leading to duplication of at least 16 genes including TLR7262. TLR7, which 

recognizes ssRNA, is expressed in the endosomal compartment of antigen-presenting cells. 

Overexpression of TLR7 has been shown to increase antibody production by B cells, to 

enhance monocyte and pDC activation, and to promote autoimmunity. TLR7 deletion 

abrogates the Yaa-induced lupus phenotype272. Disease acceleration by Yaa is genetically 

transferable. NZW, MRL, and B6.Sle1-3 lupus-susceptible strains all demonstrate exacerbated 

disease when introgressed with the BXSB Y chromosome273, 274, 275. However, B6 mice 

carrying the Yaa locus manifest only mild autoimmunity. Thus, the Yaa locus is called 

accelerator as it does not initiate disease by itself but augments the disease severity in lupus-

prone mice276. 
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1.2.3.4 B6.129-Sle16 congenic strain 

B6x129 hybrid strains are usually generated as part of the gene targeting process. Previous 

studies in the laboratory of my supervisors showed that the B6x129 hybrid strain spontaneously 

develops autoimmunity with mild GN277,278. Subsequent genome wide linkage analysis 

revealed the presence of a 129-derived lupus susceptibility locus on chromosome 1 (169-

176Mbp), called Sle16, which is strongly associated with auto-antibody production. To identify 

the susceptibility genes located within the Sle16 locus, the B6x129 hybrid strain was back-

crossed onto the B6 background to generate B6 mice carrying the 129-derived Sle16 locus. 

B6.129-Sle16 mice were shown to have high titres of auto-antibodies, mild GN and a marked 

increase in the percentages of activated T cells and of Tregs271,279. In-vitro assays showed that 

the B6.129-Sle16-derived Tregs were as potent as B6 Tregs in suppressing normal T effector 

cell proliferative, indicating that the expansion of Tregs in B6.129-Sle16 mice may reflects a 

failed attempt of the immune system to control the autoimmune diathesis, rather than intrinsic 

defects in B6.129-Sle16-derived Tregs280. Although perturbations in splenic B cell subsets have 

been described in other lupus-prone mice, they were not observed in young pre-disease B6.129-

Sle16 mice. However, young pre-disease B6.129-Sle16 mice already showed an enlargement 

of the memory and activated T cell compartment, indicating that the B-cell abnormalities may 

be secondary to the autoimmune dysregulation279, 281. The Sle16 locus is on chromosome 1 and 

overlaps with Sle1, which reiterates the importance of this chromosomal region in promoting 

SLE. Therefore, I will briefly describe some of the candidate genes reported in congenic lupus 

strains carrying a chromosome 1 region.  
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Table 1.4. Main mouse models of SLE and their characteristics 

Lupus models Susceptibility loci 
Related human 

genetic associations 
Immunological characteristics 

NZB/W related:  

NZM2410 

NZM2328 

B6.Sle123 

B6.Nba2 

NZM2410 

derived: Sle1–3 

NZM2328 

derived: 

Cgnz1, Agnz1, 

Adnz1 

NZB derived: 

Nba2 

FcgRIIA, FcgRIIIA, 

FcgRIIb, PARP, 

kallikrein genes, 

SLAMF genes,  

PYHIN genes; 

Cr2 gene 

Splenomegaly; GN; 

Moderate ANAs;  

High anti-dsDNA antibodies; 

Persistence of long-lived plasma 

cells; 

Weak IFN signature 

MRL-lpr Fas mutation (lpr) 
Fas/FasL 

polymorphisms 

Lymphoproliferation; 

Splenomegaly; 

Extremely enlarged lymph nodes; 

GN; 

High ANA, anti-dsDNA, 

 anti-snRNP antibodies; 

Expansion of CD4−CD8−CD3+ T 

cells; 

No IFN signature 

BXSB related: 

B6.TLR7.Tg 

B6.Sle1Tg7 

Bxsb1–6 

Yaa - TLR7 

upregulation 

TLR7 copy number 

variations; 

Polymorphisms of 

TLR7 signalling 

pathways (i.e. IRF5) 

Splenomegaly; GN; 

Monocytosis; 

Moderate ANAs and anti-dsDNA 

antibodies; 

Weak IFN signature  

B6.129 related: 

B6.129-Sle16  
Sle16 

Human chromosome 

1q22-1q25, 

SLAMF genes,  

PYHIN genes 

Splenomegaly;  

Mild GN; 

Moderate ANAs and anti-ssDNA 

antibodies 

 

TLR, Toll-like receptor; Cr2, complement receptor 2; FcgR, Fc gamma Receptor; PARP, Poly 

ADP ribose polymerase; SLAMF, Signalling lymphocytic activation molecule (SLAM) 

family; PYHIN/IFI200, Interferon-inducible p200 gene family; IRF, Interferon regulatory 

factor; GN, Glomerulonephritis; ANA, anti-nuclear antibodies; IFN, interferon. 
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1.2.3.5 Congenic mice carrying a chromosome 1 region 

Several susceptibility loci from lupus prone strains NZB, NZM2410, NZM2328, 129, MLR-

lpr and BXSB have been mapped to chromosome 1 and they all overlap.  

 B6.Sle1 congenic mice carry a NZM2410 chromosome interval (153-198Mbp) on B6 

background282,283. Studies of hematopoietic radiation chimeras with a mixture of B6.Sle1 and 

B6 allotype-tagged bone marrow cells have demonstrated intrinsic B and T cell defects in 

B6.Sle1 mice282. Shorter fragments of the Sle1 region, (Sle1a (168-170Mbp), Sle1b (171-

172Mbp), Sle1c (173-186Mbp), Sle1d (188-189Mbp) have been developed to identify 

candidate genes that may contribute to lupus susceptibility284. B6 mice carrying Sle1a locus 

have decreased effector T cell response to Tregs and increased IL-6 production, inhibiting 

Tregs differentiation. A candidate gene for Sle1a locus is Fcγr2b gene. The NZW allele of 

Fcγr2b in B6.Sle1a affects germinal center formation and is associated with increased antibody 

production285. However, polymorphism in Fcγr2b alone was not enough to drive the full 

expression of Sle1a phenotype, indicating that additional genes were required. Other proposed 

candidate genes in the Sle1a locus are pre-B cell leukemia homeobox 1 (Pbx1), a B cell 

leukemia transcription factor, and Sh2d1b, which encodes for Eat-2, a SAP family adaptor of 

the SLAM genes. In-vitro overexpression of Pbx1-d gene induced T cell activation and reduced 

apoptosis, thus might contribute to the T cell phenotype in B6.Sle1a mice286. While Sle1a 

affects mostly T cells, Sle1b affects mainly the B cell compartment with increased expression 

of activation markers such as B7-2 or CD69284. A genomic characterization of the Sle1b locus 

unveiled extensive polymorphisms involving genes of the SLAM/CD2 family. SLAM is a 

cluster of genes encoding for cell surface molecules mediating cell-to-cell interactions between 

many hematopoietic cells. SLAM genes act as co-receptors leading to enhanced activation of 

B cells and regulate proliferation and cytokine production by T cells287, 288. Ly108, belonging 

to the SLAM gene family, is the strongest candidate gene and has been implicated in the 
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regulation of B cell tolerance289. In B cells, signalling through the autoimmune allele of Ly108 

leads to decreased calcium mobilization and subsequently less apoptosis290, whilst in thymus 

it results in alteration in cell-cycle regulation and allows self-reactive thymocytes to escape 

thymic selection291, 292. Analysis of B6.129-Sle1c mice revealed the presence of intrinsic T cell 

defects leading to accumulation of activated T cells and a reduced proportion of regulatory T 

cells293. In the Sle1c interval, a SNP has been identified in the Cr2 gene, a complement receptor 

gene, which was shown to decrease the capacity of CR1/CR2 to bind C3d294. It was proposed 

that CR1/CR2 deficiency could indirectly influence T cell phenotypes through antigen 

presentation. Alternatively, another gene(s) in the Sle1c interval besides Cr2 may contribute to 

the T cell phenotype, yet none has been identified293. So far no candidate gene has reported for 

the Sle1d locus284.      

 B6.Nba2 congenic mice carrying a homozygous interval from NZB chromosome 1 

(167Mbp-174Mbp) produce IgG anti-chromatin antibodies and develop mild GN283. 

Expression of Ifi202 gene, an IFN-inducible transcriptional regulator, was found to be 

increased in B6.Nba2 mice compared to B6 mice due to a polymorphism in the promoter 

region295. Ifi202 is highly expressed in B and not in T cells, and overexpression of Ifi202 

reduces B cell apoptosis. Like in B6.Sle1a mice, Fcγr2b is also polymorphic in B6.Nba2 

mice296. Another congenic strain derived from NZB is B6.NZBc1, with an introgressed NZB 

chromosome 1 interval extending from 61.9 to 191.4 Mbp. These mice produce predominantly 

IgG anti-chromatin antibodies297. Subsequent experiments showed that the region 170Mbp-

178Mbp of the NZBc1 locus was sufficient to breach tolerance to chromatin 297. Genetic 

analysis of BXSB strain has also identified multiple susceptibility loci (Bxs1-4) within the 

originally mapped regions on chromosome 1271, 298. Of these, the Bxsb3 (1q23–24) locus 

overlaps with Sle1 and Nba2 loci and was sufficient to cause ANA production and GN.  
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  In conclusion, through many generations of inbreeding of various mouse strains, 

researchers have discovered strains that spontaneously develop lupus-like symptoms 

resembling human SLE. Although each strain has its own characteristics, the main autoimmune 

features are shared suggesting common genetic pathways contributing to lupus susceptibility 

(Table 1.4). I therefore took advantage of the availability of the B6.129-Sle16 mice in the 

laboratory of my supervisors to explore the contribution of the telomeric region of chromosome 

1 to lupus pathogenesis.  As outlined above (section 1.2.3.4) the B6.129-Sle16 mice share 

several features with the B6.Sle1 mice such as splenomegaly, spontaneous activation of T and 

B cells, mild GN, and increased ANAs and anti-dsDNA antibodies. Furthermore, these mice 

represent the correct strain-match controls for several knock-out mice lacking genes located 

within the Sle16 locus and thus are of great scientific relevance.  In addition the chromosome 

1 region has a human syntenic equivalent on chromosome 1, 1q21–44, which has been 

associated with SLE41, 300. Understanding the contribution of this region to lupus susceptibility 

may expand our knowledge of the pathological mechanisms underlying autoimmunity.  

 

 

1.2.4. Bridging mouse and human studies 

Similar to human lupus, mouse models of SLE develop abnormal immune cell activation 

leading to a breach in B cell tolerance, production of auto-antibodies against nuclear antigens, 

formation of IC, and deposition of IC and complement activation in the kidneys, causing 

glomerulonephritis (GN) (Table 1.4). GWAS and candidate gene analysis in SLE patients have 

validated many of the genes identified in mouse studies. Vice versa, analysis of genetically 

engineered mice has confirmed the lupus susceptibility genes highlighted by the human genetic 

studies. Some of the genes found in both human and mice are summarized in Figure 1.3.  
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 The HLA region in chromosome 6p.21.3 was the first genetic association found in SLE 

patients. This region encodes over 120 genes, many of which are linked to SLE36, 49, 301. In 

mice, the contribution of MHC haplotype to the disease was first reported in the 

(NZBxNZW)F1 hybrid127, 302. These studies pointed to the H-2z locus derived from NZW mice 

as the main MHC haplotype contributing to the disease. The FcγR and SLAM gene families 

have been identified in human and mouse analyses, though the effects of these genes remain 

poorly understood with conflicting results in the literature303. Another category of lupus 

susceptibility genes found in human and mice are genes involve in mediating innate immune 

response. Overexpression of TLR7 in BXSB-yaa or B6.Sle1-Tg7 lupus-prone mice is sufficient 

to drive severe lupus-like manifestation due to the increased activation of pDCs and B cells237, 

262, 272. Likewise, multiple SNPs and increased TLR7 gene copies was discovered in SLE 

patients62, 63. In addition, signalling pathways downstream of TLR7, for example IRF5, are also 

strongly associated with SLE susceptibility304. Clearance of apoptotic cells eliminates a 

potential source of auto-antigens and deficiencies in these mechanisms have been described in 

both human and mice.  
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Figure 1.3 Lupus susceptibility genes in human and mice. Genetic studies in humans and mice 

have found genes involved in several aspects of the disease namely autoantigen presentation, 

lymphocyte activation, cell survival/apoptosis, innate immune cell activation, apoptotic and IC 

disposal. Human genes and their murine homologs are listed underneath headings that denote their 

main function. Figure is taken from Crispin, J. C., et al.3 
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1.2.5. Limitations of mouse models 

Murine models of SLE replicate the human pathology, but there are several differences to take 

account. Firstly, mouse models only recapitulate limited features of the disease in humans. For 

example, while lupus mouse models replicate mainly the haematological and kidney 

conditions, rarely they involve brain, lungs, or heart. Although skin lesions are described in 

some murine models, the findings are difficult to interpret due to the different structure of the 

skin between humans and mice. Production of high titres of auto-antibodies directed against 

several nuclear components is a key feature both in humans and mice. Nevertheless, mice 

develop essentially anti-ssDNA and less frequently antibodies against the extractable nuclear 

antigen (ENA). Furthermore, some clinical correlations observed in SLE patients, for example 

between auto-antibodies and nephritis, are less clear in mice.  

 Secondly, congenic, knockout and transgenic models are known to be influenced by the 

genetic background. Congenic and knockout mice are typically generated on the B6 

background. However, the same mutations can result in a different phenotype in another non-

autoimmune background, like BALB/c. For example, deficiency of the inhibitory IgG Fc 

receptor, FcγRIIB or cyclin-dependent kinase inhibitors, p21, or the negative regulator receptor 

programmed death 1, PD-1, on the B6 background result in auto-antibody production and 

severe GN. In contrast, BALB/c mice deficient in FcγRIIB or p21 or PD-1 maintain tolerance 

to nuclear antigens and are resistant to the development of autoimmunity231, 305, 306 . 

In summary, the variety of lupus mouse models is a useful toolbox for the analysis of 

genetic and environmental factors predisposing to SLE, nonetheless, the limitations of the 

mouse models should always be kept in consideration.   
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1.3 Transcriptomic data in SLE 

The transcriptome is the entire repertoire of transcripts of a cell and represents the key link 

between the information encoded in the DNA and the observed phenotype. Although many 

SLE susceptibility genes have been reported through GWAS, recent evidence shows that gene 

expression studies are also pivotal to dissect the contribution of these susceptibility genes to 

lupus pathogenesis. Transcriptomic studies were initially done using gene expression 

microarrays. The emergence of high-throughput RNAseq technology provides a revolutionary 

means for systematic discovery of transcriptional units.   

Early transcriptomic profiling of lupus patient PBMCs demonstrated increased type I 

IFN signature, which was associated with disease severity153, 307, 308. Type I IFN signature 

includes various genes that are inducible by type I IFN (termed Interferon Signature Genes, 

ISGs) such as Stat1, Mx-1, Isgf3, Isg15, Mx1, Mx2, Ifit-1, Ifit-2, Ifit-4, Oas1, Oas2, Oasl, and 

Ly6e. More recently, RNAseq analyses have suggested that interferon signalling is 

predominantly dysregulated in patients with ENA, while patients with anti-dsDNA auto-

antibodies has gene enrichment for multiple cytokine signalling pathways309. However, type I 

IFN signature in autoimmunity is not unique to SLE, as it is also increased in Sjögren’s 

syndrome (SS) and rheumatoid arthritis (RA) patients310. Furthermore, differences in gene 

expressions measured in unseparated leukocytes largely reflect changes in the cellular 

composition. Attempts to use statistical methods to derive cell type specific differential 

expression analysis tend to detect highly expressed genes such as immunoglobulin-coding gene 

expression in B cells and ribosomal signatures in monocytes311. Therefore, cell-specific 

expression profiles may be more informative.  

CD4+ T cell transcriptional analysis from SLE patients revealed a network of genes 

related to T cell activation and the expression of many genes was strongly correlated with Stat1 

gene expression. As Stat1 signalling in T cells is activated downstream to IFNAR engagement 
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to interferons, the study implicated that the gene expression in lupus CD4+ T cells may be 

regulated by type I IFN312. In addition, RNAseq of mRNA and miRNA from lupus CD4+ T 

cells has identified novel target genes such as an inhibitor of NfκB, NLR Family Pyrin Domain 

Containing, Nlrp2, as well as changes in pathways such as positive regulation of NFkB, 

induction of apoptosis, protein ubiquitination and MAPK activity313. A CD8+ T cell gene 

signature can predict long-term prognosis in patients with SLE223, 224. The expression profile 

defining the poor prognostic group of patients was enriched in genes involved in the regulation 

of TCR and Interleukin-7 receptor (IL-7R) signalling pathways, as well in the expansion of 

CD8+ memory T cells223. Interestingly, a signature of CD8+ T cell exhaustion predicted better 

prognosis and was thought to be protective in SLE224.  

The transcriptomic analysis of purified B cells of non-active SLE patients revealed high 

similarity to normal B cells. Only 14 genes were differentially expressed in non-active lupus B 

cells compared to B cells from healthy controls. These genes included IL-4 signalling and genes 

involved in the function of the endoplasmic reticulum and unfolded protein response314. 

Circulating plasma cells from active lupus patients expressed genes indicative of mature 

immunoglobulin-secreting phenotype and showed increased expression of C-X-C chemokine 

receptor type 4 (CXCR4) and Sphingosine-1-phosphate (S1P1), which could contribute to their 

persistence in circulation315.  

An abnormal transcriptomic profile emerged also from the analysis of monocytes. 

Many genes expressed in normal monocytes were silenced in lupus patients316. These down-

regulated genes in monocytes of SLE patients were attributed to cell proliferation and adhesion, 

whilst genes related to active inflammation, immune response and cytokine activity were up-

regulated316. Additionally, polyadenylation and transcript splicing patterns were significantly 

different in SLE monocytes. SLE monocytes expressed novel transcripts, an effect that could 

be reproduced by stimulating control monocytes using LPS316. SLE monocytes also expressed 
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higher Irf5 transcripts compared to normal monocytes317. Using de novo exon-exon junction 

analysis, alternative spliced Irf5 transcripts were discovered in SLE patients. The study also 

highlighted that the top four most abundant Irf5 transcripts expressed in SLE patients contain 

risk haplotypes previously described to be associated with SLE318. Of note, transcriptomic 

analysis of bone marrow cells from lupus patients unveiled signatures of type I IFN type I, 

granulopoiesis, apoptosis, and antigen presentation319. In mice, RNAseq of late-stage disease 

(16 weeks) versus pre-disease (6 weeks) pDCs from MRL-lpr mice corroborated the 

observation that pDCs at the late-stage disease were unable to produce IFN-α when stimulated 

in-vitro. This finding suggests that although pDCs may contribute to lupus at disease onset, 

they may not be a contributing factor after the symptoms have developed, therefore targeting 

pDCs after the disease have progressed may not be beneficial320. 

Taken together, all these studies indicate that the type I IFN signature is key in SLE. 

An increased expression of type I IFN inducible genes could be detected in patients PBMCs as 

well as in purified cell subsets. Transcriptomic analysis of purified cell subsets has helped to 

delineate cell-specific functional defects, and these cell-specific transcriptomic profiles could 

be useful as prognostic biomarkers. The advent of single-cell sequencing technologies could 

help further to identify specific biomarkers of disease prognosis and to pave the way to 

personalized therapeutic approaches. 
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1.4 Hypothesis and objectives of research 

SLE is a multifactorial disease of unknown aetiology. Current knowledge of SLE pathogenesis 

has highlighted multiple key players in development of SLE, and T cell abnormalities are one 

of the most potent contributors. Although extensive studies have been made on CD4+ T cell in 

SLE, the role of CD8+ T cell in lupus is still unclear. Taking advantage of the B6.129-Sle16 

congenic mice availability in my supervisors’ laboratory, my PhD aimed to compare the gene-

expression profile of both CD4+ and CD8+ T cells from these mice with those from both 

parental strains (B6 and 129 strains). I hypothesized that unbiased approaches such as whole 

exome sequencing and RNAseq analysis will enable me to discover new potential lupus 

susceptibility genes and molecular mechanism(s) underlying T cell abnormalities in B6.129-

Sle16 mice. 

In particular, the aims of my study were: 

1) To analyse whole exome sequencing data of B6.219-Sle16 mice 

2) To analyse the transcriptomic profiles of CD4+ and CD8+ T cells using RNA-

sequencing (Illumina platform) and to compare the results from pre-disease lupus-

susceptible mice (B6.129-Sle16 mice) with those from non-autoimmune strains (B6 

and 129 strains)  

3) To identify new genes of interest.  

4) To corroborate the potential role of shortlisted genes of interest with in-vitro assays 

and in-vivo model. 
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CHAPTER 2: MATERIAL AND METHODS 

 

2.1  Mice 

The generation of B6.129-Sle16 congenic mice used in this project was described previously277, 

321. Briefly, genome wide linkage analysis of C57BL/6x129/Sv)F2 hybrid mice had 

demonstrated an association of lupus serological markers (ANA, anti-dsDNA Abs, anti-ssDNA 

Abs and anti-chromatin Abs) to  a 129-derived interval (87.9-99.7 cM or 168-182 Mbp) located 

on chromosome 1. In order to generate B6.129-Sle16 congenic mice, the (C57BL/6x129/Sv)F2 

hybrid strain was back-crossed at least seven times with C57BL/6 mice and microsatellite 

markers were used to determine Sle16 locus interval. Strains homozygous at Sle16 locus were 

generated by intercrossing the heterozygous and only homozygous animals were used for this 

work. The microsatellite markers polymorphic between 129 and B6 mice used to map the 129 

fragments are listed in Supplementary Table 1.  

Mice used in all experiments are 7 to 9-week-old female unless indicated otherwise. 

All mice were housed in the Central Biomedical Service (CBS) facility at Imperial College 

London. Food and water access was without restriction and animals were kept under specific 

pathogen-free conditions. All procedures involving mice were in concordance to institutional 

guidelines and were approved by the Home Office.     

 

2.2  Genotyping 

 

2.2.1  DNA extraction 

DNA was extracted from sample tissue. The samples were incubated overnight at 55°C using 

a hybridisation oven in 200 μl of lysis buffer solution (100mM Tris.HCl pH 8.5, 5mM EDTA, 

0.2% SDS, 200mM NaCl, all VWR Lutterworth, UK) plus Proteinase K (Sigma-Aldrich, 
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Poole, UK) at 100μg/ml concentration. Digested material was spun down at 13000 rpm for 5 

minutes to remove debris. The aqueous phase was diluted 1:7 in autoclaved ddH2O and treated 

with a thermal cycle (15 minutes at 75°C followed by cooling at 4°C) to heat-inactivate the 

proteinase K. Samples were stored at 4°C until use. 

 

2.2.2  Microsatellite PCR 

Simple sequence repeats (SSR) also known as microsatellite markers were used to genotype 

congenic mice. All sequences were acquired from The Jackson Laboratory (MGI, 

www.informatics.jax.org) and primers obtained from Sigma-Genosys (Poole, UK) 

(Supplementary Table 1). DNA amplification was performed in a standard polymerase chain 

reaction (PCR) using a 96-well plate format following PCR protocol and program in Table 2.1 

and Table 2.2. DNA from 129, B6 and heterozygous (129xB6)F1 mice were included in each 

PCR plate together with a negative control (ddH20).  

Amplification products were electrophoresed on 4% agarose gel (Metaphor, Cambrex 

plus 1% ethidium bromide) at 120V for at least 3 hours or longer if necessary; hyperladder IV 

(Bioline) was used as DNA marker. Gels were viewed under UV light and images acquired 

digitally and printed (Figure 2.1).         
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Table 2.1 Microsatellite -  PCR reaction set-up. 

Reagent 1x Reaction 10x Reaction 

100µM Forward Primer 0.5 µl 5 µl 

100µM Reverse Primer 0.5 µl 5 µl 

2mM dNTPs 2 µl 20 µl 

50mM MgCl2 1 µl 10 µl 

10x NH4 polymerase buffer 2 µl 20 µl 

Polymerase (Taq Bioline) 0.1 µl 11 µl 

 ddH20 11.9 µl 119 µl 

DNA (heat-inactivated) 2 µl 20 µl 

Total Volume 20 µl 200 µl 

 

The following touchdown PCR program was used on a PTC 225 Peltier Thermal Cycler:  

Table 2.2 Microsatellite - touchdown PCR program 

Cycle Temperature Time 

1x (Taq polymerase 

activation) 
94°C 2 min 

20x (PCR) 94°C 30 sec 

 65-55°C (-0.5°C/cycle) 1 min 30 sec 

 72°C 1 min 30 sec 

20x (PCR) 94°C 30 sec 

 55°C 1 min 30 sec 

 72°C 1 min 30 sec 

1x 72°C 5 min  
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Figure 2.1 Genotype gel. B6, 129 and (B6x129)F1 DNA samples were tested for each 

microsatellite marker and genotype assigned to samples. In the example, above both sample #1 

and #2 are homozygous 129 for the microsatellites D1MIT15, D1MIT113, D1MIT456, 

D1MIT403, and D1MIT358 applied. Legends are as follow: L - Ladder; B – B6 control; S – 

129/Sv control; F – (B6x129)F1 control; N – negative no template control; 1 and 2 – B6.129-

Sle16 mice #1 and #2.        
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2.3  Splenic Cell Purification 

Spleens were macerated through a 50µm cell strainer (BD Bioscience-Labware). Spleen cells 

were centrifuged down and red blood cells (RBC) were lysed and removed by incubation with 

RBC lysis buffer (Sigma-Aldrich). Splenocytes were then resuspended in RC10 complete 

medium, consisting of RPMI 1640 (GIBCO), supplemented with 2nM L-glutamine (GIBCO), 

100 units/ml penicillin/streptomycin (GIBCO) and 10% heat-inactivated Fetal Calf Serum (HI-

FCS, GIBCO). The total number of cells was counted and an aliquot was saved for FACS 

analysis.  

 

2.3.1  CD8+ T cell purification 

To maximize the purity of CD8+ T cells a two-steps cell separation protocol was used. The first 

step involved negative magnetic selection of CD8+ T cells using CD8+ T Cell Isolation Kit 

(Miltenyi Biotec) per manufacturer’s instruction. Splenocytes were resuspended in MACS 

buffer (Ca2+ and Mg2+ free PBS, pH 7.2, supplemented with 0.5% BSA and 2mM EDTA) at 

2.5 × 105 cells/µl and labelled with biotin-antibody cocktail at 1:5 antibodies to cell suspension 

volume ratio. The biotin-antibody cocktail contains antibodies against CD4, CD11b, CD11c, 

CD19, CD45R (B220), CD49b (DX5), CD105, Anti-MHC-class II, Ter-119 and TCRγ/δ. After 

incubation for 10 minutes at 4-8ºC, labelled cells were then diluted to 1.25 × 105 cells/µl in 

MACS buffer and incubated with anti-biotin microbeads for an additional 15 minutes at 4-8ºC. 

This was followed by separation of CD8+ T cells from most of contaminating cells using LS-

MACS column. The negatively selected CD8+ T cells were then positively selected using 

DynaBeads FlowComp Mouse CD8 (Invitrogen) per manufacturer’s instruction. Briefly, 

splenocytes were resuspended in Isolation Buffer (Ca2+ and Mg2+ free PBS supplemented with 

0.1% BSA and 2mM EDTA) to 1 × 105 cells/µl and incubated with FlowComp Mouse CD8 

antibodies at 1:20 antibodies to cell suspension volume ratio, for 10 minutes at 4ºC. After 
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washing once, the labelled cells were resuspended in Isolation Buffer to 0.5 × 105 cells/µl and 

incubated with washed FlowComp Dynabeads for 15 minutes at 4ºC under rolling and tilting. 

Labelled and Dynabeads-bound CD8+ T cells were then collected using magnetic stand and 

supernatant containing contaminating cells was removed. After washing twice, the CD8+ T 

cells were released from the beads with the supplied Release Buffer. The purity of isolated 

CD8+ T cells was assessed by FACS analysis (Figure 2.2). Average purity of positively 

selected cells with two-step separation methods was 98-99%.  

 

2.3.2  CD4+ T Cell Purification 

Splenic CD4+ T cell purification was achieved using similar methods as described with CD8+ 

T cells. Negatively selection of CD4+ was performed using CD4+ T Cell Isolation Kit (Miltenyi 

Biotec) per manufacturer’s instruction. Consistent purity of 95-96% was achieved by negative 

selection of CD4+ T cells. Positive selection of CD4+ T cell was performed using DynaBeads 

FlowComp Mouse CD4 (Invitrogen) per manufacturer’s instruction. Positive selection of CD4+ 

T cells had yielded high purity of 98-99% (Figure 2.3). 
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Figure 2.2 FACS analysis of CD8+ T cell purity with negative selection only versus 

negative followed by positive selection. Figure shows an example of B6.129-Sle16 mice 

CD8+ T cell purity using negative selection, positive selection, and two-steps purification of 

negative selection followed by positive selection. Two-step purification method improved the 

CD8+ T cell purity to 98-99%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 FACS analysis of CD4+ T cell purity with negative selection versus negative 

positive selection. Figure shows an example of B6.129-Sle16 mice CD4+ T cell purity using 

negative selection and positive selection. Purity of 94-96% was achieved by negative selection 

of CD4+ T cells and positive selection of CD4+ T cells had yielded high purity of 98-99%. 
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2.4  RNA Analysis 

 

2.4.1 RNA extraction 

Total RNA was extracted using RNeasy Plus Mini kits (Qiagen, Manchester, United Kingdom) 

according to manufacturer’s instruction. Purified CD8+ T cells were lysed using Buffer RLT 

Plus with addition of 1% β-mercaptoethanol. Further homogenization was attained using 

Qiashredder spin column (Qiagen). The cell lysate solution was centrifuged through a gDNA 

Eliminator spin column to remove genomic DNA. Next, the same volume of 70% ethanol was 

added to the eluate, mixed, and transferred to an RNeasy spin column. After passing through 

the eluate, the column was washed twice and dried by centrifugation. The final step was total 

RNA elution into a new 1.5 mL collection tube using RNase-free water from the Qiagen kit. 

For RNA extraction from less than 5x105 cells, RNeasy Micro Kit (Qiagen, Manchester, United 

Kingdom) was utilized. The protocol was similar as described above, except for genomic DNA 

removal via passing eluate through gDNA Eliminator spin column. When using the Micro Kit, 

genomic DNA was removed with the addition of 30 Units of RNase-free DNAse I directly onto 

RNAeasy MinElute spin column. The spin column was then incubated at room temperature for 

15 minutes, before washing twice. All RNA samples were stored at -80ºC. 

 

2.4.2 RNA quantification and quality assessment 

Total RNA was analysed using a NanoDrop 1000 spectrophotometer (ThermoFisher Scientific, 

Waltham, MA) to determine concentration and quality of samples. The NanoDrop calculates 

RNA concentration by measuring the absorbance at 260 nm which correlates with 

concentration in a linear manner. RNA absorbs at 260 nm while proteins absorb at 280 nm. 

Other contaminants (such as phenol and ethanol) absorb at 230 nm. Therefore, the ratio of 

absorbance at 260 nm over 280 nm shows RNA purity: a ratio of 2 or above is indicative of a 
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pure RNA sample. High ratio of 260 nm over 230nm was also expected. All RNA samples 

used in this thesis have 260/280 ratio > 2 and 260/230 ratio > 1.  

For RNAseq application, RNA concentration was verified using Qubit meter 

(Invitrogen). Qubit meter provides better accuracy of RNA concentration because it uses dye 

that binds specifically to RNA and therefore discriminate DNA contamination.  Briefly, dye 

was diluted with the buffer provided, and 1μl of sample was added. The concentration was read 

on the Qubit 2.0 Fluorometer (Invitrogen).      

 

2.4.3 Reverse transcription 

1 μg of total RNA for each sample was used for reverse-transcription to cDNA using iScript 

cDNA synthesis kit (Biorad). iScript uses Murine Leukemia Virus (MMLV) reverse 

transcriptase and a reaction mix contains oligo(dT), random primers, and RNAse inhibitor to 

protect RNA during the reverse transcription. RNase-free water was added to reach a total 

volume of 20 μl for each sample. The reaction was set up as showed in Table 2.3. The PCR 

reaction was performed at 25°C for 5 minutes, then 42°C for 30 minutes, followed by 5 minutes 

at 85°C. cDNA obtained was then diluted 1:20 in RNase-free water to make concentration of 

2.5 ng/µl cDNA.  

 

Table 2.3 Reaction mix for reverse transcription. 

Reagents 1x Reaction 10x Reaction 

5x iScript reaction mix 4 ul 40 ul 

iScript reverse transcriptase 1 ul 10 ul 

Nuclease-free water 15-X ul 150-X ul 

RNA template (100 fg to 1 

µg total RNA) 
X ul X ul 

Total volume 20 ul 200 ul 
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2.4.4 Quantitative PCR 

Real time qPCR is a technique that permits to measure the amount of PCR product after each 

round of amplification, using a fluorescence label. During amplification, a fluorescence dye 

binds, either directly or indirectly via a labelled hybridizing probe, to the accumulating DNA 

molecules, and fluorescence values are recorded during each cycle of the amplification process. 

The fluorescence signal is directly proportional to the DNA concentration and the linear 

correlation between PCR product and fluorescence intensity is used to calculate the amount of 

template present at the beginning of the reaction. The point at which fluorescence is first 

detected as statistically significant above the background is called the threshold cycle or Ct 

value (Figure 2.4). The higher the initial amount of sample DNA, the sooner the accumulated 

product is detected in the fluorescence plot and the lower the Ct value.  

During a typical qPCR experiment, the initial concentration of template is extremely 

low. Therefore, the resulting product-related fluorescence is too low to be detected. The 

background signal is shown as baseline in Figure 2.4. After the yield has reached the detection 

threshold, shown as the dotted line, the reaction course can be followed reliably through the 

exponential phase. Once the reaction reaches significant product inhibition, or limiting reagent, 

the reaction reaches a linear phase. After this point, the reaction is at the maximum yield, or 

the plateau phase. There are two main methods used to perform quantitative PCR: dye-based 

(non-specific detection, SYBR Green) and probe-based (specific detection, Taqman’s qPCR 

probes). Here, I used both SYBR Green DNA binding dye and Taqman’s qPCR probes.  
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Figure 2.4 PCR amplification plot. The fluorescence signal is directly proportional to the 

DNA concentration over a broad range, and the point at which fluorescence is first detected as 

statistically significant above the background is called the threshold cycle or Ct value. Figure 

adapted from Sigma Aldrich website. 
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SYBR Green qPCR  

Primers were designed using the program Primer 3 

(http://biotools.umassmed.edu/bioapps/primer3_www.cgi). Specific intron flanking qPCR 

primers were designed of 18-25 bp long, with a GC content of 40-60% and a melting 

temperature (Tm) of 57-63°C. Designing intron spanning primers prevented the amplification 

of genomic DNA. Specificity of the primers was determined by nucleotide blast-search 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The corresponding amplicons were 

between 150 and 250 bp, to obtain a high level of fluorescence without compromising PCR 

efficiency.  

SYBR green binds to all dsDNA therefore it is imperial to assess the primer quality and 

specificity. Melting curve and primer efficiency was acquired at the end of the qPCR reaction. 

A single peak for every sample is indicative of good primers specificity (Figure 2.5), instead 

the presence of multiple peaks is indicative of formation of primers dimers or amplicon non-

specificity. Serial 5x dilution of cDNA template was used to determine the efficiency of each 

primer.  The efficiency (Eff) of the reaction can be calculated by the following equation: Eff = 

10(–1/slope)  – 1. A good PCR reaction should have Eff of 0.9 to 1.1 (Figure 2.6). The primers 

used in this thesis are listed in Supplementary Table 2. All primers used have good specificity 

and efficiency.  

 Real-time qPCR reactions were performed using Power SYBR™ Green Master Mix 

(Applied Biosystems, Life Technologies, UK) and the primers designed specific for each gene. 

RNase-free water was added to reach a total volume of 10 μl and the reactions were performed 

in triplicates in Optical 96-well plates or Optical 384-well plates (Applied Biosystems, Life 

Technologies, UK). 2 μl of cDNA were added to the reaction composed of: 
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Table 2.4 SYBR qPCR reaction set-up. 

Reagent 1x Reaction 10x Reaction 

4µM Forward Primer 1 µl 10 µl 

4µM Reverse Primer 1 µl 10 µl 

2x SYBR™ Green Master 

Mix 

5 µl 50 µl 

RNAse free H20 1 µl 10 µl 

cDNA (2.5 ng/µl) 2 µl 20 µl 

Total Volume 10 µl 100 µl 

 

 

The ViiA™ 7 system machine (Applied Biosystems, Life Technologies, UK) was used for the 

qPCR run. The following thermal profile was used: 

Table 2.5 SYBR qPCR reaction program 

Cycle Temperature Time 

1x (Taq polymerase 

activation) 

95°C 10 min 

40x (PCR) 95°C 15 sec 

 60°C 1 min 

1x (Melting Curve 

detection) 

95°C 15 sec 

 60°C 1 min 

 95°C 15 sec 

 60°C 15 sec 
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Figure 2.5 Melt curve to assess primer specificity. a) A single peak for every sample is 

indicative of good primers specificity; b) the presence of different peaks is indicative of 

formation of primers dimers or non-specificity. 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 Dilution curve to assess primers efficiency. Slope was determined from the 

standard equation. The primer above has efficiency rate of 0.946, indicative of a good primer 

design and qPCR run.    
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TaqMan probe qPCR 

Probe-based quantitation uses sequence specific DNA-based fluorescent reporter probes. 

Sequence specific probes result in quantification of the sequence of interest only and not of all 

dsDNA. The probes contain a fluorescent reporter and a quencher (Figure 2.7). When the probe 

is intact, the proximity of the reporter dye to the quencher dye results in suppression of the 

reporter fluorescence. Once the probe locates and hybridizes to the complementary target, 

DNA polymerase cleavage separates the reporter dye from the quencher dye. The separation 

of the reporter dye from the quencher dye results in increased fluorescence by the reporter. The 

increase in fluorescence occurs only if the target sequence is complementary to the probe and 

is amplified during PCR. Because of these requirements, nonspecific amplification is not 

detected.  

Real-time qPCR reactions were performed using TaqMan Fast Master Mix (Applied 

Biosystems, Life Technologies, UK) and the probes specific for each gene are listed in Table 

2.6. The probes used in this thesis can be found in Supplementary Table 3. The ViiA™ 7 

system machine (Applied Biosystems, Life Technologies, UK) was used for the qPCR run 

Table 2.7. 

 

Table 2.6 TaqMan qPCR reaction set-up. 

Reagent 1x Reaction 10x Reaction 

20x Taqman gene 

expression assay 
0.5 µl 5 µl 

2x Taqman gene expression 

mastermix 
5 µl 50 µl 

RNAse free H20 2.5 µl 25 µl 

cDNA (2.5 ng/µl) 2 µl 20 µl 

Total Volume 10 µl 100 µl 
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Table 2.7 TaqMan qPCR reaction program 

Cycle Temperature Time 

1x (Polymerase activation) 95°C 20 sec 

40x (PCR) 95°C 1 sec 

 60°C 20 sec 

 

Data were analysed using the comparative delta Ct (ΔCT) method. This relative 

quantisation requires calculation of the ratio between the amount of target template and a 

reference template in a sample. Here, genes expressions were normalised to housekeeping 

genes GAPDH or β-actin. For some experiments, normalization to ribosomal RNA 18s was 

used due to unstable expression of GAPDH or β-actin after treatment. For example, both β-

actin and GAPDH mRNA levels fluctuate with cellular proliferation and activation322. 

Therefore, for gene expression measurement in T cells after anti-CD3/CD28 stimulation, 

normalization of 18s was performed. Having obtained a Ct value for each well, the ΔCT 

equation can be used to calculate fold change relative to the control sample. The fold change 

relative to the control sample was calculated as follows: 

1. ΔCT = Ct target gene – Ct endogenous control (normalisation to housekeeping gene to 

minimize sample to sample variations) 

2. Relative expression to housekeeping gene (AU) = 2-ΔCT  

3. Fold change relative to the control = AU sample / AU control sample  
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Figure 2.7 TaqMan probe assay. During qPCR, TaqMan MGB probe anneals specifically to 

a complementary sequence. DNA polymerase cleaves off the probes allowing reporter dye to 

separate from the quencher dye resulting in increased fluorescence. NFQ = Nonfluorescent 

Quencher; MGB = Minor Groove Binder; R = Reporter; P = Hot-start DNA Polymerase. Figure 

is adapted from Life Technology website.    

 

 

 

 

 

  



73 

 

2.5 RNA sequencing  

 

2.5.1 Bioanalyzer analysis 

Before performing RNA sequencing, it is compulsory to check the quality of the extracted 

RNA. Quality of RNA was verified using NanoDrop 1000 spectrophotometer (Thermo 

Scientific). The 260/280 ratio was more than 2 for all sample indicative of a pure RNA. 

However, RNA degradation cannot be assessed using Nanodrop spectrophotometer.  

RNA integrity was determined using a technology developed by Agilent (Santa Clara, 

CA), in which the abundance of two ribosomal RNAs (18s and 28s) is used to calculate the 

integrity of RNA. In this system, a microfabricated chip is used to perform electrophoretic 

separation of RNA samples323. Because of a constant mass-to charge ratio and the presence of 

a sieving polymer matrix, the molecules are separated by size. Dye molecules intercalate into 

RNA strands and these complexes are detected by laser-induced fluorescence. Data is 

translated into gel-like images (bands) and electropherograms (peaks). Total RNA shows two 

distinct ribosomal peaks corresponding to 18s and 28s. 18s and 28s are derived from the same 

RNA strand therefore exist in equal concentrations in a cell. However, 28s rRNA is double in 

length therefore double in fluorescent intensity. Consequently, a 28s/18s peak ratio of two 

depicts good quality RNA. As RNA degradation occurs, there is a gradual decrease in the 28s 

to 18s ribosomal band ratios and an increase in the baseline signal between the two ribosomal 

peaks and the lower marker. To standardize the process of RNA integrity interpretation, the 

RNA Integrity Number (RIN) was developed by Agilent. The Agilent 2100 Expert Software 

algorithm allows for the classification of total RNA based on a numbering system from 1 to 

10, with 1 being the most degraded profile and 10 being the most intact324.  

RNAseq protocol recommends RIN number greater than 8 for high quality mRNA 

libraries. All total RNA samples were subjected to level of degradation measurement using 
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Agilent 2100 Bioanalyzer (Agilent Tech Inc.). 1µl of each RNA samples were loaded into the 

eukaryotic total RNA 6000 Nano chip (Agilent Tech Inc.) and was run per manufacturer’s 

instruction. Briefly, wells were preloaded with the appropriate gel and a fluorescent dye. 

Subsequently, the wells and channels were filled with samples and RNA ladder and then 

vortexed and analysed using the Agilent Bioanalyzer machine and software. RIN values for all 

samples were ≥ 9.2 (Figure 2.8). Agilent 2100 Bioanalyzer was also used to measure the size 

distribution of RNAseq libraries. 1µl of each library was loaded into the DNA High Sensitivity 

chip and analysed with similar method as described above. All libraries have the expected size 

distribution of 200-400bp and the average size at 270bp (Figure 2.9).  
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Figure 2.8 Electropherogram exported from Agilent Bioanalyzer analysis for B6.129-

Sle16_1 CD8+ T cell total RNA.  Total RNA shows two distinct ribosomal peaks 

corresponding to 18s (pink) and 28s (green). Electropherogram and gel images showing high 

RNA integrity with RIN number more than 9 and rRNA ratio of 1.9.  

 

 

 

 

 

 

 

 

 

Figure 2.9 Electropherogram exported from Agilent Bioanalyzer analysis for B6.129-

Sle16_1 CD8+ T cell cDNA library. Library’s size was distributed from 220-400bp with the 

highest peak at 270bp. 

 



76 

 

2.5.2 RNAseq library preparation 

Library preparation was carried out using an Illumina TruSeq Stranded mRNA Sample 

preparation kit (Illumina, San Diego, CA) (Figure 2.10). 500 ng of RNA was initially enriched 

for poly-A containing mRNA using poly d-T beads to remove ribosomal RNAs. mRNA was 

then fragmented using divalent cations under elevated temperature and the fragments were 

converted to first strand cDNA using reverse transcriptase and random primers. Subsequently 

the RNA template was removed and a replacement cDNA strand was synthesized, generating 

a double strand-cDNA. Strand specificity was achieved by replacing dTTP with dUTP during 

second strand cDNA synthesis using DNA Polymerase I and RNAase H. The incorporation of 

dUTP made the second strand cDNAs unable to be amplified, because the polymerase used in 

PCR amplification step was not incorporated past this nucleotide. The end of the fragments 

was then repaired by converting the overhangs into blunt ends, using T4 DNA polymerase and 

Klenow DNA polymerase.  

The 3’ to 5’ exonuclease activity of these enzymes removes 3’ overhangs and the 

polymerase activity fills in the 5’ overhangs. 3’ ends were then adenylated, adding an A base 

to the 3’ end of the blunt phosphorylated DNA fragments, using the polymerase activity of 

Klenow Fragment. This step prepares the DNA fragments for the ligation to adapters, which 

have a single T base overhang at their 3’ end. Adapters were then ligated to the end of the DNA 

fragments, preparing them to be hybridised to a single read flow cell. The purified cDNA 

templates were enriched using PCR to amplify the cDNA in the library, using primers that 

anneal to the ends of the adapters. The PCR cycle was reduced to 10 instead of 15 cycles as 

described in the original protocol to avoid overamplification and formation of ‘bubble 

structure’. The library was then validated for quality control using Qubit meter to quantify 

DNA concentration, and Agilent Bioanalyzer to measure the size distribution. All libraries have 
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a concentration of at least 10 nM and average size of 270bp, as recommended in the RNAseq 

protocol (Figure 2.9).  

 

2.5.3 RNA sequencing 

100bp paired-end sequencing was performed on an Illumina-HiSeq 2500 instrument at the 

Imperial BRC Genomic Sequencing facility. All libraries were quantified by qPCR in the 

facility and normalized to the same concentration. For CD8+ T cell RNAseq, all libraries were 

diluted to 2 nM and pooled. Each library adaptor contains designated 6 bp tags that can be used 

to differentiate the samples during demultiplexing analysis. Illumina’s sequencing technology 

relies on the attachment of randomly fragmented cDNA libraries to a planar, optically 

transparent surface called flow cells, containing 8 lanes. Approximately 180 Million reads per 

lane is expected from a good sequencing run. For CD4+ T cell RNAseq, 6 libraries were 

distributed per lane to aim for 30 Million reads. For CD8+ T cell RNAseq, all libraries were 

distributed over 2.5 lanes to increase the coverage. Attached DNA fragments were extended 

and bridge amplified to create an ultra-high density sequencing flow cell with hundreds of 

millions of clusters, each containing ~1000 copies of the same template. The templates were 

sequenced using a robust four-colour DNA SBS (sequencing by synthesis) technology that 

employs reversible terminators with removable fluorescent dyes (Figure 2.11). 
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Figure 2.10 Illumina’s mRNAseq library preparation workflow. mRNA was purified, 

fragmented, and converted to cDNA using reverse transcriptase and random primers, 

maintaining the strand specificity. The fragments were then end-repaired, polyadenylated and 

adapters were added, preparing them to be hybridised to a flow cell. Figure adapted from 

Ilumina’s Truseq RNA sample preparation protocol. 
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Figure 2.11 Illumina sequencing workflow and platform. After library preparation, the 

fragments were attached to flow cell and amplified to create clusters. The samples were then 

sequenced using SBS (sequencing by synthesis) technology. Figure adapted from Illumina 

website. 
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2.5.4 RNAseq data processing 

Raw RNAseq data pre-processing was performed at the Imperial BRC Genomic Sequencing 

facility. During sequencing, the Illumina instrument produced bcl files containing base calls 

and quality score per cycle. Illumina CASAVA v1.8 was used to convert bcl files to fastq.qz 

files. Pooled libraries were also demultiplexed using CASAVA per it corresponding indexes. 

Cutadapt program was used to trimmed adaptors sequences. Cutadapt program searches for the 

adaptor sequenced in all reads and removes it from the reads sequence. 

The sequencing output files (compressed FASTQ files) were then used for the 

secondary analysis. Quality control of RNAseq datasets was performed by FastQC v 0.11.5 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/) and Fastx_toolkit fastq_trimmer 

v 0.0.6 (http://hannonlab.cshl.edu/fastx_toolkit/) to remove low quality regions. Reads were 

aligned to Esembl Mus Musculus GRCm38 (mm10) using Top Hat v 2.0.9: 

(http://tophat.cbcb.umd.edu, reference genome: Ensembl GRCh38 

http://www.ensembl.org/info/data/ftp/index.html). Reads aligned to exons, genes and splice 

junctions of the reference genome were counted using Picard v 2.9.0 CollectRNAseqMetrics: 

(http://broadinstitute.github.io/picard/command-line-overview.html). 

 

2.5.5 Differential expression analysis 

Reads calculation was done using the HTseq-count v 0.6.1 program: (http://www-

huber.embl.de/users/anders/HTSeq/doc/count.html). Normalisation process, which correct for 

in-sample distributional differences within the read counts, such as differences in total counts 

(sequencing depths), and within sample gene-specific effects, such as gene length or GC-

content effects, was performed using the program DEseq/DEseq2: 

(http://www.bioconductor.org/packages/devel/bioc/html/DESeq.html) or Cuffdiff (http://cole-

trapnell-lab.github.io/cufflinks/cuffdiff/). The statistical significance of fold changes was 

http://hannonlab.cshl.edu/fastx_toolkit/
http://tophat.cbcb.umd.edu/
http://broadinstitute.github.io/picard/command-line-overview.html
http://www-huber.embl.de/users/anders/HTSeq/doc/count.html
http://www-huber.embl.de/users/anders/HTSeq/doc/count.html
http://www.bioconductor.org/packages/devel/bioc/html/DESeq.html
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calculated by comparing the read values from B6.129-Sle16 T cell to the control samples and 

the p-values were subsequently adjusted at genome wide level using Benjamin-Hochberg 

formula. Aiming to short-list the number of differentially expressed genes, two steps approach 

was applied to the analysis of RNAseq data. Firstly, the most differentially expressed genes 

(fold change more or less than 2/-2, p-adjusted value < 0.05) were derived from differential 

expression analysis. Secondly, the absolute expression levels (RPKM value) of each sample 

were derived from Partek analysis. The combination of these two approaches resulted in highly 

expressed genes that are most differentially expressed between B6.129-Sle16 mice and B6 mice 

T cells. All differentially expressed genes defined by different tools (DEseq/DEseq2, Cuffdiff, 

Partek) were compared using a Venn diagram 

(http://bioinformatics.psb.ugent.be/webtools/Venn/). Heatmaps were used to show the relative 

expression levels of these selected genes among samples (https://cran.r-

project.org/web/packages/pheatmap/index.html). All the scripts used for Bioinformatic 

analysis were provided in online tutorials.  

 

2.5.6 Pathway analysis 

The genes list generated by DEseq2 was used for pathway analysis. The threshold of fold 

change was decreased to more or less than 1.5/-1.5 (adjusted p-value of < 0.05), generating a 

list of 252 differentially expressed genes. Gene Set Enrichment Analysis (GSEA) v 5.2 

(http://software.broadinstitute.org/gsea/index.jsp) and Ingenuity Pathway Analysis (IPA) 

(https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis/) were used to 

uncover the biological pathways associated with the top differentially expressed genes. Gene 

Ontology enRIchment anaLysis and visuaLizAtion tool (GORILLA, http://cbl-

gorilla.cs.technion.ac.il/) and Database for Annotation, Visualization and Integrated Discovery 

(DAVID) v 6.8 (https://david.ncifcrf.gov/) were used to discover common GO terms enriched 

http://bioinformatics.psb.ugent.be/webtools/Venn/
https://cran.r-project.org/web/packages/pheatmap/index.html
https://cran.r-project.org/web/packages/pheatmap/index.html
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in gene lists. For GSEA and GORILLA, genes list was sorted based on the most upregulated 

to the most downregulated genes. All tools were used per manufacturer’s instruction at default 

settings.  

 

2.6 Partek NGS data analysis 

 

2.6.1 Partek analysis of whole exome sequencing 

With the increased availability of standardised pipelines for analysis of high-throughput 

sequencing data, commercial software developers have produced software packages designed 

to analyse data without the involvement of bioinformaticians, to allow biologists with no 

informatics training to independently analyse their experiments. One of the software that can 

be used to analyse NGS data is Partek Genomics Suite 6.6 (Partek Inc., Missouri, USA; 

www.partek.com). In this project, variant calls produced by Partek were compared with the 

output of the bioinformatics analysis by WTSI.  

The input format for Partek is Bam files containing mapped sequence reads produced 

by WTSI. These were uploaded into Partek following the protocol ‘Variant Detection Using 

Partek Genomics Suite 6.6’. Once the samples were loaded into Partek, the sample name was 

added using the ‘Add sample attributes’ function, and this was selected as the sample_ID. 

Partek produces a histogram of mapped reads indicating the numbers of reads which 

unmapped, aligned to 1 location or 2 locations. For a paired-end sequencing data, most reads 

will be in category ‘2 Paired End Alignments Per Read’. Quality assessments were made based 

on average number of total reads per sample and average percentage of mapped reads.  

The protocol then proceeds to ‘Detect SNVs against the reference sequence’; for this it 

was necessary to download the mm9 mouse genome reference sequence. The calling 

parameters were left as default: Log Odds Ratio > 5.0 of different from reference, and reads 

http://www.partek.com/
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from both strands were included. The output generated was a spreadsheet containing the 

location and alleles of the variant calls for all samples with the headings: position, log-odds 

ratio of SNP against reference, sample ID, reference base, genotype call, total non-reference 

bases, total coverage at locus, non-reference average base qualities, reference base qualities, 

non-reference average mapping qualities, reference average mapping qualities, and the 

numbers of A, C, G, and T calls for each position.  

To assess the accuracy of the sequencing, bed file containing Refseq’s mm9 exon 

coordinates (or exon coordinates plus 200bp at each end) were downloaded from UCSC 

website. The custom bed files were uploaded to Partek and designed as new annotations using 

‘Annotation Manager’. Using ‘Annotate with known SNPs’ features, the SNPs from the exome 

sequencing data set were annotated with the known exons from USCS database. Two additional 

columns were created: Known SNPs and #Known SNPs. If SNPs overlaps with the bed region, 

#Known SNPs columns should have a value greater than 0. Percentage of on target reads was 

calculated as number of SNPs with #Known SNPs greater than 0 divided by total number of 

SNPs. The SNPs were filtered according to below criteria: 

1) #Known SNPs greater than 0 for annotation using Refseq’s mm9 exon coordinates 

+/- 200bp. This will remove any off-target SNPs that did not fall within the exon 

regions.   

2) Log Odd Ratio of SNPs against reference greater or equal to 100. The Log Odd 

Ratio shows the probability of the sample having a nucleotide that is different from 

the reference sequence at a particular position; a higher score indicates a strong 

discrepancy in the base composition.   

3) Homozygous genotype calls (AA/TT/GG/CC). As Sle16 locus was expected to be 

homozygous, any heterozygous SNPs were filtered out from the analysis.  
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4) Total coverage greater or equal to 50. Total coverage shows the number of bases 

covering a particular position, high coverage SNPs are less likely to be caused by 

base calling errors.  

5) Non-reference average base quality greater or equal to 20. This means the chances 

that base is called incorrectly is 1 in 100.  

6) Non-reference average map quality greater or equal to 20. This means the chances 

that a read is wrongly mapped are 1 in 100 

Next, the SNPs called from B6.129-Sle16 sample were compared to the 129 control and 

only SNPs that existed in both samples were prioritized. Partek includes an algorithm to 

annotate SNPs with their closest genes and functional effects using the feature ‘Annotate 

functional effects’. Mouse RefSeq-Transcripts-2016-11-01 were selected for transcripts 

annotation database. The resulting output file was a spreadsheet with gene symbol, Refseq’s 

transcript ID, strand information (positive or negative strand), gene section (exon, intron, 

promoter, 5’-Splice Site, or 3’-Splice-Site), functional effects (Intronic, Missense, Nonsense, 

Synonymous, Splicing Site, ncRNA, Promoter, 5’-UTR, or 3’-UTR), nucleotide change, and 

amino acid change information annotated for each SNPs.  

  When correlating sequence data with a particular disease or phenotype, the vast 

majority of variation in the genome will have no impact on the disease in question. The variants 

which are most likely to influence phenotype are those which have a major impact on protein 

structure or function, which are chiefly loss-of-function variants (frameshift or truncating 

mutations), non-synonymous coding variants, variants which alter splicing, and variants 

regulatory regions such as promoter binding sites, 5’-UTR and 3’-UTR. These variants are 

therefore prioritised for further investigation. However, this will only reduce variant list to 

hundreds of SNPs therefore further prioritisation is necessary.   
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 For each gene with potential pathogenic SNPs, the baseline expression in mice CD4+ 

T cells, CD8+ T cells, B cells and myeloid-derived cells was accessed from Expression Atlas 

database (EMBI-EBI: https://www.ebi.ac.uk/gxa/home). The database consists of highly-

curated and quality-checked RNAseq experiments from ArrayExpress. The gene expression 

level was assigned as Low, Medium, or High based on the Fragments Per Kilobase of transcript 

per Million mapped reads (FPKM) value from the RNAseq experiments: ‘Low’ expression is 

FPKM 0.5 to 10, ‘Medium’ expression is FPKM 10-100 and ‘High’ expression is FPKM more 

than 100.  Mouse phenotype and human orthologs were derived from MGI 

(http://www.informatics.jax.org/) database. Human disease association for each gene was 

acquired using DisGeNET v. 4.0 database 

(http://www.disgenet.org/web/DisGeNET/menu/home).  NCBI Genome Decoration Page 

(https://www.ncbi.nlm.nih.gov/genome/tools/gdp/) was used to generate chromosomal 

ideogram marking the SNPs location in mice genome.       

 

2.6.2 Partek analysis of RNA sequencing 

 

mRNA quantification and quality control 

Data analysis was performed using the Partek Genomics Suites 6.6 software following the 

protocol ‘Analysis of RNA-seq Data with Partek Genomic Suite 6.6’. Aligned .bam files were 

imported into Partek software and attributes were added as previously described. The read 

counts and paired-end assessment for RNAseq was similar to what described for whole exome 

sequencing. mRNA quantification was executed on default setting, selecting RefSeq-

Transcripts-2016-11-01 for genes annotations. This function creates data tables at the 

transcripts and gene levels containing the calculated number of raw reads or normalized reads 

by RPKM. Mapping summary spreadsheet was created to show the reads distribution to exonic, 

http://www.disgenet.org/web/DisGeNET/menu/home
https://www.ncbi.nlm.nih.gov/genome/tools/gdp/
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intronic, or intergenic regions for quality assessment. This parameter is similar to Picard tools, 

CollectRNAseqMetricts. Gene_rpkm spreadsheet was used to compute PCA plot to view the 

global gene expression for all samples. For this, the function ‘View > Scatter Plot’ was selected.       

 

Differential expression analysis 

After removing outliers, differentially expressed genes (DEGs) were defined using 1-way 

ANOVA model on RPKM-normalized gene-level read counts, a statistical technique 

implemented in Partek to compare 2 groups of samples. For this, ‘Analyze Known Genes > 

Differential expression analysis’ function was selected. The result is a spreadsheet with p-value 

and fold-changes numbers assigned for each gene ID describing the difference in expression 

between B6.129-Sle16 mice T cells compared to B6. List of differentially expressed genes 

could be created using ‘Create gene list’ function to select for genes with p-value at <0.05, 

False Discovery Rate (FDR) of <0.05, and fold change (FC) cut off from ≥ +2 or ≤ -2. 

 

 

2.7 Flow cytometry 

 

2.7.1 Cell preparation 

Spleens or thymus from all mice were smashed through a 50µm cell strainer (BD Bioscience-

Labware). Cell suspensions were spun at 1200rpm for 5 minutes and supernatant was then 

discharged. For spleen cells staining, cells were resuspended in 2ml of red cells lyses buffer 

(NH4Cl 0.17M Tris base solution, Sigma-Aldrich). After 5 minutes of incubation, splenocytes 

were then resuspended in RC10 complete medium, consisting of RPMI 1640 (GIBCO), 

supplemented with 2nM L-glutamine (GIBCO), 100 units/ml penicillin/streptomycin (GIBCO) 

and 10% heat-inactivated Fetal Calf Serum (HI-FCS, GIBCO). Thymus cells were resuspended 
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directly in RC10 medium without red blood lysis step. The total number of cells was counted 

and diluted to a 107 cells/ml final concentration. 

  

2.7.2 Staining protocol 

Flow cytometry analysis of spleen cells, thymus cells, or blood leukocytes was performed using 

combination of up to eight colour staining on spleen cells and analysed with a FACSVerseTM 

(Becton-Dickinson, Mountain View, CA, USA). At least 106 cells from spleen, thymocytes, or 

lymph nodes were used for each staining combination. For staining of blood leukocytes, 50-

100 μl of blood was derived per mice, diluting 1:1 in PBS with 5% EDTA solution. Staining 

protocol was performed in 96 wells plastic plates where 100μl cell suspension aliquots from 

each sample were distributed according planned layout. 100μl/well of FACS buffer (1% BSA, 

0.09% NaN3 in 1L PBS) per well was added and plates were spun 5 minutes at 1200rpm. Plates 

were then manually emptied, and a saturating concentration of 2.4G2 monoclonal antibody 

(anti-FcγRII/III) was added to block Fc receptors. 30μl/well of antibody (diluted in FACS 

buffer) was applied to each sample accordingly. The following antibodies were used: PerCP 

conjugated anti-CD8 (53-6.7), -CD19 (1D3), -Ly6-c (HK1.4), and -CD44 (IM7); PE 

conjugated anti-CD5 (53-7.3), -CD62L (MEL-14), -CD115 (AFS98), -CD138 (281-2), -CD21 

(7G6), - MHCII (IA/IE) (M5/114.15.2), and -CD25 (PC61); FITC conjugated anti-CD4 

(GK1.5), -CD69 (H1.2F3), -CD25 (PC61), -CD3 (145-2C11), -MHCII (IA/IE) (M5/114.15.2), 

-Sca1 (E13-161.7), and -CD11b (M1/70); PECy7conjugated anti-TCRβ (H57-597), -B220 

(RA3-6B2), -Fas/CD95 (Jo2), -PD1 (J43), and -Sca1 (D7); Pacific Blue conjugated anti-CD25 

(PC61), -CD62L (MEL-14), -Siglec-H (551), -CD23 (B3B4), -Gl7 (GL7), -CD8 (53-6.7), -

CD4 (RM4-5), -CD44 (IM7), and -Ly6-g (1A8); Allophycocyanin (APC) conjugated anti-

B220 (RA3-6B2), -CD4 (RM4-5), -CD44 (IM7), -CD11a (M17/4), -CD11c (N418), and -

Cxcr5 (SPRCL5); APC-Cy7 anti-CD4 (RM4-5), -CD86 (GL-1), -CD69 (H1.2F3) -CD45 (30-
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F11), -CD8 (53-6.7). Antibody combination used and relative cell subpopulation recognised is 

described in Table 2.8. All antibodies were purchased from BD Bioscience, BioLegend, or 

eBioscience. Intracellular antibodies used were APC conjugated anti-Foxp3 Ab (FJK-16s) and 

PE-Cy7 conjugated anti-Ki67 Ab (SolA15), purchased from eBioscience (San Diego, CA, 

USA).  

 Samples were incubated for 30 minutes on ice and then washed twice with FACS 

buffer. Samples were then diluted in 200μl FACS buffer and transferred in 1.1mL tubes. For 

intracellular staining, cells were fixed and permeabilized using Cytofix/Cytoperm (BD 

Biosciences), and washed and stained in Perm/Wash buffer (BD Biosciences), as per the 

manufacturer’s protocol. Dead cells were excluded by staining with LIVE/DEAD™ Fixable 

Aqua Stain (Thermofisher Scientific). The LIVE/DEAD™ Fixable Aqua Stain is an amine 

reactive dye that binds covalently to intracellular and extracellular amines. In cells with 

compromised membranes, the dye reacts with free amines both in the cell interior and on the 

cell surface, yielding intense fluorescent staining. In viable cells, the dye's reactivity is 

restricted to the cell-surface amines, resulting in less intense fluorescence. Flow cytometry of 

the stained cells was performed using a FACSVerse (BD Biosciences, Mountain View, CA) 

and data were analysed using the FlowJo software version 10 (TreeStar Inc, Ashland, OR, 

USA). Live cells were gated based on Aqua/v500 exclusion and scattering characteristics, with 

at least 10,000 events being acquired for each sample. 

 

 

  



89 

 

Table 2.8 Cell surface markers. Table shows marker combinations utilised to define cell 

populations. 

Cell populations Marker combination 

CD4 T cells CD45+CD3+CD4+ 

   % activated CD4 T cells CD69+ 

   % effector memory CD4 T cells CD44+CD62L- 

   % naive CD4 T cells CD44-CD62L+ 

   % regulatory T cells Foxp3+ 

   % follicular helper T cells PD1+CXCR5+ 

   % proliferating CD4 T cells Ki67+ 

CD8 T cells CD45+CD3+CD8+ 

   % activated CD8 T cells CD69+ 

   % effector memory CD8 T cells CD44+CD62L- 

   % central memory CD8 T cells CD44+CD62L+ 

   % naive CD8 T cells CD44-CD62L+ 

   % proliferating CD8 T cells Ki67+ 

 B cells CD45+CD3-CD19+ 

   % activated B cells CD69+ 

   % marginal zone B cells CD23-CD21+ 

   % follicular B cells CD23+CD21- 

   % germinal center B cells B220+Fas+ GL7+ 

   % plasma cells CD138+Fas+ 

   % proliferating B cells Ki67+ 

Classical DC CD45+CD19-B220-MHCIIhighCD11chigh 

Plasmacytoid DC CD45+CD19-B220highSiglec-HhighCD11clow 

Monocytes CD45+CD115+ 

   % Inflammatory monocytes Ly6chigh 

   % Patrolling monocytes Ly6clow 

Neutrophils CD45+CD11b+ Ly6ghigh 
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Cell populations Marker combination 

Thymocytes   

   % Double Negative CD4-CD8+ 

                   % DN1 CD44+CD25- 

                   % DN2 CD44+CD25+ 

                   % DN3 CD44-CD25+ 

                   % DN4 CD44-CD25- 

   % Double Positive CD4+CD8+ 

   % CD4 Single Positive CD4+ 

                   % Semi-mature CD4 CD69+CD62L- 

                   % Mature CD4 CD69-CD62L+ 

   % CD8 Single Positive CD8+ 

                   % Semi-mature CD4 CD69+CD62L- 

                   % Mature CD4 CD69-CD62L+ 
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2.8 Serological analysis 

 

2.8.1 Serum sampling 

Mice were bled via tail vain every month from 2 months of age and humanely and terminally 

exsanguinated at 9 months. Blood samples were incubated at 4°C for at least one hour and then 

centrifuged at 15000 rpm for 10 minutes. Serum fraction was removed, aliquoted and stored at 

-80°C until required. Serological analysis consisted of auto-antibody and total immunoglobulin 

quantification by means of enzyme-linked immunoassorbent assay (ELISA) and indirect 

immunoflourescence. These assays were performed on congenic and B6 serum samples 

obtained from each mouse at 9 months of age. 

 

2.8.2 ELISA for auto-antibodies 

Nunc multisorb ELISA plates (VWR, Poole, UK) with a 96 wells layout were coated for three 

hours at 37°C or at 4°C overnight with the appropriate antigen diluted in 50μl volume per well 

of BBS (Boric acid 100mM, Na tetraborate.10H2O 25mM and NaCl 75mM at pH8.3-8.5). In 

order to quantify the non-specific binding between the serum sample and plastic plate, each 

third row of the plate was incubated with BBS only. The following antigen concentrations were 

used: 

• 10μg/mL of ssDNA prepared as follow: dilute calf thymus DNA (Sigma D-1501) with 

BBS to a final concentration of 0.5 mg/ml, mix overnight at 4°C on magnetic stirrer, pour into 

10 ml Pyrex tubes (5 ml/tube) and place in boiling water bath for 10 minutes, cool rapidly in 

ice-methanol bath, check concentration by spectrophotometer, aliquot and store at -70°C. 

• 100μg/mL of dsDNA prepared as follow: dilute herring sperm DNA (Promega) with 

BBS to a final concentration of 10 mg/ml, mix overnight at 4°C on magnetic stirrer, check 

concentration by spectrophotometer, aliquot and store at -20°C. 
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• 5μg/mL of chromatin prepared as follow: dilute Nucleohistone (Roche UK) with BBS 

to a final concentration of 400µg/ml, mix overnight at 4°C on magnetic stirrer, pass through an 

orange needle and add equal volume of glycerol, check concentration by spectrophotometer, 

aliquot and store at -20°C. 

• 20μg/mL of nRNP prepared as follow: dilute nRNP antigen (Immunovision) with 

BBS to a final concentration of 10 mg/ml, mix overnight at 4°C on magnetic stirrer, check 

concentration by spectrophotometer, aliquot and store at -20°C. 

 

 After the coating step, plates were washed three times with 1x PBS (NaCl, KCl, 

Na2HPO4 and KH2PO4 in ddH2O, pH 7.4 or PBS tablets, Sigma Aldrich) and saturated at 

room temperature with 100μL/well of PBS 0.5% BSA (PAA, UK) NaN3 for at least 1 hour. 

Samples were screened in triplicates (duplicate plus non-specific binding) at 1/100 dilution for 

IgG (total IgG and subclasses) anti-ssDNA, anti-dsDNA, anti-chromatin and anti-nRNP Abs. 

MRL/lpr mice pool sample was used as a standard positive starting at 1/400 dilution for the 

anti-ssDNA and anti-dsDNA, and 1/100 for the anti-chromatin and anti-nRNP Abs; a standard 

curve made of 12 serial dilutions was included only in the first ELISA plate of each assay and 

control samples were used to quantify the intra-assay variability. All dilutions were performed 

in PBS supplemented with 2% BSA, 0.05% Tween 20, 0.02% NaN3. Samples were incubated 

for at least 5 hours at 4°C and then plates were washed five times with PBS. 

 Bound antibodies were detected with alkaline phosphatase (AP) conjugated goat anti-

mouse IgG (γ-chain specific) (Sigma-Aldrich, Dorset, UK) diluted 1/3000 for the anti-ssDNA 

and 1/1000 for the anti-dsDNA, anti-chromatin an anti-nRNP Abs. All dilutions were 

performed in of PBS 2% BSA, 0.05% Tween 20, 0.02% NaN3. After 5 hours at 4°C, plates 

were washed five times with PBS and the bound AP-conjugated antibody was detected using 

a P-nitrophenylphosphat tablet sets (Sigma FAST N-2770). Plates were read at 405nm 
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(Multiskan Ascent, Thermo Electron Corporation) at different time points and data was 

recorded. Results were expressed as arbitrary ELISA units (AEU) relative to the standard curve 

extrapolated from a sigmoidal dose-response equation where Y is the optical density reading 

(OD) and X the logarithm of the concentration (GraphPad Software, San Diego, CA).  

 

2.8.3 ELISA for IgG and IgM levels 

Total serum IgM and IgG levels were assayed by capture ELISA. Briefly, microtiter plates 

were coated with 5 μg/ml goat anti-mouse Ig (H+L) (Southern Biotechnology Associates, Inc 

Birmingham, AL, USA) and saturated with PBS 0.5% BSA (PAA, UK) NaN3. Serum samples 

were diluted in PBS 2% BSA, 0.05% Tween 20, 0.02% NaN3 at 1/100000 dilution for total 

IgM and 1/200000 dilution for total IgG.  

After an overnight incubation bound antibodies were detected with: AP-conjugated 

goat IgG (A3438, Sigma-Aldrich, Dorset, UK) at 1/3000 dilution for total IgG Abs, or AP-

conjugated goat anti-mouse IgM at 1/500 dilution (102-04, Southern Biotechnology 

Associates, Inc Birmingham, AL, USA) for total IgM Abs. The bound AP-conjugated 

antibodies were detected as described in 2.8.2. Serial dilutions of a known amount of isotype-

specific immunoglobulin standard were added to each plate as standard. The data were 

analysed on GraphPad Prism version 6.00 for Windows (GraphPad Software; San Diego, 

California, USA) by producing a standard curve which was extrapolated to determine IgG and 

IgM levels in the samples. 
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2.9 Functional studies 

 

2.9.1 T cell proliferation assay 

Thymidine incorporation assay was used to measure T cell proliferation. This technique utilizes 

a radioactive nucleoside, 3H-thymidine, which will be incorporated into new strands of 

chromosomal DNA during cell division. A scintillation beta counter is then used to measure 

radioactivity in the DNA recovered from the cells; the amount of radioactivity is directly 

proportionate to the extent of cell division that has occurred.  

T cell assays were performed with R10 medium, consisting of: RPMI 1640 (GIBCO, 

Paisley, UK) supplemented with 2mM L-glutamine (GIBCO), 100 units/ml 

penicillin/streptomycin (GIBCO), 10% (v/v) HI-FCS, 10mM HEPES (Invitrogen, Paisley, UK) 

and 0.05mM 2-mercaptoethanol (Invitrogen). T cells were purified from spleens by negative 

selection as described in 2.3.1 and 2.3.2. T cell purity was determined by flow cytometry and 

was always > 90%. Purified T cells were plated in Nunc-Immuno™ 96 MicroWell™ U-bottom 

(5x104 cells in 0.2ml), in triplicates, with plate bound anti-CD3 (145-2C11) antibody (1 µg/ml; 

eBiosciences, San Diego, CA) or anti-CD3 (145-2C11) plus anti-CD28 antibody (37.51) (1 

µg/ml; eBiosciences, San Diego, CA). T cells plated without any stimuli were used as controls. 

Cultures were incubated at 37oC, 5% CO2 for 1 to 3 days. Sixteen hours prior to harvesting, 

100µl of culture supernatant was collected and stored at -80oC for cytokine ELISAs and then 

0.5µCi per well of tritiated thymidine (3H-TdR) was added to the cultures. After 16 hours, cells 

were harvested and thymidine incorporation was measured by liquid scintillation using a 

Wallac Trilux MicroBeta 1450 liquid scintillation counter. 3 to 4 mice per group were used for 

each experiment. For some experiment, RNA was extracted from cells after 1 day or 2 days of 

incubation as described in section 2.4.1 and RT-PCR was carried out as described in section 

2.4.4.   
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2.9.2 Measurement of IFNγ  

Supernatants collected on day 2 from the T cell assays were analysed for IFNγ by a sandwich 

ELISA. Nunc-Immuno™ 96 MicroWell™ plates were coated with 50µl per well of capture 

antibodies (4.0µg/ml rat anti-mouse IFNγ antibodies) and incubated overnight at 4oC. The 

plates were washed three times with 0.075% Tween 20 in 1X PBS solution (PBS-Tween) and 

then saturated with PBS-1% BSA (PAA laboratories, GmbH) for two hours at RT. After 

saturation, 50µl of sample and standards were added. The standards used were recombinant 

mouse IFNγ at starting concentrations of 2000pg/ml. Standards were tested in duplicates and 

diluted 2-fold to generate an 11-point standard curve. PBS-1% BSA was used to dilute the 

standards, and used as a negative control. Samples were also tested in duplicates. Plates were 

incubated for 2 hours at RT and then washed 4 times with PBS-Tween. After washing, 50µl 

per well of detection antibodies (800ng/ml biotinylated goat anti-mouse IFNγ antibodies) was 

added and incubated for 1 hour. The plates were washed 3 times with PBS-Tween and then 

50µl per well of detection enzyme, 1x Avidin-HRP, was added and incubated for 20 minutes 

at RT. The plates were then washed five times and 50µl per well of substrate solution 

(Tetramethylbenzidine (TMB)) was added and the plate was incubated for 10 to 30 minutes, in 

the dark at RT. The reaction was terminated by the addition of 20µl per well of stop solution 

(2N H2SO4). The absorbance was measured using a Multiskan Ascent Microplate reader at 

450nm and 540nm. The absorbance measured at 540nm was subtracted from the absorbance 

measured at 450nm for wavelength correction. The capture antibodies, standards, detection 

antibodies, streptavidin-HRP and stop solution were all from IFN gamma Mouse ELISA Kit 

(eBiosciences, San Diego, CA). The data were analysed as described in section 2.8.3. 
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2.9.3 IFNα T cell stimulation assay 

T cells were purified from spleens and lymph nodes by negative selection as described in 2.3.1 

and 2.3.2. T cell purity was determined by flow cytometry and was always > 90%. T cell assays 

were performed with R10 medium and plated in Nunc-Immuno™ 96 MicroWell™ U-bottom 

(5x104 cells in 0.2ml). During optimization, CD8+ T cells were incubated at 37oC, 5% CO2 for 

3, 6 or 24 hours with varying concentrations (200 U/ml, 1000 U/ml, and 5000U/ml) of murine 

recombinant IFNα (Axxora, Exeter, United Kingdom). Subsequent experiments were 

performed with 1000U/ml IFNα or 1000U/ml IFNγ and cultures were incubated for 3 hours. 

Unstimulated T cells were used as negative control. Five replicates were plated per sample and 

cells were pooled after incubation to ensure high RNA recovery. RNA was extracted from cells 

as described in section 2.4.1 and RT-PCR of interferon inducible genes (Sca-1, Mx1, Ifit1, Ip10, 

Irf7, and Ifi27) as well as PYHIN gene family (Pydc4, Ifi204, Pydc3, and Pyhin1) was carried 

out as described in section 2.4.4. After 1 day incubation, Sca-1 surface expression was 

determined by flow cytometry using Aqua/v500, anti-CD4 APC (RM4-5), anti-CD8 FITC (53-

6.7) and anti-Sca-1 PE-Cy7 (D7) (all from BD Biosciences Pharmingen; San Diego, CA). For 

some experiments, T cells were stimulated with plate bound anti-CD3 (1μg/ml) together with 

IFNα (100U/ml or 1000U/ml). Thymidine incorporation was measured after 2 days of 

incubation as described in 2.9.1.   
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2.9.4 IFNα bioassay using 3T3 (fibroblast) cell line 

Direct measurement of type I IFNs is challenging due to low levels of IFNα in circulation. 

Current conventional ELISAs are either insensitive or unreliable, resulting in the use of 

bioassays to detect the level of IFNα325, 326. Cell lines are cultured in medium, with addition of 

known concentrations of recombinant IFNα or serum samples. RT-PCR is used to determine 

gene expression of interferon inducible genes such as Prkr, Ifit1, Ifi44 and Mx1. Standard 

curves of relative expression of these genes are used to indicate the level of IFN protein in the 

serum.  

 I used the murine NIH 3T3 fibroblast cell line (Sigma-Aldrich, Poole, UK). 3T3 cells 

were grown in D10 medium (DMEM (GIBCO), 10% FCS, 2mM L-glutamine, 100 units/ml 

penicillin/streptomycin) at 37°C in an atmosphere containing 5% CO2. 3T3 cells were cultured 

at a density of 5x104 per 50µl in 96-well flat-bottomed plates containing D10 medium. After 

overnight incubation, 25µl of medium was removed and 25µl of murine recombinant IFNα 

(Axxora, Exeter, United Kingdom) or mice serum were added in duplicates. Concentration of 

IFNα was set up as follow: IFNα (stock at 106U/ml) was diluted in D10 to 1000, 100, 10, 5, 1 

and 0 U/ml. After 3-hour incubation, medium was removed from monolayer 3T3 cells and 75µl 

of lysis buffer RLT plus 1% β-mercaptoethanol was added. Lysed cells in RLT buffer were 

stored at –70°C.  RNA was extracted as described in section 2.4.1 and RT-PCR of interferon 

inducible gene Ifit1 was carried out as described in section 2.4.4. Gapdh was included as 

housekeeping gene. A standard curve was constructed using relative Ifit1 expression to Gapdh 

in y-axis and log10 of IFNα concentration in x-axis.  
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2.10 In-vivo studies 

 

2.10.1 Topical application of R848 

Resiquimod (R848) is a synthetic TLR7 agonist that is a potent IFNα inducer327. The skin of 

the right ear was treated topically, every other day for 2.5 weeks (10 treatments), with 100μg 

of resiquimod (R848; Enzo Life Sciences, Exeter, UK) in 30µl of acetone (Figure 2.12). B6 

mice treated topically with 30µl of acetone alone were used as naïve controls. Mice were bled 

on the day after every 4 treatments to monitor for blood lymphocyte phenotypes using FACS 

as described in section 2.7 and for auto-antibodies using ELISA as described in section 2.8. 

Mice were humanely sacrificed after 10 treatments; cell distribution in the spleen and draining 

lymph nodes was investigated by FACS. The in-vivo experiments were performed by Dr. Heidi 

Ling. All procedures involving mice were in concordance to institutional guidelines and were 

approved by the Home Office.     

 

 

 

 

 

 

 

 

Figure 2.12 Schematic representation of R848 treatment. 100μg of TLR7 agonist, R848, 

was topically applied to the right ear of the mice (n=5 per group). Mice were treated every 

other day and were bled every 4 treatments. Mice were humanely sacrificed after 10 treatments. 

t = treatment.    
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2.10.2 Spontaneous mice phenotyping 

Using flow cytometry analysis, I analysed thymus and splenic T cell populations from 2-

month-old B6.129-Sle16 mice. Blood T and B cells in B6.129-Sle16 mice were then monitored 

monthly from 2-months to 9-months of age assessing activation markers and evidence of IFN 

signature. Sca-1 surface expression was determined using anti-Sca-1 PE-Cy7 (D7) antibody 

(all from BD Biosciences Pharmingen; San Diego, CA). At 9-month-old, blood monocytes 

population was accessed. At 9-months of age B6.129-Sle16 mice were sacrificed and spleen 

cells were analysed in detail for the T, B cell, and pDCs populations. The percentage of actively 

proliferating T and B cells was measured using Ki67 marker staining. Details in staining 

protocol for FACS and markers for each cell populations were described in session 2.7.2. In 

addition, the presence of interferon signature was evaluated using RT-PCR. List of genes tested 

are in Supplementary 2 and 3.  

 

2.11 Statistics 

The serological data are presented as median with range of values in parentheses and the Mann-

Whitney U test was applied. All other data are presented as mean ± standard error mean (SEM) 

and were analysed using unpaired Student t test for comparisons between B6.129-Sle16 and 

B6 mice. 2-way ANOVA with Bonferroni multiple comparison test was applied for data with 

multiple time points. Statistical analyses were performed using GraphPad Prism version 6.0 

(GraphPad Software, San Diego, CA) and only differences with p values < 0.05 were 

considered statistically significant.  
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CHAPTER 3: B6.129-Sle16 MICE WHOLE EXOME SEQUENCING 

 

3.1. Introduction  

Genetic variation plays an important role in both Mendelian and non-Mendelian disorders. 

Protein coding genes represent less than 2% of the human genome, but approximately 85% of 

the mutations causing Mendelian diseases can be found in the coding region or in canonical 

splice sites328. However, causative mutations for non-Mendelian disorders such as SLE, are 

more complex to be discovered due to multiple genetic mutations and mechanisms underlie the 

disease. Out of 60 genes described in recent GWAS to be associated with SLE, only 8 genes 

were found to have sequence variants in exons53. The conventional approach to genetic disorder 

discoveries relies on the interrogation of candidate genes by Sanger sequencing and PCR 

amplification, but this requires knowledge of the disease mechanisms and the narrowing down 

of candidates to a manageable number per locus329. Whole exome sequencing covers more than 

95% of all exons in the genome and requires no prior assumptions or knowledge about the 

genes causing the disease330. This allows novel genetic mutation discoveries to be made, often 

extending understanding of disease pathology in a new direction.  

In mice, whole exome sequencing is a robust approach to identify putative mutations331. 

As more than 90% of mouse genes have a matching human ortholog, the detection of 

pathogenic mutations in mice with specific phenotypes could potentially lead to the discovery 

of human disease susceptibility genes332. Genes with pathogenic disease-causing mutations 

were identified through whole exome sequencing in 91 out of 172 (53%) spontaneous mouse 

models of Mendelian disorders333. However, to date, no exome sequencing of lupus congenic 

mice models has been published. Considering that, despite extensive back-crossing to B6, 

knock-out mice developed using 129 mice embryonic stem cells may have off-target 129-

derived regions that could potentially influence their phenotype 334, it is becoming imperative 
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to use exome sequencing to establish the presence of contamination 129 regions. This chapter 

presents the results of whole exome sequencing of the B6.129-Sle16 mice to identify coding 

variants in Sle16 locus linked to the lupus-like disease present in these animals. Additionally, 

the exome sequencing capture probe was designed to include 200bp +/- of coding sequences, 

therefore variants in some regulatory regions could be discovered. The sequencing, mapping, 

and variant calling were initially done by Wellcome Trust Sanger Institute (WTSI), and I 

performed out further filtering and validation using Partek Genomics Suite™ 6.6 software to 

list out the potential candidate genes and variants.  

 

3.1.1 Overview of whole exome sequencing  

Whole exome sequencing library preparation involves several steps.  DNA is fragmented to 

approximately 150bp by mechanical shearing or a similar method.  Blunt-end DNA fragments 

are generated, followed by size selection and ligation with common adapters flanking each 

fragment. Each adapter contains sequencing primer hybridization sites and indexed reads for 

pooling of multiple samples. This is followed by a first PCR reaction to amplify all adapter-

ligated DNA libraries (Figure 3.1.a).  

Exome capture and enrichment is often carried out using commercially available kits 

such as the Illumina, Agilent, and Nimblegen exome capture kits.  The library is hybridized to 

oligonucleotide probes designed to bind to all exon regions in the genome.  These 

oligonucleotide probes could be suspended in-solution or tethered on a microarray plate.  After 

hybridization, unbound fragments are removed by washing, followed by elution and a second 

PCR amplification of the exome-specific fragments. The libraries are then sequenced using 

high-throughput next-generation sequencing (NGS) technologies such as Illumina HiSeq, Life 

Technologies SOLiD or Roche 454 Genome Sequencer following the manufacturer’s 

recommended protocols.  
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Subsequently, raw sequence reads from NGS platforms are trimmed and filtered to 

eliminate low quality reads. These reads are then mapped to the reference genome using 

alignment tools such as BWA/Bowtie to generate SAM/BAM files. PCR duplicates can 

introduce noise and cause variant calling errors, and therefore are removed using 

Picard/Samtools. This is often followed by re-adjustments around insertions or deletions to 

minimize alignment errors. Next in the analysis pipeline is variant calling to identify SNPs and 

INDELs. This often results in a large number of variants, and further filtering is needed to 

remove false positives335. Finally, the variants are annotated with functional effect (eg, 

missense or nonsense variants) and the position genome, before they are further examined to 

identify the causal mutations. For human data, software such as SIFT and Polyphen could be 

used to predict the SNPs/INDELs effects to the protein function and facilitate biological 

interpretation. These steps are illustrated in Figure 3.1.b. 

 

3.2 Exome sequencing of B6.129-Sle16 congenic mice  

 

3.2.1 Study design 

Whole exome sequencing was completed in collaboration with the Wellcome Trust Sanger 

Institute. 1 μg of DNA samples from B6.129-Sle16 and 129 mice was used to carry out the 

exome libraries preparation and sequencing. The coding sequence selected for the mouse 

exome probe design includes 203,255 exonic regions, and collectively make up over 54.3Mbp 

of target sequences (C57BL/6J, NCB137/mm9). The mouse exome probe pools are 

commercially available from Roche NimbleGen. The exome libraries were prepared according 

to Illumina Exome Enrichment protocol and sequenced on Illumina HiSeq2000 platform 

aiming for 30 Million reads coverage.  
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Figure 3.1 Workflow of whole exome sequencing. (a) Schematic illustration of whole exome 

library preparation from Haas J et al336 (b) Bioinformatics analysis pipeline for whole exome 

sequencing. For each step in the pipeline, an example of software that can be used to perform 

the analysis is included. Partek Genomics Suite™ 6.6 software is able to do variants calling 

and annotation from the pipeline.   
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3.2.2 Whole exome sequencing results (WTSI) 

Sequence alignment and variant calling analysis was done by Thomas Keane at WTSI. Raw 

reads were aligned to genome assembly NCB137/mm9 using BWA (Burrows-Wheeler 

alignment tool) and variants calling was done using the software GATK. All SNPs variants 

were compared to 129 control sequences and only SNPs or INDELs located in Sle16 locus 

(162-188Mbp) were further investigated. Called variants were annotated using Variant Effect 

Predictor (Ensemble) by Kim Wong at WTSI. Alignments and SNPs were confirmed through 

visualization with Integrated Genome Viewer (Broad Institute). 

 Synonymous SNPs that do not cause change of amino acids were filtered out from the 

analysis in order to shortlist potential causal mutations. A total of 212 SNPs and 12 INDELs 

were identified in the Sle16 locus, in which 154 SNPs are non-synonymous protein coding 

variants and 70 SNPs fall at the splice sites. One of the non-synonymous SNPs was predicted 

to cause a gain of STOP codon (B930036N10Rik) and one to cause a loss of STOP codon 

(Olfr421). Both genes have never been described to be expressed in T cells nor have been 

involved in immune functions. The analysis identified 91 genes in the Sle16 locus with one or 

more functional mutations as listed in Supplementary Table 4.  

 

3.2.3 Whole exome sequencing results (PARTEK) 

I used Partek Genomics Suite™ 6.6 software to verify the exome sequencing analysis. Using 

the aligned BAM files provided by the WTSI, I followed the manufacturer’s protocol for SNV 

analysis of an exome sequencing dataset using Partek DNA-Seq workflow.  

I initially performed quality controls measurement of the BAM files. An overview of 

the exome sequencing data quality is summarized in Table 3.1 The whole exome sequencing 

generated high number of reads and most of them could be aligned to mouse mm9 genome 

assembly. In Table 3.1, two measures of capture efficiency are given: the average percentage 
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of reads mapping to the precise targeted regions (defined as mouse NCBI37/mm9 Refseq’s 

genes exons coordinates), and the percentage of reads mapped within 200bp on either side of 

the targeted regions. More than 80% of total reads mapped within the +/- 200bp targeted coding 

exon sequences indicating high accuracy of the exome library. Although only 40% falls within 

the coding exon sequence, the discrepancy might come from small differences in coding exon 

sequence coordinates used by WSTI to design the exome enrichment probes and Refseq genes 

coordinates used in my analysis. The average coverage in the target region is defined as the 

total number of bases mapped within the target region divided by the size of the target region. 

The average base quality and mapping quality presented using Phred quality score (acceptable 

quality is more than 20, which means the chances that base is called incorrectly or a read is 

wrongly mapped are 1 in 100). High average coverage, base quality, and mapping qualities 

reiterate that this was high quality exome sequencing data.   

The summary of SNPs prioritization and filtering was illustrated in Figure 3.2. SNPs 

called with Partek software were initially filtered by type and quality (homozygous variants, 

log-odd ratio > 100, coverage >50, base quality >20, and mapping quality >20) as described in 

method session. Whole exome sequencing analysis identified a total of 39,707 SNPs from 129 

mice and 2246 SNPs from B6.129-Sle16 mice. 1866 SNPs (83%) from B6.129-Sle16 mice 

overlapped with 129, and therefore were selected for further analysis. Out of them, 1624 SNPs 

(87%) fall within +/- 200 bp of coding exons. The rest of the SNPs were filtered out as off 

target sequences. The SNPs were then annotated for functional effects: 297 SNPs positioned 

in protein-coding sequence leading to amino-acid changes (non-synonymous substitution) and 

1183 SNPs did not (synonymous substitution) (Table 3.2). 161 SNPs fall in regulatory regions 

such as promoters, splice site, 3’ UTR and 5’ UTR. Partek software does not have the ability 

to call any structural variants such as INDELs, therefore this is a pitfall of using Partek to 
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analyse DNA sequence variants. The positions and distribution of the SNPs identified across 

the genome are summarized in Table 3.2 and Figure 3.3. 

The number of synonymous, non-synonymous, or SNPs that fall in regulatory regions 

are shown for each chromosome in Table 3.2. Chromosomes with no SNPs identified are not 

included in the table. As expected, high number of SNPs located within the Sle16 region on 

chromosome 1. However, SNPs were also identified in other chromosomes indicating that the 

generation of B6.129-Sle16 mice by back-crossing to B6 did not completely eliminated the 

129-derived sequences in other chromosomes. This is not surprising, as back-crossing of more 

than 10 times will only eliminates 99% of the 129 genome259. The number of ‘contaminating’ 

SNPs in other chromosomes was minimal, except for chromosome 14, where 639 SNPs were 

identified affecting 57 genes. During the generation of B6.129-Sle16 mice, microsatellites PCR 

was a standard protocol used for genotyping277. Even though these mice were carefully 

genotyped by microsatellite PCR during construction, the technical limitation of microsatellite 

PCR was it has  lower resolution compared to SNPs microarrays and exome sequencing 

(approximately 5-20 Mbp intervals)337. Therefore, it was possible that the 129 regions in 

chromosome 14 were not discovered due to lack of microsatellite markers. These SNPs within 

chromosome 14 will need to be considered in future experiments using B6.129-Sle16 mice.     
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Table 3.1 A summary of whole exome sequencing data quality. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Average number of total reads per 

sample 

~46 million reads 

Average % of mapped reads 99.8% 

Average % of reads that on target 40.5% 

Average % of reads that on target 

+/- 200bp 

82.8% 

Average coverage in target region 71.9 

Average base qualities 32.2 

Average mapping qualities 43.5 

Figure 3.2 Summary of SNPs prioritization of B6.129-Sle16 whole exome sequencing. 

The number of SNPs identified were shown for each filtering process during B6.129-Sle16 

whole exome sequencing analysis using Partek software. Number of genes annotated with 

SNPs were included after prioritization based on functional SNPs and baseline genes 

expression in CD4+ and CD8+ T cells.    
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Table 3.2 Summary of the SNPs identified in B6.129-Sle16 mice using Partek software.  

Chromosome Synonymous Non-synonymous Splice site/3’UTR 

/5’UTR/Promoter 

Number of genes 

affected 

Chr 1 432 143 119 89 

Chr 3 2 0 2 0 

Chr 5 4 3 1 3 

Chr 6 0 3 1 4 

Chr 7 5 2 0 2 

Chr 8 2 0 0 0 

Chr 9 4 2 0 2 

Chr 10 2 1 5 6 

Chr 11 132 28 5 5 

Chr 12 1 1 0 1 

Chr 14 504 108 27 57 

Chr 15 2 0 0 0 

Chr 16 14 6 0 3 

Chr 17 79 0 1 1 

Total 1183 297 161 173 

 

The number of synonymous, non-synonymous, or SNPs that fall in regulatory regions are 

shown. Chromosomes with no SNPs identified are not included in the table. 
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Figure 3.3 Distributions of SNPs in B6.129-Sle16 genome. Each chromosome is labelled by 

name and coloured by the cytogenetic bands. Blue box depicts the expected 168-188 Mbp Sle16 

locus and the red bars mark the actual SNPs identified using Partek. Ideogram is generated 

using Genome Decoration Page (NCBI).    
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 Supplementary Table 4 lists all the 110 genes in the Sle16 locus identified by WTSI 

and using Partek software. Out of the 87 genes identified using Partek, 68 genes (78.1%) 

overlapped with the gene list generated by WTSI. Despite differences in quality filtering, 

variant calling, and functional effects annotation used, most of the genes identified from both 

methods overlapped indicating high consistency of the exome sequencing analysis. A plausible 

explanation for some of the discrepancy is that Partek software has no functionality to call 

INDELs, therefore it might discriminate any genes with insertion or deletion mutations. 

However, only one gene could be explained by this reason: Atp1a2, identified to have 1 base 

pair deletion at splice site region from the WTSI analysis but not identified through Partek’s 

analysis. In addition, Partek was able to call more SNPs located in regulatory region (119 SNPs 

from Partek versus 70 SNPs from WSTI analysis). Although both analyses annotated splice 

site variants, Partek software also annotates variants at promoter region, 3’UTR and 5’UTR of 

the transcripts, explaining more variants identified and the discrepancy between the gene lists. 

Some of the discrepancies might also be due to false positive SNPs, which can only be revealed 

with validation by Sanger sequencing.    

 For human data, a commonly used method to shorten the list of genes of interest from 

DNA sequencing analysis, is to filter out common SNPs listed in databases such as dbSNPs 

and 1000 GENOME. SNPs pathogenicity prediction software and databases such as Polyphen, 

SIFT, Condel, and SNPs3D could be used to envisage the effects of SNPs to protein functions. 

However, these methods are not applicable for mouse data. Except for SIFT, other prediction 

software products are restricted to human databases, and multiple analyses are needed for 

meaningful interpretation. Therefore, I used a different approach to reduce the list of genes of 

interest. B6.129-Sle16 mice have been shown to have intrinsic abnormalities in T cells leading 

to increased B cell activation and a lupus-like phenotype338. I therefore analysed in-silico the 

baseline expressions of these genes in all cell types using Expression Atlas database (EMBI-
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EBI). A total of 35 genes were previously identified to be expressed in T cells and therefore 

were strong candidates for understanding the B6.129-Sle16 T cell phenotype (Supplementary 

Table 4 and Table 3.3). 

20 out of the 35 shortlisted genes discovered have yet to be associated with any mouse 

phenotype (Table 3.3). There is no knock-out (KO) mouse available for these 20 genes or, if 

the KO mouse existed, there are no phenotypic changes observed. While not much is known 

about the function of these 20 genes in mice, all genes are conserved in vertebrates. 10 genes 

were described to have a role in the mouse immune system (Usp21, Ly9, Slamf7, Cd48, Cd84, 

Ly108, Ncstn, Ifi204, Itpkb, and Trp53bp2). Only a few genes had previously been associated 

with SLE, namely the SLAM gene family (Ly9, Slamf7, Cd48, Cd84, Ly108) and the PYHIN 

gene family (Ifi202). Based on the literature and the association of the ortholog human genes 

to SLE, these two gene families were considered the best candidates. However, one cannot 

exclude others genes with potentially pathogenic mutations, but the functions in T cells are yet 

to be discovered. 
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Table 3.3 List of shortlisted genes located in the Sle16 locus and expressed in T cells.  

Gene  

symbol 

Polymorphism  

category 

MGI 

phenotype 

Human 

ortholog 

Human disease 

associations/OMIM 

Nuf2 
SPLICE SITE; 

3' UTR 
N/A NUF2 

Hypertensive disease; 

Malignant neoplasm of 

breast 

Uap1 

NON-

SYNONYMOUS 

CODING; 

SPLICE_SITE 

N/A UAP1 Hypertensive disease 

Sdhc 
SPLICE SITE; 

MISSENSE 
N/A SDHC 

Gastrointestinal 

Stromal Tumours; 

Carney Triad; 

Hamartoma Syndrome 

Tomm40

l 
PROMOTER N/A TOMM40L N/A 

Ndufs2 
SPLICE SITE; 

PROMOTER 
N/A NDUFS2 

Leigh Disease; 

Cardiomyopathies; 

NADH:Q(1) 

Oxidoreductase 

deficiency 

Ppox 
SPLICE SITE; 

PROMOTER 
N/A PPOX 

Variegate Porphyria; 

Disorders of Porphyrin 

Metabolism 

Usp21 
3' UTR; 

PROMOTER 

Hematopoietic 

system; 

homeostasis/ 

metabolism; 

immune system; 

mortality/aging 

USP21 

Lung Neoplasms; 

Crohn Disease; 

Inflammatory Bowel 

Diseases 

Pfdn2 PROMOTER N/A PFDN2 N/A 

Usf1 PROMOTER 

behaviour/neurologica

l; 

nervous system 

USF1 

Hyperlipidemia; 

Diabetes Mellitus; 

Cardiovascular 

Diseases 

Ufc1 
SPLICE_SITE; 

3' UTR 
N/A UFC1 N/A 

Arhgap3

0 

NON-

SYNONYMOUS 

CODING; 

 SPLICE SITE 

(DELETION); 
PROMOTER  

N/A 
ARHGAP3

0 

Polycystic Ovary 

Syndrome 

Ly9 

MISSENSE; 

SPLICE SITE 

(DELETION); 

3' UTR 

hematopoietic system; 

immune system 
LY9 SLE 
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Gene  

symbol 

Polymorphism  

category 

MGI 

phenotype 

Human 

ortholog 

Human disease 

associations/OMIM 

Slamf7 

NON-

SYNONYMOUS 

CODING 

hematopoietic system; 

immune system 
SLAMF7 

Multiple Myeloma; 

SLE 

Cd48/ 

Slamf2 

MISSENSE; 

5' UTR 

hematopoietic system; 

immune system 
CD48 

Inflammation; 

Schizophrenia 

Cd84 MISSENSE 

adipose tissue; 

hematopoietic system; 

homeostasis/ 

metabolism; 

immune system 

CD84 Spontaneous abortion 

Slamf6/ 

Ly108 
SPLICE_SITE 

hematopoietic system; 

homeostasis/ 

metabolism; 

immune system; 

mortality/aging 

SLAMF6 

Graves Disease; 

Encephalomyelitis; 

Tobacco Use Disorder; 

SLE 

Ncstn 

MISSENSE; 

5' UTR; 

PROMOTER 

behavior/neurological; 

cardiovascular system; 

cellular; craniofacial; 

embryo; 

growth/size/body; 

hematopoietic system; 

integument; 

immune system; 

mortality/aging; 

nervous system; 

renal/urinary system; 

neoplasm; vision/eye 

NCSTN 

Familial Hidradenitis 

suppurativa; 

Alzheimer's Disease; 

Memory impairment 

Copa 

NON-

SYNONYMOUS 

CODING; 

SPLICE_SITE; 

5' UTR 

N/A COPA 

Arthritis; 

Autoimmune 

Diseases; 

Interstitial Lung 

Diseases  

Pex19 

SPLICE SITE 

(DELETION); 

MISSENSE 

N/A PEX19 

Zellweger Syndrome; 

Peroxisome biogenesis 

disorders 

Pea15a PROMOTER 

Cellular;  

growth/size/body; 

nervous system; 

reproductive system 

PEA15 

ovarian neoplasm; 

Glioblastoma; 

Mammary Neoplasms 

Dcaf8 SPLICE SITE N/A DCAF8 

Autosomal Dominant 

Giant Axonal 

Neuropathy 

Pigm 
MISSENSE; 

3' UTR 
mortality/aging PIGM 

Glycosylphosphatidylin

ositol deficiency; 

Seizures; 

Venous Thrombosis 

Tagln2 PROMOTER N/A TAGLN2 
Liver carcinoma; 

Renal Cell Carcinoma 
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Gene  

symbol 

Polymorphism  

category 

MGI 

phenotype 

Human 

ortholog 

Human disease 

associations/OMIM 

Gm4955 

/Ifi206 

NON-

SYNONYMOUS 

CODING 

N/A 

IFI16 

 

Obesity; 

Autoimmune 

Diseases; 

SLE 

 

Pydc4/ 

Ifi213 

NON-

SYNONYMOUS 

CODING; 

3' UTR 

N/A 

Pyhin1/ 

Ifi209 
MISSENSE N/A 

Pydc3/ 

Ifi208 

NON-

SYNONYMOUS 

CODING 

N/A 

Ifi204 3' UTR 

cardiovascular system; 

hematopoietic system; 

immune system; 

mortality/aging 

Ifi203 

NON-

SYNONYMOUS 

CODING; 

SPLICE SITE 

(DELETION) 

N/A 

Olfr426 MISSENSE N/A N/A N/A 

Ahctf1 

NON-

SYNONYMOUS 

CODING 

Cellular; 

Embryo; 

mortality/aging 

AHCTF1 N/A 

Gm5069 

NON-

SYNONYMOUS 

CODING 

N/A N/A N/A 

Itpkb 

NON-

SYNONYMOUS 

CODING; 

SPLICE SITE; 

PROMOTER 

behaviour/neurologica

l; 

digestive/alimentary 

system; 

endocrine/exocrine 

glands; 

growth/size/body; 

hematopoietic system; 

integument; 

immune system; 

mortality/aging 

ITPKB Tobacco Use Disorder 

Trp53bp

2 

NON-

SYNONYMOUS 

CODING 

Cellular; 

Craniofacial; 

Embryo; 

endocrine/exocrine 

glands; 

growth/size/body; 

hematopoietic system; 

immune system; 

mortality/aging; 

TP53BP2 

Malignant neoplasm of 

stomach; 

Alzheimer's Disease; 

Stomach Neoplasms 
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Gene  

symbol 

Polymorphism  

category 

MGI 

phenotype 

Human 

ortholog 

Human disease 

associations/OMIM 

muscle; nervous 

system; 

renal/urinary system; 

skeleton; neoplasm; 

vision/eye 

Capn2 
MISSENSE; 

SPLICE SITE 

cardiovascular system; 

embryo; 

mortality/aging; 

reproductive system 

CAPN2 

Acute Myelocytic 

Leukemia;  

Duchenne Muscular 

Dystrophy; 

Neurodegenerative 

Disorders  

 

For each gene, the mouse gene symbol, type of polymorphism, associated mouse phenotype, 

the human ortholog and associated human disease are provided. Mouse phenotype and human 

orthologs are derived from Mouse Genome Institute, MGI ( http://www.informatics.jax.org/) 

database while human diseases associated with each gene are acquired using DisGeNET v. 4.0 

database (http://www.disgenet.org/web/DisGeNET/menu/home). 

 

3.3 Conclusions 

In conclusion, whole exome sequencing of B6.129-Sle16 mice has discovered novel sequence 

variants that might contribute to the lupus-like phenotype. Although pathogenicity of the SNPs 

cannot yet be derived due to the lack of available prediction resources for mouse data, 

functional approaches using in-silico analysis of available baseline expression and disease 

association databases have allowed me to shortlist 35 potential genes of interest. In addition, 

whole exome sequencing has identified 129-derived ‘contaminating’ SNPs outside the Sle16 

locus and this information is important to accurately elucidate the causative link between Sle16 

locus and the autoimmune phenotype observed in the B6.129-Sle16 mice.      

 

 

http://www.informatics.jax.org/
http://www.disgenet.org/web/DisGeNET/menu/home
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3.4 Discussion  

Whole exome sequencing is an efficient method for targeted sequencing to the coding regions 

of the genome, which harbour the majority of the Mendelian disease-causing mutations. As a 

research tool, the hypothesis-free study design makes this a powerful methodology. However, 

there are several limitations of exome sequencing. The number of variants identified in whole 

exome sequencing varies depending on the capture technique, depth of sequencing, and 

analysis methods used.  

Firstly, incomplete capture and uneven coverage may happen due to technical 

limitations or the nature of the DNA sequences. For example, GC-rich regions can be difficult 

to capture, exons with more than 70% GC contents are not covered in the whole exome 

sequencing, whilst the exons with the highest coverage have less than 40% GC content330. In 

any commercial exome enrichment kits, at least 5% of the exons will not be covered, leaving 

gaps where false negative results are the major implications.   

Secondly, a good bioinformatics analysis to remove PCR artefacts and alignment errors 

is fundamental to whole exome sequencing. High depth of coverage is essential to increase the 

confidence in variants called and reduce false positive variants. The process of filtering a large 

number of variants in exome data to identify candidates for pathogenicity is also crucial for the 

success of the analysis. While it is essential to reduce variant numbers from exome sequence 

data to manageable lists of candidate variants, it is equally important to avoid filtering out 

genuinely pathogenic variants. Here, I combined both lists of genes with variants from Partek 

and from the analysis by WTSI. Genes that were found to be expressed in T cells were 

prioritized and the genes associated to immune-related diseases in mice and human were 

included in the shortlisted genes of interest. Thirdly, although whole exome sequencing reduces 

the cost to sequence a targeted region at a high depth, whole exome sequencing omits 
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regulatory regions such as promoters and enhancers that often falls within non-coding regions 

of the genome.  

The whole exome analysis of B6.129-Sle16 mice highlighted several potentially 

interesting genes. SLAM family of genes such as Ly9, Slamf7, Cd48, Cd84, and Ly108, have 

been linked with SLE in human and mouse studies. For example, Cd48-deficient B6 mice 

developed an autoimmune phenotype with increased T cell and B cell activation339. In SLE 

patients enhanced transcript levels of Cd48 in CD4+ T cells were found to be positively 

correlated with SLEDAI values340. Another human ortholog from the shortlisted list found to 

be associated with SLE is IFI16. IFI16 have been demonstrated to interact with p53 

transcription factor and regulate cell growth and differentiation341. Increased expression in Ifi16 

transcripts and protein were found in SLE leukocytes341, 342. In addition, the presence of anti-

IFI16 antibodies was reported in SLE patients341. In mice, there is no direct ortholog of human 

Ifi16, therefore all PYHIN gene family in mice, namely Ifi206, Pydc4, Pyhin1, Pydc3, Ifi204 

and Ifi203, are assigned Ifi16 gene as the closest human ortholog. The functions of Ifi206, 

Pydc4, Pydc3 and Ifi203 are still unknown, whilst Pyhin1 and Ifi204 genes have been described 

to be involved in cell proliferation, apoptosis, and cell differentiation343. Other potentially 

interesting genes shortlisted were Usp21, Ncstn, Itpkb, and Trp53bp2. These genes were 

described to be important in mice immune system. For example, Itpkb is crucial for thymocyte 

development at the double positive stage. Itpkb-/- thymocytes show abnormal β-selection and 

can develop to CD4+CD8+ cells without Notch signalling344.  

The whole exome sequencing analysis has also revealed polymorphisms in other 

chromosomes in addition to the Sle16 locus. B6.129-Sle16 congenic were generated using a 

marker assisted/speed approach and during the back-crossing to the B6 strain at each generation 

the 129 derived regions were mapped with microsatellite markers polymorphic between 129 

and B6 mice. After 7 back-crossing generations siblings were then intercrossed to generate 
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congenic mice homozygous for the Sle16  interval345. However, limited microsatellite marker 

coverage of the 129 genome available at the time of the back-crossing might have left gaps of 

‘contaminating’ 129-derived sequence in the congenic mice. Consistent with this, a recent 

study showed that almost all 129-derived genetically modified congenic mice contain multiple 

off-target mutations despite intensive back-crossing334. These observations imply that the 

phenotypes observed in KO mice could be due to ‘contaminating’ mutations rather than the 

defect in the targeted gene. Thus, whole exome sequencing is a more reliable method not only 

to identify causal mutations in the target loci, but also as a high throughput screening of other 

potential ‘contaminating’ SNPs due to its high-resolution genome coverage at considerably 

low cost. In my study, I found a considerable number of 129-derived SNPs located on 

chromosome 14. Although the region in chromosome 14 has never been linked to 

autoimmunity or any immune phenotypes345, it is pivotal not to assume that the phenotypes 

observed in B6.129-Sle16 mice are solely attributed to the Sle16 locus and to keep in mind the 

possibility that genes outside this locus may also contribute to the findings.  
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CHAPTER 4: RNA SEQUENCING OF CD4+ AND CD8+ T CELLS 

 

4.1 Introduction 

RNA sequencing (RNAseq) technology measures transcriptomic expression by directly 

sequence cDNA with single base resolution. 3’ boundaries can be mapped precisely by 

searching for poly(A) tags, and introns can be mapped by searching for tags that span GT-AG 

splicing sites1. RNAseq allows mapping of reads in genomic regions not currently annotated 

as genes therefore allowing novel genes to be discovered. In addition, no prior knowledge of 

junctions between exons is needed, allowing identification of novel isoforms. It allows 

quantification of individual transcript isoforms making possible to study the expression of 

different isoforms for a gene and to compare isoforms diversity and abundance. In humans 

31618 known splicing events were confirmed by RNAseq and 379 novel splicing events were 

discovered1, 346. Moreover, RNAseq has very low background signal because reads can be 

uniquely mapped to a single region of the genome. RNAseq does not have an upper limit for 

quantification, therefore it has a high dynamic range. RNAseq data also show high levels of 

reproducibility for both technical (repeated measurements of the same sample) and biological 

(parallel measurements of biologically distinct samples) replicates347, 348. 

 RNAseq has been used to study the transcriptomic profiles of SLE patients. 

Transcriptome profiling of lupus patients’ PBMCs has demonstrated increased type I interferon 

signature307. However, gene signatures observed in unseparated leukocytes largely reflect the 

changes in the cellular composition, therefore cell-specific expression profiles may be more 

informative. RNAseq provides a sensitive and unbiased method to understand the whole 

transcriptomic profile of a cell type including the lowly expressed genes. For example, many 

genes expressed in normal monocytes were down-regulated in lupus patients316. RNAseq 

allows the discovery of a new IRF5 transcript isoform in SLE patients through de novo exon-
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exon junction analysis. In addition, the top four most abundant Irf5 transcripts expressed in 

SLE patients were discovered to contain susceptibility SNPs previously associated with lupus, 

a discovery only make possible through RNAseq as it allows direct assessed to the transcript 

sequences318.  

 Whether human or murine, whole PBMCs or cell-specific, RNAseq has opened a 

broader perspective in understanding mechanism(s) underlying SLE. It allows the 

identification of SNPs in exonic regions, of novel transcripts and splice variants associated 

with SLE. Whole transcriptome RNAseq also allows non-coding RNA and miRNA 

identification, linking variants in regulatory sequences to SLE. RNAseq data can be coupled 

with Chip-seq, DNA methylation, GWAS, and e-QTLs experiments to understand the 

epigenetic and genetic changes orchestrating the differential gene expression in SLE patients349, 

350.   

 The aim of this chapter is to use RNAseq to explore the molecular mechanism(s) of 

the increased activation of naive CD4+ and CD8+ T cells in the B6.129-Sle16. As reported in 

chapter 3, in the Sle16 locus I identified 35 genes that were polymorphic compared to B6. 

However, whether these polymorphisms could lead to any of the phenotypes discovered in the 

B6.129-Sle16 mice remain unknown. RNAseq experiments were employed to expand the 

information gained from the exome sequencing analysis by identifying the expression changes 

in B6.129-Sle16 T cells, and to discover novel gene(s) and mechanism(s) regulating T cell 

function. The results of the RNAseq experiments will be presented and discussed in this 

chapter.   
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4.1.1 Overview of RNA sequencing  

A schematic flow of mRNAseq technique is presented in Figure 4.1.a. The steps in RNA 

sequencing library preparation were described in detail in Chapter 2 session 2.5.2. In paired-

end sequencing strategy, reads from both ends are mapped together as a pair during the 

alignment process therefore increasing the alignment efficiency and reducing errors. The reads 

range from 50 base pairs to several thousand base pairs, depending on the sequencing 

technology used. Illumina Genome Analyser and HiSeq instruments as well as Applied 

Biosystems SOLID instruments and Roche 454 Life Science are the most common platforms 

used for high-throughput sequencing1. 

 After sequencing, the raw reads (FASTQ) from sequencing machines are filtered to 

remove low quality base calls and subsequently aligned to a reference genome. A typically 

used software is Tophat2, which is specially designed to address possible exon:exon splice-

junctions from RNAseq data and to increase the alignment efficiency351. This alignment step 

produces a genome-scale transcription map called BAM file. Expression levels are obtained by 

counting the total number of reads that map to the exons of a gene. A gene with longer 

transcripts will contribute to more fragments and more likely to be sequenced. In addition, a 

sample with higher coverage will have more reads per gene. Therefore, the total number of 

reads should be normalised by these two factors. A typically-used expression level metric after 

normalization is reads per kilobase and million mappable reads (RPKM). RPKM is the number 

of reads mapped to a gene divided by both the length of the gene in nucleotides and the total 

number of sequence reads mapped to the genome347. A variation of RPKM is fragments per 

kilobase and million mappable reads (FPKM). FPKM is a similar to RPKM in which 

expression values were normalized to sequencing depth and length of gene, but, instead of 

number of reads, number of fragments was used. Paired-end sequencing will have two 

fragments per read. FPKM values accommodate the possibility that only one of the fragment 
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pairs aligned to the genome, due to sequencing errors or bad paired-end library preparation, 

therefore it calculates each fragment individually352. However, when most of the reads are 

properly paired and aligned to reference genome, there are no particular advantages in using 

FPKM versus RPKM values353.    

 The normalized expression value per gene can be subsequently compared with the 

amount in any other sequenced sample using bioinformatic tools such as DESeq, edgeR, and 

Cuffdif. Commercially available software such as Partek can also be used to calculate RPKM 

and run differential expression analysis. Each bioinformatic tool or software designed for 

RNAseq analysis has its own normalization, statistical modelling and test for differential 

expression and this will be further discussed later in this chapter353. The differentially expressed 

genes are often visualized by hierarchical clustering. Gene sets of differentially expressed 

genes could then be prioritized and compared to pathway and biological databases using 

software such as Ingenuity Pathway Analysis (IPA), Gene Set Enrichment Analysis (GSEA) 

and Gene Ontology to understand the functional impact of the gene expression. These steps are 

illustrated in Figure 4.1.b. 
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Figure 4.1 Workflow of mRNA sequencing. (a) Schematic illustration of library preparation 

from Wang Z. et. Al. 20091. Sequencing adaptors (blue) are attached to each cDNA fragment 

and a short sequence is obtained from each cDNA using high-throughput sequencing 

technology. The resulting sequence reads are aligned with the reference genome or 

transcriptome to generate a base-resolution expression profile for each gene (b) Bioinformatics 

analysis pipeline for RNAseq. 
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4.2 CD4+ T cells: RNA sequencing and analysis 

 

4.2.1 Study design  

Three B6.129-Sle16, B6 and 129 mice were selected at pre-disease age (8 weeks old). CD4+ T 

cells were enriched by negative selection from the spleens to reach more than 90% of purity 

before RNA was extracted (Chapter 2, Figure 2.3). mRNA libraries were prepared according 

to Illumina Truseq RNA Sample Preparation protocol designed to generate stranded paired end 

mRNA libraries with average size of 250 bp. RNAseq libraries quality and quantity were 

verified by Qubit meter and Bioanalyzer (Chapter 2, Figure 2.7). Sequencing of the RNAseq 

libraries was carried out by MRC-CSC Genomic Facility using Illumina Hiseq 2000 machine 

following manufacturer’s instructions. Six libraries were sequenced per lane aiming for 30 

Million of reads coverage per sample. Due to technical problem during sequencing process, 

one of the 129 samples resulted in low reads and it was omitted from the subsequent analysis. 

The Genomic Facility did the initial sequencing data quality assessment and alignment, and I 

performed the subsequent analyses using Partek software and bioinformatic packages.   

 

4.2.2 Quality assessment and clustering 

Raw RNAseq data were analysed by Sanjay Khadayate. FASTQ files were verified using 

FASTQC. Reads were aligned to mm10 murine reference genome using Top Hat v 2.0.9 to 

generate Bam files. The Bam files were reported to be of good quality with a total average of 

33.3 Million reads per sample and 91.1% of reads mapped to the reference genome. Of the total 

mapped reads, 95.7% mapped uniquely and 87% of the reads can be properly paired.        

I used the Bam files as an input for Partek software. Using Partek software, the integrity 

of the data was assessed. For mRNA quantification, Refseq mRNA (version 01.11.2016) 

database was used for annotation. Herein, I verified that the average number of reads per 
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sample was 33 million reads. Partek only processed already aligned reads, therefore the 

definition of percentage of ‘mapped’ reads by Partek is the number of aligned reads that can 

be mapped to a specific transcript from Refseq mRNA database. Partek reported that almost 

all reads were mapped to the database (95.7%). Of those, 95.7% of the reads mapped uniquely 

and majority (90.2%) of reads mapped to 2 locations in the genome, which was expected of a 

paired-end sequencing data. These percentages generated by Partek were close to the figures 

generated by Genomic Facility showing that quality assessment of aligned BAM files could 

reliably been done using Partek software (Table 4.1).  

At least 30 Million reads coverage are needed for each library as recommended by 

ENCODE RNAseq guidelines for a simple differential expression comparison for inbred mice 

(https://www.encodeproject.org). For mouse genome, more than 90% reads are expected to be 

mapped correctly347. Unlike exome sequencing data where duplicates reads can be tagged and 

removed, in RNAseq data duplicate reads are indistinguishable from actual gene expression. 

Therefore, another useful reading to be verified from the RNAseq data to assess the quality is 

the percentage of uniquely mapped reads. As RNA fragmentation during library preparation is 

random, one fragment or read should be able to mapped uniquely to the reference genome, 

therefore more than 90% of uniquely mapped reads was expected. As the libraries were paired-

end, majority of the reads should be able to be mapped to the reference genome in paired as 

portrayed in Table 4.1.      

Using CollectRNAMetrics from Picard tools, I verified that majority of the reads (an 

average of 82% of total reads) mapped to mRNA regions including exon, 5’ and 3’ untranslated 

regions (UTR) (Figure 4.2). Approximately 10.6% of reads mapped to intronic region in the 

genome and 8.1% of reads aligned to intergenic regions. High intronic reads could be explained 

by possible novel exons that have not yet been annotated by Refseq and are considered as 

introns. Some reads that mapped to the intronic regions could also come from immature mRNA 
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that already have poly-A tail but the introns have not been completely spliced. Minimal 

ribosomal contamination was observed (approximately 1%) suggesting high mRNA purity was 

used for RNA sequencing.   

Principle Component Analysis (PCA) is a statistical analysis used to display spatial 

separation of variations in expression values by unsupervised hierarchical clustering354. Figure 

4.3 indicates the relationships among the global gene expression for each mouse group in the 

3D PCA plot. As expected, each group clustered closely with its respective biological 

replicates. One of the B6.129-Sle16 mice was more segregated from the other two biological 

replicates suggesting possible heterogeneity of gene expression despite having the same genetic 

background. Clear separation could be seen between 129, B6, and B6.129-Sle16 CD4+ T cells. 
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Table 4.1 CD4+ T cell RNAseq data – comparison of the quality assessment of the BAM 

files 

 

The total number of reads, percentage of mapped reads, uniquely mapped reads, and properly 

paired reads were measured for each sample using Picard tools and the Partek software. 

 

 

 

 

 

 

  

 Genomic Facility Partek 

Sample 

ID 

Number 

of reads 

(Millions) 

Percentage 

of aligned 

reads (%) 

Uniquely 

mapped 

reads 

(%) 

Properly 

paired 

(%) 

Number 

of reads 

(Millions) 

Percentage 

of mapped 

reads (%) 

Uniquely 

mapped 

reads 

(%) 

Properly 

paired 

(%) 

129_1 32.2 91.8 95.7 87.3 32.2 95.4 95.7 91.1 

129_2 33.0 90.7 95.8 87.0 30.7 94.5 95.8 90.8 

B6_1 33.6 92.5 95.8 87.3 32.5 95.8 95.7 92.0 

B6_2 35.7 92.7 95.8 87.8 34.4 95.8 95.6 92.0 

B6_3 30.6 93.1 95.6 87.0 29.4 96.1 95.6 92.1 

B6.129-

Sle16_1 
33.9 90.5 95.8 86.9 32.1 97.0 95.9 88.1 

B6.129-

Sle16_2 
36.0 88.6 95.7 86.9 36.5 95.3 95.8 87.7 

B6.129-

Sle16_3 
32.0 89.6 95.9 86.2 29.8 96.0 95.9 88.0 

Average 33.3 91.1 95.7 87.0 32.2 95.7 95.7 90.2 
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Figure 4.3 3D PCA plot of CD4+ T cell RNA sequencing data. Plot was generated using 

Partek software to assess the variability of the transcriptomic profiles. Each group of mice is 

represented by a different colour and shape as labelled. Ellipsoids are drawn surrounding the 

global gene expression signatures for B6.129-Sle16 mice.   

Figure 4.2 Bar chart representing the distribution of the bases from CD4+ T cell 

sequencing. The percentages of bases falling within each indicated region were calculated 

using the Picard’s CollectRNAMetrics tool. Regions of the genome were color-coded as 

described in legend.    
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4.2.3 Differential expression analysis  

To carry out the differential expression analysis, the number of reads annotated for each gene 

were counted and normalized. In this analysis, I used RefSeq transcripts database (version 

1.11.2016) for annotation. The normalization method used by Partek is by RPKM. Partek uses 

one–way analysis of variance (1-wayANOVA model) to define differentially expressed genes 

(DEGs) in various comparisons (Table 4.2). Genes were differentially expressed if the p-value 

and False Discovery Rate (FDR) were less than 0.05, and if the reads fold change (FC) was 

more than 2-fold up/down compared to control. Then I further prioritized the genes based on 

their level of expression in T cells (average RPKM > 1).  

  As expected, the comparison of CD4+ T cell transcriptomic profiles from 2 different 

mouse strains (129 vs B6) resulted in the highest number of genes with RPKM value > 1 (245 

genes) to be differentially expressed (Table 4.2). A slightly reduced number of DEGs was seen 

when B6.129-Sle16 mice was compared to 129, whilst a small number of DEGs was found 

between B6.129-Sle16 and B6 mice as the genetic makeup of the B6.129-Sle16 mice is very 

similar to the B6 one. However, rather disappointingly, only 5 genes were at least 2-fold up-

regulated or down-regulated with FDR < 0.05 when B6.129-Sle16 was compared to B6, and 

only 2 genes were highly expressed with RPKM more than 1. The low number of DEGs 

between B6.129-Sle16 and B6 mice was likely to be due to one of the B6.129-Sle16 biological 

replicates having a different gene expression profile and therefore increasing the variability. 

To ascertain the confounding effects caused by this sample, I removed the B6.129-Sle16 outlier 

and repeated the differential expression analysis (Figure 4.3). Removing the outlier 

significantly increased the number of DEGs to 100 genes and 62 of them were highly express 

in CD4+ T cells. 
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 Number of differentially expressed genes 

Comparison 
p-value < 0.05, FDR < 

0.05 
FC > 2 or < -2  

Average 

RPKM > 1 

B6.129-Sle16 vs B6 57 5 2 

B6.129-Sle16 vs 129 896 335 197 

B6 vs 129 1082 407 245 

B6.129-Sle16 vs B6 

(outlier removed) 
793 100 62 

B6.129-Sle16 vs 129 

(outlier removed) 
1160 385 236 

 

Number of differentially expressed genes with p-value and FDR < 0.05 are showed. The gene 

lists were further filtered by fold change (FC) more/less than 2 and RPKM >1, and the number 

of genes passing these filters are shown. Statistical comparison using 1-wayANOVA analysis 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

  

Figure 4.4 Venn diagrams comparing B6.129-Sle16 vs B6 DEGs generated by Partek and 

DEseq software.  The number of DEGs from DEseq analysis is shown in the blue sphere, 

while the one from Partek is in the red. The number of overlapping genes is in the middle. The 

Venn diagram on the left compared all the genes in the DEG lists; the one on the right is the 

number of genes after filtering for RPKM > 1. Venn diagrams were generated using the 

program Venn (http://bioinformatics.psb.ugent.be/webtools/Venn/). 

Table 4.2 Number of DEGs by Partek software.  
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 In parallel to the differentially expression analysis using Partek, I also generated list of 

differentially expressed genes using bioinformatic tools. Number of reads per transcript was 

calculated using the HTseq-count program. Normalisation process, which corrected for sample 

distributional differences within the read counts, such as differences in total counts (sequencing 

depths), and within sample gene-specific effects, such as gene length or GC-content effects, 

was performed using the program DEseq355. The statistical significance of fold changes was 

calculated by comparing the B6.129-Sle16 to the control B6 and the p-values were 

subsequently adjusted at genome wide level using Benjamin-Hochberg formula355. As with the 

differential analysis using Partek, the B6.129-Sle16 outlier was removed from the analysis.  

Using DEseq 222 genes were defined to be differentially expressed (adjusted p-value 

of < 0.05 and FC of more/less than 2). Of this, 103 genes had more than 1 RPKM value. Figure 

4.4 represents the Venn Diagrams of the number of genes differentially expressed in the B6-

129-Sle16 compared to control B6, comparing the gene lists from Partek (red sphere) and 

DEseq (blue sphere). This analysis showed that out of the 100 genes found by Partek as 

differentially expressed, 50 genes (50%) were also listed by DEseq. After filtering out the lowly 

expressed genes, 38 out of 62 genes (61.2%) were found to be present in both analyses. 

Although the percentage was slightly improved after prioritization for RPKM more than 1, 

there is still a substantial difference between the gene lists generated by the two softwares. This 

discrepancy could be due to the different approach of reads normalization and statistical 

method used to define differentially expressed genes in Partek versus DEseq. This finding is in 

line with a previous study where approximately 60% of DEGs overlapped between Partek and 

DEseq analysis356.   

The 38 overlapping genes were prioritized. All 38 genes are listed in Supplementary 

Table 5.  Out of 38 genes, a total of 6 genes are located in the Sle16 locus, namely Nuf2, 

Pyhin1, Pydc3, Ifi204, Dusp10 and Slam7 gene. Except for one gene (Dusp10), sequence 



132 

 

variants were detected from exome sequencing analysis for the other 5 genes including splice 

site variants, intronic, non-synonymous coding, and variants at 3’ UTR. Three genes belong to 

the PYHIN gene family (Pyhin1, Pydc3, and Ifi204). Ifi204 gene was the top most upregulated 

gene in B6.129-Sle16 CD4+ T cell compared to B6, estimated to be 15 to 18-fold more 

upregulated. In contrast, the other two genes from PYHIN gene family were approximately 2 

to 3-fold down-regulated. These two genes were more expressed compared to Ifi204 (RPKM 

30 vs 5). One gene is a part of the signalling lymphocytic activation molecule (SLAM) gene 

family (Slamf7). Slamf7 gene was approximately 2-fold down-regulated, but the RPKM value 

for this gene is only 1.6, making this a less interesting candidate from the Sle16 locus. An 

unexpected gene within the Sle16 locus is Dusp10.  This gene is highly expressed (RPKM 166) 

and 3-fold more up-regulated in B6.129-Sle16 CD4+ T cells. No polymorphism was detected 

for Dusp10 gene from exome sequencing, therefore it is likely that there are variants in the 

regulatory region for Dusp10 that could not be discovered through exome sequencing.  

The differentially expressed genes that fall outside the Sle16 locus are also important 

candidates as they may be functionally linked to the Sle16 locus and to the observed phenotype. 

Out of 32 DEGs outside of Sle16 loci, 11 genes were highly expressed with RPKM > 10, 

namely Sh3bp5, Ly6c2, Ngly1, Rel, Ifrd1, Tgif2, Zc3h12a, Irs2, Maff, Fosl2, and Vps37b gene. 

Two genes (Sh3bp5 and Ngly1) are located in the ‘contaminating’ chromosome 14 region of 

129 origin. Both genes had never been described to be involved in immune regulation, yet were 

highly expressed in CD4+ T cells.           
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4.2.4 RT-PCR verification and candidate selection 

I then selected the genes for the RT-PCR verification: 6 genes located within the Sle16 locus 

(Nuf2, Pyhin1, Pydc3, Ifi204, Dusp10 and Slam7), 3 top most up-regulated genes (Apol8, 

Nr4a3, and Zbtb10) and 3 top most down-regulated genes (BC035044, Cdk1, and Sh3bp5). To 

validate the differential expression uncovered by RNAseq analysis, I used a new batch of 8-

week-old B6.129-Sle16 and B6 female mice and positive selection of CD4+ T cells to ensure 

high purity CD4+ T cells (> 98%) (Method chapter, Figure 2.3). The results of the above 

DEGs verification are plotted in Figures 4.5-4.8. Except for Pyhin1, Pydc3, Slamf7, and 

Sh3bp5, no significant differences in gene expression were observed with RT-PCR in B6.129-

Sle16 CD4+ T cells when compared to B6 mice. The differential expression estimated by 

RNAseq analysis was not re-producible even when highly expressed gene was assessed, for 

example, Dusp10 gene with an average RPKM value of 166 (Figure 4.6). This discrepancy 

between the RNAseq and the RT-PCR results was unexpected as RNAseq analysis is reported 

to be highly reproducible with approximately 70% concordance when compared to microarray 

data357. It has been shown that qPCR results agree more closely with the Illumina RNAseq 

results than with the array data as over 80% of genes that were called to be differentially 

expressed by RNAseq, but not by microarray, were confirmed to be differentially expressed by 

RT-PCR. In simple genome, such as yeast, 98% correlation was reported between RNAseq and 

RT-PCR358. 
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Figure 4.5 Gene expression comparisons of 4 down-regulated genes located in the Sle16 

locus. For each gene the mRNA expression from B6.129-Sle16 CD4+ T cells was compared to 

the one from B6 CD4+ T cells. The 129 CD4+ T cell gene expression was plotted as reference. 

RPKM values, p-value and fold change (FC) were derived from Partek analysis. RT-PCR data 

are relative to the Gaphd housekeeping gene. Student t-test was performed for RT-PCR, p-value 

and FC are shown. ‘ns’ = not significant.       
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Figure 4.6 Gene expression comparisons of 2 up-regulated genes located in the Sle16 locus. 

For each gene the mRNA expression from B6.129-Sle16 CD4+ T cells was compared to the one 

from B6 CD4+ T cells. The 129 CD4+ T cell gene expression was plotted as reference. RPKM 

values, p-value and fold change (FC) were derived from Partek analysis. RT-PCR data shown 

are relative to the Gaphd housekeeping gene. Student t-test was performed for RT-PCR, p-value 

and FC are shown. ‘ns’ = not significant.       
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Figure 4.7 Gene expression comparisons of the 3 most down-regulated genes located outside 

of the Sle16 locus. For each gene the mRNA expression from B6.129-Sle16 CD4+ T cells was 

compared to the one from B6 CD4+ T cells. The 129 CD4+ T cell gene expression was plotted as 

reference. RPKM values, p-value and fold change (FC) were derived from Partek analysis. RT-

PCR data shown are relative to the Gaphd housekeeping gene. Student t-test was performed for 

RT-PCR, p-value and FC are shown. ‘ns’ = not significant. 

 

 

For each gene, mRNA expression for B6.129-Sle16 CD4+ T cells were compared to B6, and 129 

gene expression was plotted as reference. RPKM values calculated by Partek were graphed 

representing RNA-seq data. P-value and fold change (FC) were derived from Partek analysis. RT-

PCR data was shown in relative to Gaphd housekeeping gene. Student t-test was performed for 

RT-PCR, p-value and FC were shown. ‘ns’ means not significant.       
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Figure 4.8 Gene expression comparisons of the 3 most up-regulated genes located outside 

of the Sle16 locus. For each gene the mRNA expression from B6.129-Sle16 CD4+ T cells was 

compared to the one from B6 CD4+ T cells. The 129 CD4+ T cell gene expression was plotted 

as reference. RPKM values, p-value and fold change (FC) were derived from Partek analysis. 

RT-PCR data shown are relative to the Gaphd housekeeping gene. Student t-test was performed 

for RT-PCR, p-value and FC are shown. ‘ns’ = not significant. 

 

For each gene mRNA expression for B6.129-Sle16 CD4+ T cells were compared to B6, and 

129 gene expression was plotted as reference. RPKM values calculated by Partek were graphed 

representing RNA-seq data. P-value and fold change (FC) were derived from Partek analysis. 

RT-PCR data was shown in relative to Gaphd housekeeping gene. Student t-test was performed 

for RT-PCR, p-value and FC were shown. ‘ns’ means not significant.       
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4.2.5 Conclusions  

RNA sequencing of CD4+ T cells from B6.129-Sle16 has revealed 38 differentially expressed 

genes identified using Partek and DEseq tools. Six out of 38 genes, located within the Sle16 

locus, were potentially good candidates for the increased activation in B6.129-Sle16 CD4+ T 

cells. However, corroboration by RT-PCR of the 12 most differentially and highly expressed 

genes was not always able to reproduce the trend observed from RNAseq analysis. The 

expression of only 5 genes could be replicated: Pyhin1, Pydc3, and Pydc4, located in the Sle16 

locus, were 4- to 8-fold downregulated in B6.129-Sle16 CD4+ T cells compared to B6 CD4+ T 

cells (Figure 4.5), whilst Slamf7 and Sh3bp5 were less down-regulated (2-fold) (Figure 4.7). 

All 5 genes have 129-derived sequence and were expressed at similar level to 129 CD4+ T 

cells, depicting the sequence-specific differential expression in B6.129-Sle16.   

 There are several possible explanations for why the results of the RNAseq analysis were 

not replicated by the RT-PCR. Firstly, after one of the B6.129-Sle16 biological replicates was 

removed as an outlier, I was left with only two biological replicates. This has affected the 

confidence in p-value calculation and has led to less accurate differential expression estimation. 

It has been widely accepted that increasing the number of biological replicates will increase 

the accuracy of RNAseq analysis, and 3 biological replicates were recommended for 

experiments with inbred mice. However, even with 2 vs 2 replicates have been used, 70% 

concordance with microarray data was achieved and thus this does not fully explain the 

discrepancy357. Secondly, the CD4+ T cells used for RNAseq were negatively enriched with 

purity approximately 94-96% for each group. Although 5% contaminating cells may seem 

insignificant, a study had highlighted that negative enrichment of T cells may bias the 

transcriptomic profile towards the genes from contaminating cells contributing to the 

estimation of the top most differentially expressed genes359. The study also showed that 

positive selection does not lead to an increased activation status nor to significant systematic 
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changes in gene expression of the isolated cells. This was later confirmed in another 

transcriptomic study had found several genes primarily associated with B cells, such as MZB1, 

to be induced in negatively purified T cells from SLE patients360. Therefore, I think the purity 

of the cells was, most likely, the key problem with the RNAseq data. The verification by RT-

PCR was done using mRNA from positively selected CD4+ T cells, approximately 98-99% 

purity, and therefore was a more accurate representation of the transcriptomic profile. Of note, 

some of the genes estimated to be highly expressed by the RNAseq analysis with more than 

100 RPKM values, were not highly expressed when measured by RT-PCR. For example, when 

measured by RT-PCR, Ifi204 gene expression relative to the Gapdh housekeeping gene was 

higher than Dusp10 expression, however RNAseq showed the opposite trend indicating 

inaccuracy in RNAseq data (Figure 4.6).   Thirdly, technical variability could also contribute 

to the over dispersion and inaccuracy of differential expression analysis4. Technical variability 

such as library quality, sequencing coverage, sequencing platform, batch and lane variability 

could affect the accuracy of the RNAseq data361.  Although the experiment design had 

successfully produced libraries with the same quality and coverage, the sequencing was 

performed by separating the libraries into 3 different lanes. Therefore, I cannot rule out the 

possibility of lane effects as a contributing factor to the inaccuracy of the RNAseq data.     

 In conclusion, several factors could have contributed to the irreproducibility of CD4+ 

T cell RNAseq data. Mostly likely, gene signatures from contaminating cells have biased the 

most differentially expressed genes detected in the CD4+ T cells by the RNAseq analysis. 

Nonetheless, I found out that 3 genes belonging to the PYHIN gene family within the Sle16 

locus were differentially expressed in B6.129-Sle16 CD4+ T cells compared to B6 CD4+ T 

cells.    
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4.3 CD8+ T cells: RNA sequencing and analysis 

 

4.3.1 Study design 

 Learning from the pitfalls discovered from CD4+ T cell RNAseq analysis, I introduced several 

modifications for the subsequent CD8+ T cell RNAseq experiment. Firstly, except from 129 

mice in which 3 mice were used, CD8+ T cells were purified from a total of 4 mice from each 

B6 and B6.129-Sle16 mouse strain. Secondly, to avoid contamination from other cell types, I 

initially used negative selection as previously done for CD4+ T cell sequencing. Negative 

selection of CD4+ T cells from splenocytes yielded at least 90% purity. However, using a 

similar protocol I only managed to achieve CD8+ T cell purity of 70.5-84.5%, and the purity 

was especially lower in B6.129-Sle16 mice. This low purity might be due to the smaller 

population of CD8+ T cells (approximately 15%) compared to CD4+ T cells (approximately 

20%). B6.129-Sle16 mice in particular, have a significantly lower percentage of CD8+ T cells 

compared to B6 animals, which was approximately 8%. Therefore, instead of negative 

selection, I decided to adopt a double purification method to purify CD8+ T cells. Spleen CD8+ 

T cells were first negatively enriched, followed by a positive selection using anti-CD8 beads. 

This approach increased the purity to 99% comparable with the purification of CD8+ T cells 

by FACS sorting, but required less handling time and probably introducing less stress to the 

cells (Chapter 2, Figure 2.2).  

 Total RNA extracted from CD8+ T cells was intact with high RIN value (>9.0) as 

determined with Bioanalyzer. Messenger RNA libraries were made using Truseq Stranded 

mRNA Sample Preparation kit (Illumina, USA) according to manufacturer’s protocol. All 

libraries were at the expected peak size of 260 base pairs, and libraries were then submitted to 

the Imperial BRC Genomic Facility to be further quantified by PCR and sequenced using Hiseq 

2500. Each of the sample libraries were tagged with different adaptors and pooled before being 
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sequenced in a total of 2.5 lanes for 10 samples, aiming for 60 million reads per sample. 

Learning from the failure in CD4+ T cell RNAseq data, I aimed to double the amount of 

sequencing coverage and to sequence the pooled libraries in all lanes to avoid lane effect. The 

Genomic Facility provided the raw data in FASTQ files and I carried out read alignment and 

differential expression analysis using bioinformatic tools. 

 

4.3.2 Quality assessment and clustering 

Except for one library (B6.129-Sle16_1), all libraries yielded approximately 80 million paired-

end reads. The B6.129-Sle16_1 library yielded only 16 million reads due to a technical error 

during sequencing process and hence was removed from further analyses. I assessed the library 

quality using FASTQC. High overall quality reads were observed from all libraries (reads and 

base calling quality score > 30). However, high base-calling error was measured for last few 

base pairs of each read (Figure 4.9). Illumina sequencing platform includes a built-in base 

calling feature that assigned a nucleotide to each base position in the reads depending on the 

colour signals detected during sequencing. When the software is unable to assign a nucleotide, 

N will be assigned, therefore increased percentage of the N content in the read signifies 

increased error during the sequencing. As the sequencing process takes a few days, the 

efficiency of the enzyme and reagents decreases over time, therefore a higher percentage of N 

content at the end of the reads was observed.  

 I used Tophat2 software to map the reads to mm10 mice reference genome. Picard 

tools were used to assess the mapping quality. My first attempt to map the raw reads resulted 

in an average of 85% mapped reads, which was lower than expected. To improve the 

alignments, I then used fastx_trimmer software to cut and removed the last three base pairs of 

each read, hence removing the N bases. This increased the mapping rate to 91.5%, indicating 

that almost 7% of the total reads failed to be mapped to the reference genome due to the N 
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bases at the end of reads (Table 4.3). In addition, mapping quality was also assessed using 

Partek software. Partek calculated that all the aligned reads could be successfully mapped to 

the Refseq mRNA database (version 1/11/2016). Of the total mapped reads, 90.4% mapped 

uniquely and 85.6% of the reads can be properly paired, indicating good quality of aligned 

BAM files (Table 4.3).  

 Additional mapping quality checks were done using Picard tools as described in the 

method session. The majority of the reads (an average of 62.5% of total reads) were identified 

as coding bases (Fig. 4.10). Approximately 24.6% of reads aligned to either 3’ UTR or 5’ UTR, 

3.5% of reads mapped to intronic regions and 7.9% of reads aligned to intergenic regions in 

the genome. In total, an average of 87.2% of the reads fell within mRNA region, which is a 

good percentage for RNAseq data. Like the CD4+  

T cell RNAseq data, some discrepancy might come from incomplete gene annotation by Refseq 

database, and un-spliced intronic contamination. Only 1.2% of reads were identified as 

ribosomal bases, therefore there was a minimal carry over contamination from ribosomal RNA.  

Subsequently, I used principle component analysis (PCA) generated by Partek to 

visualize the clustering of global gene expression in all libraries (Fig. 4.11). A clear segregation 

could be observed between 129 CD8+ T cells transcriptomic profiles versus the B6 and B6.129-

Sle16 ones indicating different transcriptomic profiles due to the different genomic sequence 

background. B6.129-Sle16 biological replicates clustered closely together showing quite 

homogeneous gene expression between replicates. In contrast, B6 biological replicates had a 

diverse expression profile, one of which was closer to the B6.129-Sle16 one.   
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Figure 4.9 Percentage of N content across the bases for 129_1 sample reads before and 

after trimming. Percentage of N content for each read base pair position of raw reads generated 

from Illumina sequencing platform is depicted by the red line. The top figure represents reads 

before trimming 3bp from the end and the figure at the bottom shows the percentage of N 

content after the trimming. Plots were generated by FASTQC and trimming was done using 

fastx_trimmer packages.            
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Table 4.3 Quality assessment of BAM files for CD8+ T cell RNAseq data.  

 Picard tools Partek 

Sample 

ID 

Number 

of reads 

(Millions) 

Percentage 

of aligned 

reads (%) 

Uniquely 

mapped 

reads 

(%) 

Properly 

paired 

(%) 

Number 

of reads 

(Millions) 

Percentage 

of mapped 

reads (%) 

Uniquely 

mapped 

reads 

(%) 

Properly 

paired 

(%) 

129_1 94.9 91.5 90.8 88.40 89.1 99.8 90.9 86.4 

129_2 85.1 90.2 90.0 84.90 79.4 99.7 90.1 84.3 

129_3 73.4 90.6 91.4 86.3 68.7 99.7 91.4 85.7 

B6_1 86.9 91.8 90.0 87.60 93.3 99.7 88.3 83.8 

B6_2 97.0 89.0 89.4 84.20 83.9 99.7 90.5 85.1 

B6_3 95.2 92.7 90.8 89.70 86.0 99.7 90.9 86.6 

B6_4 93.4 94.4 90.84 90.40 82.0 99.7 90.1 85.6 

B6.129-

Sle16_1 
100.9 90.0 88.2 85.30 88.7 99.7 89.4 84.8 

B6.129-

Sle16_2 
88.8 91.4 90.4 87.00 90.3 99.8 90.9 86.9 

B6.129-

Sle16_3 
78.9 90.4 90.8 86.80 89.7 99.8 91.1 87.0 

Average 84.1 91.51 90.38 87.43 85.1 99.7 90.4 85.6 
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PC #3 

19.7% 

PC #2 21.2% 

129 

B6 

B6.129-Sle16 

Figure 4.11 3D PCA plot of CD8+ T cell RNA sequencing data. Plot was generated using 

Partek software.  Each group of mice is represented by different colour and shape as labelled. 

Ellipsoids are drawn surrounding the global gene expression signatures for each group.   

Figure 4.10 Bar chart representing the distribution of the bases from CD8+ T cell 

sequencing. The percentages of bases falling within each indicated region were calculated using 

the Picard’s CollectRNAMetrics tool. Regions of the genome were colour-coded as described 

in legend.    
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4.3.3 Differential expression analysis  

Three commonly used tools were applied to generate differential expression analysis: Partek, 

DEseq2, and Cuffdiff. For DEseq2 analysis, read quantification was initially done using 

HTseq-count program, followed by normalisation and differential expression analysis. Partek 

normalize the value by RPKM, whilst Cuffdiff uses normalized values by FPKM.  

 With all the above tools, differentially expressed genes (DEGs) were defined when 

FC was more or less than 2, and p-value and false discovery rates were less than 0.05. Further 

filtering of DEGs was done based on the level of expression, as only genes with RPKM value 

more than 1 were prioritized (Table 4.4). Comparison of control B6 and 129 mice yielded the 

largest number of DEGs, approximately 600 genes. A similar number of DEGs was generated 

by all three different tools for every comparison, except for when congenic B6.129-Sle16 mice 

were compared to B6 animals. Only 17 genes were found to be differentially expressed using 

Partek and DEseq2, while 96 genes were found to be differentially expressed when Cuffdiff 

was used (Table 4.4).  

 I used Venn Diagram to compare the genes that were called to be differentially 

expressed by all three tools (Figure 4.12). Like CD4+ T cells RNAseq data, approximately 

52% (9 out of 17 genes) of the genes from DEseq2 and Partek overlapped. In addition, Cuffdiff 

identified another 80 genes as DEGs demonstrating how different tools used for RNAseq 

analysis may affect the results. Most of DEGs identified using DEseq2 were also identified by 

Cuffdiff (14 out of 17 genes, approximately 82%), however, Cuffdiff defines additional 82 

genes to be differentially expressed. The 8 DEGs called by all three tools were listed in 

Supplementary Table 6. Four out of 8 overlapping genes were located in the Sle16 locus 

belonged to the PYHIN gene family (Pydc4, Ifi206, Pydc3 and Pyhin1) and were down-

regulated in B6.129-Sle16 CD8+ T cells compared to B6 CD8+ T cells. Exome sequencing 

analysis had found polymorphisms on these genes (Supplementary Table 4). Two of the 
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differentially expressed genes were located on chromosome 14 (Sh3bp5 and Vcl genes). 

Sh3bp5 is a SH3-domain binding protein found to bind to tyrosine kinases and involved in 

phosphorylation of the mitochondrial protein Sab362. Vcl, also called vinculin, has been shown 

to be involved in actin formation, cell to cell matrix adhesion, and cell migration363.  Exome 

sequencing has identified a synonymous polymorphism in the Sh3bp5 gene indicating the gene 

was of 129 origin and thus was a carryover contamination from 129 mice outside the Sle16 

locus. In contrast, no polymorphisms were found in the Vcl gene. Other two genes in the list 

were zinc finger protein 960 (Zfp960), and a predicted pseudogene Gm10020, but no functions 

have been described for these genes.     
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Number of differentially expressed genes with p-adjusted value or FDR < 0.05 and fold change 

(FC) + 2 are shown. The gene lists were further filtered by expression value RPKM >1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Partek DEseq2 Cuffdiff 

Comparison 

Number 

of 

DEGs 

Average 

RPKM > 

1 

Number 

of DEGs 

Average 

RPKM > 

1 

Number 

of DEGs 

Average 

RPKM > 1 

B6.129-Sle16 

vs B6 
34 17 41 17 251 96 

B6.129-Sle16 

vs 129 
2284 476 2253 438 1579 471 

B6 vs 129 2894 608 3099 564 1829 587 

Table 4.4 Number of DEGs in each comparison using Partek, Deseq2, and Cuffdiff 

software.  

Figure 4.12 Venn diagram comparing B6.129-Sle16 vs B6 DEGs generated by Partek, 

Cuffdiff, and DEseq2 software.  The number of DEGs from DEseq analysis is shown in the 

blue sphere, while Partek is in the red one, and Cuffdiff in the green one. The number of 

overlapping genes is in the middle. Venn diagram was generated using the program Venn 

(http://bioinformatics.psb.ugent.be/webtools/Venn/). 



149 

 

4.3.4 RT-PCR verification 

The expression of 6 out of 8 overlapping DEGs was verified using RT-PCR. Ifi206 and 

Gm10020 expression were not verified, as these two genes are classified as pseudogenes and 

are not able to code for functional proteins. The genes Pydc4, Pydc3 and Pyhin1, located in the 

Sle16 locus, were predicted to be downregulated from RNAseq analysis and the same trend 

was observed using RT-PCR (Figure 4.13). Pydc3 and Pyhin1 fold change of expression in 

B6.129-Sle16 CD8+ T cells compared to control B6 was replicated, however Pydc4 fold change 

of expression was widely overestimated by RNAseq analysis (FC -50 from RNAseq vs -5 from 

RT-PCR). This is likely due to its low number of RPKM in B6.129-Sle16 CD8+ T cells (less 

than 1 RPKM), as overestimation of FC is expected for lowly expressed genes in RNAseq 

data356. Two out of the 3 genes located outside of the Sle16 locus were also validated by RT-

PCR (Sh3bp5 and Vcl) (Figure 4.14). Other genes tested, but not shown here, were: Dclk2, 

S100a6, Sh3d19, His2b2be, Ifi204 and Rps3a1. These genes were chosen randomly and their 

differential expression could be verified by RT-PCR. In total, 11 out of 12 genes tested showed 

similar expression trend to the RNAseq data indicating good re-producibility of the data. I 

initially carried out the RT-PCR using the same RNA batch used to make the RNAseq libraries. 

To ensure consistency of the expression observed, I then used a new batch of mice to purify 

CD8+ T cell RNA, and the repeated RT-PCR results showed a similar trend of expression.   
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Figure 4.13 Gene expression comparisons of 3 down-regulated genes located in the Sle16 

locus. For each gene the mRNA expression from B6.129-Sle16 CD8+ T cells was compared to 

the one from B6 CD8+ T cells. The 129 CD8+ T cell gene expression was plotted as reference. 

RPKM values, p-value and fold change (FC) were derived from Partek analysis. RT-PCR data 

shown are relative to the Gaphd housekeeping gene. Student t-test was performed for RT-PCR, 

p-value and FC are shown. 
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Figure 4.14 Gene expression comparisons of differentially expressed genes located outside 

of the Sle16 locus. For each gene the mRNA expression from B6.129-Sle16 CD8+ T cells was 

compared to the one from B6 CD8+ T cells. The 129 CD8+ T cell gene expression was plotted 

as reference. RPKM values, p-value and fold change (FC) were derived from Partek analysis. 

RT-PCR data shown are relative to the Gaphd housekeeping gene. Student t-test was performed 

for RT-PCR, p-value and FC are shown. ns= not significant.       
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Figure 4.15 Hierarchical clustering of the 30 most differentially expressed genes. The cluster 

analysis was performed using the DEG list generated by DEseq2 and heat-map tools. Each gene is 

represented by a rectangle and the colour indicates the level of its expression in log fold, ranging 

from blue (low expression) to red (high expression). Genes are indicated by their Ensembl ID. 

PYHIN gene family is labelled and underlined.  



153 

 

 Having established that the CD8+ T cell RNAseq data were reproducible by RT-PCR, 

I then conducted hierarchical clustering to illustrate the top most differentially expressed genes. 

Hierarchical clustering regroups genes with a similar pattern of expression, which will be 

represented close to each other. The bigger is the distance between two genes or conditions, 

the bigger is the difference in expression among them. Figure 4.15 represents the cluster plot 

of the top 30 differentially expressed genes using the gene list generated by DEseq2. Clear 

separation could be observed between B6-129-Sle16 and B6 biological replicates. The 

clustering has grouped the genes into 4 clusters. Genes in cluster 1 and 2 were the most 

differentially expressed between B6.129-Sle16 and B6 CD8+ T cells, which could be deducted 

by the high intensity of colours represented in the cluster plot. Four out of 7 genes in cluster 1 

and 2 indeed belonged to the PYHIN gene family (Ifi204, Ifi203-ps, Ifi213, and Ifi206). The 

other 3 genes in cluster 1 and 2 were Gm10020, Gm8420, and Gm10704, all classified as 

predicted pseudogenes. In addition, Ifi208 and Ifi209 genes were grouped in cluster 4, 

demonstrating that PYHIN gene family expression was consistently different between B6.129-

Sle16 and B6 mice, most probably due to the sequence variants of 129 origin in the Sle16 locus.  

 In conclusion, the results of the RNAseq differential expression analysis were 

reproducible and I have identified a few genes from the PYHIN family as the most 

differentially expressed genes. The PYHIN genes, located within the Sle16 locus, carry 

genomic polymorphisms making them the most interesting candidate genes for the increased 

T cell activation in the B6.129-Sle16 mice.  
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4.3.5 Pathway analysis  

The interpretation of high-throughput gene-expression data is greatly facilitated by prior 

biological knowledge. I then applied Gene Set Enrichment Analysis (GSEA) and Ingenuity 

Pathway Analysis (IPA) to investigate the nature of gene sets that were differentially expressed 

in B6.129-Sle16 CD8+ T cell. In addition, I used Gene Ontology enRIchment anaLysis and 

visuaLizAtion tool (GORILLA), Database for Annotation and Visualization and Integrated 

Discovery tool (DAVID) to discover common GO terms enriched in gene lists. Taking the 

different statistical methods into consideration, I decided to use the gene list generated by 

DEseq2 for pathway analysis. DEseq has been shown to generate less false positive results 

compared to Cuffdiff or Partek software 348, 353, 355. Although the limits are arbitrary, it is 

common to use gene sets with 100 to 200 genes in pathway analysis364, 365. Too little genes will 

restrict enrichment of potential biological functions and pathways, whilst very large gene sets, 

which may encompass multiple cellular processes and pathways, can reduce statistical power 

and specificity. To increase the number of genes in the list, I decreased the threshold of FC to 

+1.5 (adjusted p-value of < 0.05), generating a list of 252 differentially expressed genes. For 

GSEA and GORILLA, genes list was sorted based on the most upregulated to the most 

downregulated genes. 
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4.3.5.1 Gene Set Enrichment Analysis 

GSEA is a computational method to determine whether a gene list of interest has any 

concordance to pre-generated gene sets from databases. These pre-determined gene sets could 

be associated with a phenotype (for example, genes upregulated in activated T cells vs naïve T 

cells) or a specific function and pathway (for example, genes involved in metabolism 

pathways). The input gene list will be ranked by fold change or p-value, and GSEA will find 

matching gene sets and calculates statistics of enrichment score, p-value and FDR364. This will 

give an insight of the biological function of the genes involved, therefore a widely-used tool in 

RNAseq analysis pipeline.  

 GSEA predicted 190 gene sets to be associated with my DEG list, although only 10 

gene sets were statistically significant (p-value < 0.01 and FDR < 0.25). Table 4.5 shows all 

the gene sets matched to the B6.129-Sle16 DEG list. Five out of 10 of the enriched gene sets 

relate to endoplasmic reticulum and vacuole function, as well as genes involved in enzyme 

binding. Two gene sets are associated with T cell signature, one of which refers to differentially 

expressed genes in CD8+ T cells lacking the inhibitor of DNA binding 3 (Id3). Id3 is known to 

maintain the survival of effector CD8+ T cells and to be essential for the formation of memory 

CD8+ T cells366. Id3-deficient CD8+ T cells have been reported to display patterns of gene 

expression associated with increased survival and maintenance of chromosome stability. This 

transcriptomic prolife is consistent with the increased CD8+ T cell activation phenotype of the 

B6.129-Sle16 mice. The second gene set relates to differentially expressed genes in CD4+ T 

cells compared to B cells in lupus patients. Although it was reassuring that T cell signature 

from lupus patients was enriched, this gene set was hard to interpret due to the comparison with 

B cell signatures. Indeed, the most interesting gene set enriched was the 10th gene set, which is 

a gene set involved in the regulation of cell activation. This gene set includes every gene that 

modulates the rate of cell activation, the change in the morphology or behaviour of a cell as a 
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result of the exposure to an activating factor such as a cellular or a soluble ligand 

(http://amigo.geneontology.org/amigo/term/GO:0050865).   

   Figure 4.16 shows gene set enrichment plots for the genes enriched in ‘Id3-deficient 

CD8+ T cells versus normal naïve CD8+ T cells’ and in ‘the regulation of cell activation’. Some 

of the genes involved in both Id3-deficiant CD8+ T cells and regulation of cell activation gene 

sets were: Vcl, Il411, Pld4, Serpinb1, Cd40, Ly86, Btk, Cd83, Irf5, Cd81, Marcks, Lyn, Pk1b, 

Mnda, Lag3, Cd24, Tlr4 and HLA class II molecules HLA-DMB, HLA-DRB1, HLA-DRB5. 

Note that to run GSEA, the mouse gene symbols were converted to their respective human 

orthologs, therefore mouse genes without human ortholog will be missing from the functional 

interpretation using GSEA.  
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Gene set name 

No. of 

genes 

present 

Normalized 

Enrichment 

Score (NES) 

p-value 

FDR 

q-

value 

Rank no at 

maximum 

ES 

ENDOPLASMIC RETICULUM 19 2.00 0.00107 0.108 55 

ENDOPLASMIC RETICULUM 

PART 
17 1.94 0.00107 0.114 55 

VACUOLE 23 1.84 0.00424 0.188 76 

ID3 -/- vs WT CD8+ T 

CELL  
21 1.81 0.00215 0.183 75 

ENZYME BINDING 22 1.81 0.00210 0.155 68 

RESTING DIFFERENTIATED 

vs CMYC INHIBITED 

MACROPHAGE  

15 1.77 0.00890 0.176 75 

NUCLEAR OUTER 

MEMBRANE ENDOPLASMIC 

RETICULUM MEMBRANE 

NETWORK 

16 1.76 0.00110 0.169 55 

LUPUS CD4+ T CELLS vs 

LUPUS B CELLS  
25 1.75 0.00521 0.155 108 

LYTIC VACUOLE 19 1.68 0.01178 0.238 73 

REGULATION OF CELL 

ACTIVATION 
19 1.67 0.01175 0.245 76 

 

  

 

 

Table 4.5. Top 10 gene sets enriched in B6.129-Sle16 versus B6 CD8+ T cells according to 

GSEA. 

Gene sets in bold are the most interesting and relate to T cell biology.  

ES = Enrichment score 



158 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16 Gene set enrichment plots of the 2 most significantly enriched gene sets from 

B6.129-Sle16 vs B6 CD8+ T cells. (a) GSEA plot for genes differentially expressed in Id3-/- 

CD8+ T cells versus wildtype CD8+ T cells. (b) GSEA plot for genes involved in regulation of 

cell activation. Y-axis shows the Enrichment Score and X-axis is the gene list in ranked order. 

The bottom portion of the plot shows the value of the ranking metric as you move down the list 

of ranked genes. A positive value indicates positive correlation of B6.129-Sle16 CD8+ T cell 

gene signatures to the gene set; this means that the gene set was enriched at the ‘left side’ or 

‘upregulated genes’ in B6.129-Sle16 CD8+ T cell.  
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4.3.5.2 Ingenuity Pathway Analysis (IPA) 

IPA is a commercial software package that is based on Ingenuity Knowledge Base, a structured 

collection of observations from various experiments with approximately 5 million findings 

manually curated from the literatures or integrated from third-party databases367. It predicts 

whether pathways and upstream regulators are activated or inhibited based on the distinct up- 

and down-regulation pattern of the expressed genes, and determines which causal relationships 

previously reported in the literature are likely to be relevant by generating gene networks. IPA 

calculated two scores that address two aspects of pathway analysis: p-value calculated using 

Fisher’s exact test (FET) measures the overlap of observed and predicted gene sets, and Z-

score assess the match of observed and predicted up/down regulation patterns. Positive Z-score 

predicts activation of a regulator or pathway whilst negative Z-score predicts inhibition. Some 

of the pathways highlighted by the IPA analysis were: activation of Th1 and Th2 pathways, 

IL-9 signalling, iCOS-iCOSL signalling in T helper cells, PKCθ signalling in T lymphocytes, 

activation of NFAT, and Systemic Lupus Erythematosus Signalling (Table 4.6). Some genes 

are present in all the above pathways and they are: Pik3c2b, Notch4, Cd40l, Cish, Socs2, Bcl3, 

Irf4, Il13ra1, Camk2b, Btk, Plcg2, and Lyn. These genes were previously shown to be involved 

in immune cell proliferation, activation, development, and migration. Indeed, the top function 

predicted by IPA was cell proliferation (Table 4.7). Sixty-eight out of 252 (26.9%) of the 

differentially expressed genes in B6.129-Sle16 CD8+ T cells were involved in cell proliferation. 

This gene lists includes all of the above genes involved in top canonical pathways and also the 

PYHIN gene family located in the Sle16 locus. Vcl gene, one of differentially expressed genes 

located in the Chr 14 region, was also listed to have cell proliferation function. Other activated 

functional annotations are inflammatory response, migration of cells, and cell viability, whilst 

bacterial infection annotation was significantly inhibited.  
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 CD38 and CD44 are highly expressed in memory and effector T cells. Their activation 

was predicted as upstream regulator of the B6.129-Sle16 CD8+ T cell gene signatures (Table 

4.8.). Activation of IFNγ, Il2, Il4 and Il5 was consistent with predicted activation of Th1 and 

Th2 pathways. Although Th1 and Th2 cell differentiation is more relevant to CD4+ T cells, 

these cytokines have been shown to have direct effects on CD8+ T cell activation and 

differentiation368. In human, the transcription factor Spi-B binds to IRF4 and regulates pDC 

and T cell development by counteracting Notch pathway369, while Stat5 is required to maintain 

expression of Bcl-2 in effector CD8+ T cells370. A few Interferon Regulatory Factor (Irf) and 

B-cell Lymphoma (Bcl) genes were differentially expressed in B6.129-Sle16 CD8+ T cells, and 

both gene families play a role in proliferation and cell survival. In addition, transcription factor 

Pax-7 is also involved in cells proliferation, although its function was described in muscles 

progenitors371. Interestingly, Trim24 was predicted to be inhibited. Multiple members of the 

tripartite motif (TRIM) family of E3 ubiquitin ligases are induced by IFNs, but they act as 

negative feedback loop to inhibit IFN production372, 373. Trim24 binds to interferon-related 

transcription factors Irf3, Irf7, and Nf-kb for ubiquitin-mediated degradation. Inhibition of 

Trim24 highlighted by the IPA analysis may indicate enhanced interferon response in B6.129-

Sle16 CD8+ T cells.  

 Top gene network generated by IPA analysis included 22 genes and the annotated 

functions involves infectious diseases, immunological diseases, and tissue development 

(Figure 4.17). Indeed, PYHIN gene family was one of the gene families crucial in the network. 

IFN type 1 was not present in the DEG list, but was predicted to cause the differential 

expression of the PYHIN gene family, either directly or through TLR activation including 

TLR3, TLR4, and TLR9. Genes highlighted in purple were associated with the function of T 

cell proliferation and some of them were transcription factors like Bcl3, Irf5, and Nf-kb 

complex.    
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Table 4.6 Top 20 canonical pathways identified by IPA analysis. 

Canonical Pathways p-value z-score Genes 

Dendritic Cell Maturation 1.90E-07 2.30 

TLR4,PIK3C2B,CD40LG,CD40,FCGR2A,

H2-Eb2,PLCG2,FGFR1,HLA-

DMB,CD83,TLR3,TLR9 

Crosstalk between Dendritic Cells 

and Natural Killer Cells 
6.16E-07 N/A 

TLR4,CD40LG,IL3RA,CD40,CD83,TLR3,

TLR9,CAMK2B 

Th1 Pathway 6.45E-07 1.66 

PIK3C2B,NOTCH4,CD40LG,CD40,H2-

Eb2,HAVCR2,FGFR1,HLA-

DMB,PSEN2,TLR9 

GM-CSF Signalling 9.54E-07 0.70 
PIK3C2B,FGFR1,CISH,LYN,TLR9,BCL2

A1,CCND1,CAMK2B 

IL-9 Signalling 7.24E-06 0 
PIK3C2B,FGFR1,CISH,SOCS2,BCL3,T

LR9 

TREM1 Signalling 7.94E-06 2.64 
TLR4,CD40,PLCG2,CD83,TLR3,TLR9,IT

GAX 

Communication between Innate 

and Adaptive Immune Cells 
7.94E-06 N/A 

TLR4,CD40LG,CD40,Igha,CD83,TLR3,T

LR9 

Th1 and Th2 Activation Pathway 1.14E-05 N/A 

PIK3C2B,NOTCH4,CD40LG,CD40,H2-

Eb2,HAVCR2,FGFR1,HLA-

DMB,PSEN2,TLR9 

FcγRIIB Signaling in B 

Lymphocytes 
1.90E-05 1.63 BTK,PIK3C2B,PLCG2,FGFR1,LYN,TLR9 

Altered T Cell and B Cell 

Signalling in Rheumatoid Arthritis 
2.45E-05 N/A 

TLR4,CD40LG,CD40,H2-Eb2,HLA-

DMB,TLR3,TLR9 

IL-4 Signalling 2.69E-05 N/A 
PIK3C2B,IRF4,IL13RA1,H2-

Eb2,FGFR1,HLA-DMB,TLR9 

iCOS-iCOSL Signalling in T 

Helper Cells 
2.88E-05 0.707 

PIK3C2B,CD40LG,CD40,H2-

Eb2,FGFR1,HLA-DMB,TLR9,CAMK2B 

PI3K Signalling in B Lymphocytes 5.62E-05 1.89 
CD81,BTK,TLR4,CD180,CD40,PLCG2,L

YN,CAMK2B 

Th2 Pathway 9.12E-05 1.34 
PIK3C2B,NOTCH4,CD40,H2-

Eb2,FGFR1,HLA-DMB,PSEN2,TLR9 

Role of NFAT in Regulation of 

the Immune Response 
0.0001 2.33 

BTK,PIK3C2B,FCGR2A,H2-

Eb2,PLCG2,FGFR1,HLA-

DMB,LYN,TLR9 

B Cell Receptor Signalling 0.000109 1.41 
BTK,PIK3C2B,FCGR2A,PLCG2,FGFR1,L

YN,TLR9,BCL2A1,CAMK2B 

Systemic Lupus Erythematosus 

Signalling 
0.000134 N/A 

PIK3C2B,CD40LG,CD40,FCGR2A,PLC

G2,FGFR1,LYN,TLR9,PIM2 

Phagosome Formation 0.000190 N/A 
TLR4,PIK3C2B,FCGR2A,PLCG2,FGFR1,

TLR3,TLR9 

MSP-RON Signalling Pathway 0.000323 N/A TLR4,PIK3C2B,IL3RA,FGFR1,TLR9 

PKCθ Signalling in T 

Lymphocytes 
0.000354 2.309 

PIK3C2B,H2-Eb2,PLCG2,FGFR1,HLA-

DMB,TLR9,CAMK2B 

 

 

 

 

Positive z-score indicates predicted activation of a pathway 

Pathways in bold are the most interesting and relate to T cells biology 
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Table 4.7 Top 10 diseases or functional annotations identified by IPA analysis. 

Disease or Functional Annotation p-value z-score Number of Genes 

Proliferation of cells 1.97E-11 2.71 68 

Inflammatory Response 2.94E-09 2.073 27 

Bacterial Infections 3.45E-09 -2.871 19 

Hypersensitive reaction 4.96E-09 2.117 16 

Migration of cells 9.4E-09 3.514 42 

Quantity of cells 1.03E-08 2.944 54 

Cell movement  2.55E-08 3.827 30 

Cellular homeostasis 3.15E-08 2.056 39 

Cell viability  3.41E-08 2.71 15 

Engulfment of cells 0.0000015 3.228 14 

 

 

Table 4.8 Top 10 upstream regulators identified by IPA analysis. 

Upstream Regulator p-value z-score Regulator type 

CD38 0.000000441 3.274 enzyme 

IFNG 0.00000126 2.878 cytokine 

IL4 0.00000138 2.378 cytokine 

IL5 0.0000136 2.985 cytokine 

IL2 0.0000519 2.646 cytokine 

PAX7 0.00096 2.236 transcription regulator 

SPIB 0.00155 2.2 transcription regulator 

CD44 0.00864 2.213 enzyme 

STAT5A 0.0171 2 transcription regulator 

TRIM24 0.0194 -2 transcription regulator 

 

 

  

Positive z-score indicates predicted activation of a regulator, while a negative z-score predicts 

inhibition of a regulator 

Positive z-score indicates predicted activation of a disease of function 
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Figure 4.17 Top gene network in B6.12-Sle16 versus B6 CD8+ T cells according to IPA. 

Nodes represent differentially regulated genes, with green meaning up-regulation and red 

meaning down-regulation in B6.129-Sle16 versus B6 CD8+ T cells. Nodes without colour mean 

are genes not present in the DEG list, but connected the other genes in the list.  The blue arrows 

indicate direct/indirect interaction to PYHIN gene family, which is named as the human 

ortholog, IFI16. 
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4.3.5.3 GO term analysis 

Gene Ontology (GO) term is a widely-used method to discover common functions of a gene 

list of interest. GO terms are divided into three categories: molecular functions (MF), biological 

processes (BP), and cellular component (CC). Gene Ontology enRIchment anaLysis and 

visuaLizAtion tool (GORILLA, http://cbl-gorilla.cs.technion.ac.il/GOrilla) and Database for 

Annotation, Visualization and Integrated Discovery (DAVID v6.8, https://david-

d.ncifcrf.gov/home.jsp) were used to discover the GO terms enriched in the B6.129-Sle16 

CD8+ T cells.  

 GORILLA requires gene lists to be ranked by fold change and finds only the matched 

GO term for the most differentially expressed genes. Each category could be visualized as 

hierarchical functions (Supplementary Figure 1). Table 4.9 lists all five enriched GO terms, 

but only 3 were significant (p-value < 0.05, FDR < 0.05). These 3 GO terms involve molecular 

functions of the PYHIN gene family (Pydc4, Phyin1, and Pydc3) and Thrb gene. These genes 

bind to promoter regions and double stranded DNA (dsDNA) and initiate transcription. The 

enrichment of these functions were not surprising as the PYHIN gene family contain HIN 

domain that could bind to double stranded DNA through electrostatic interaction with the 

sugar-phosphate backbone374.  

 dsDNA and promoter binding molecular functions were also enriched using a different 

database, DAVID (Table 4.10). The enriched biological processes were consistent with IPA 

for some functions, such as inflammatory response and immune system process. Positive 

regulation of interleukin-12 production and TLR signalling pathway were consistently within 

the top network produced by IPA (Figure 4.17). Most of the genes (111/252 genes) showed to 

be located in the plasma membrane.     

 

 

http://cbl-gorilla.cs.technion.ac.il/GOrilla
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Table 4.9 GO terms according to GORILLA database.    

GO term 

category 
Description p-value FDR q-value Genes 

BP DNA metabolic process 7.73E-4 1E0 
Swap70, Fhit, Tet2, Rev31, 

Cd40l 

MF 
Double-stranded DNA 

binding 
1.64E-5 9.22E-3 Thrb, Pydc4, Pyhin1, Pydc3 

MF 
RNA polymerase II 

transcription factor activity 
5.79E-5 1.08E-2 Thrb, Pydc4, Pyhin1, Pydc3 

MF Core promoter binding 9.66E-5 1.36E-2 Pydc4, Pyhin1, Pydc3 

CC Nucleolus 8.43E-4 2.75E-1 Pydc4, Pyhin1, Pydc3 

 

Molecular functions =MF; biological processes =BP; cellular component =CC. 

 

Table 4.10 GO terms according to DAVID database.   

Category Description p-value Benjamini Number of genes 

BP 
positive regulation of 

interleukin-12 production 
4.2E-6 5.7E-3 6 

BP immune system process 2.0E-5 8.8E-3 15 

BP inflammatory response 2.8E-5 9.3E-3 14 

BP 
toll-like receptor signalling 

pathway 
1.7E-5 1.2E-2 5 

MF core promoter binding 9.7E-5 1.7E-2 7 

MF dsDNA binding 6.1E-5 2.78E-02 9 

CC membrane 1.4E-9 3.1E-7 111 

CC cell surface 1.2E-6 1.3E-4 22 

CC 
external side of plasma 

membrane 
7.7E-5 5.6E-3 13 

CC plasma membrane 5.0E-4 2.2E-2 70 

CC lysosome 4.7E-4 2.5E-2 12 

CC extracellular exosome 1.3E-3 4.8E-2 43 

 

Significant value = Benjamini < 0.05 
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4.3.5 Conclusions  

RNAseq analysis of B6.129-Sle16 CD8+ T cells has identified Pydc4, Pydc3, Pyhin1 and 

Ifi204, belonging to the PYHIN gene family, to be the most differentially expressed genes. 

Their expression, except for Ifi204, was down-regulated in B6.129-Sle16 CD8+ T cells 

compared to B6 CD8+ T cells. Several pathway analyses have highlighted similar biological 

functions. GSEA enriched gene sets involving regulation of cell activation; IPA predicted 

increased cell proliferation, migration and viability. Gene network analysis connected the 

PYHIN gene family to IFNα signalling and TLRs, as well as to transcription factors like Bcl 

and Irf known to be involved in cell proliferation and survival. As highlighted with GO term 

analysis, the Pydc4, Phyin1, and Pydc3 could also directly binds to dsDNA or promoter regions 

through their HIN domain, but the binding sites and the genes that these proteins may regulate 

remain unknown.  

 

4.4 Discussion  

The transcriptome is the entire repertoire of transcripts in a species and represents a key link 

between the information encoded in the DNA and the phenotype. Discovering and interpreting 

the complexity of the transcriptome represents a crucial approach for understanding the 

functional elements of the genome. Transcriptome analysis can lead to a deeper and more 

comprehensive understanding of many biological issues such as the disease onset and 

progression. In this chapter, RNAseq technology was used to characterise the transcriptomic 

changes in B6.129-Sle16 CD4+ and CD8+ T cells. In particular, the main aim was to discover 

the mechanism(s) by which the 129-derived Sle16 locus could drive intrinsic T cell 

abnormalities. General characterisation of quality assessments was described for each dataset, 

differential expression analysis was carried out and the expression of potential genes of interest 

was verified using RT-PCR. For CD8+ T cell data, hierarchical clustering and pathway analysis 
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were also performed to identify the biological interpretation of B6.129-Sle16 transcriptomic 

signature.  

 RNAseq reproducibility has been confirmed by both microarray and qPCR 

techniques357. However, in order to generate reliable data, a few important factors should be 

carefully considered in RNAseq experimental design. Firstly, sample collection and library 

preparation. In order to identify genuine cell specific signatures, it is necessary to profile cells 

with high purity. Comparison of gene signatures from negatively enrich to positively enriched 

human T cells showed larger number of DEGs from negatively enriched populations. However, 

these additional DEGs were largely attributed to the contaminating cells rather than being true 

cell specific signatures359. Another factor that could affect transcriptomic profile is the timing 

for the sample processing. A few studies have shown that delays in cell purification process 

can lead to significant variations in gene expression 375, 376. Taking this matter into 

consideration, I resorted to use sequential negative and positive enrichment of CD8+ T cells to 

get approximately 99% purity rather than cells sorting by FACs, which is more time 

consuming. Libraries preparation best practice was followed according to Illumina’s protocol 

to create libraries of similar size and quality. All RNA had RIN > 9 and minimal ribosomal 

carried over was measured. 

 Secondly, technical and biological variability need to be accounted in RNA 

sequencing experiments. RNA sequencing measures one to hundred thousands of reads per 

gene with no upper limit, therefore high variability between biological replicates is expected 

particularly for lowly expressed genes. Greater power is gained through the use of additional 

biological replicates compared to increasing technical replicates or sequencing depth348, 353. 

Ideally, RNAseq experimental design should also aim to block any source of technical 

variation, such as lane variations, batch effects, and uneven sequencing coverage to constrain 

the dispersion of RNAseq experiments348, 377. Some of the pitfalls that may have contributed to 
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the inaccuracy of CD4+ T cell RNAseq experiment were the lack of enough biological 

replicates and lane effects. In the CD8+ T cell RNAseq experiment these factors were accounted 

by increasing the number of biological replicates, multiplexing all libraries to be sequenced in 

all lanes, and doubling the amount of sequencing coverage to increase the power of RNAseq 

experiment.         

 Thirdly, the bioinformatic tools used for RNAseq analysis. Due to the increasing 

interest in RNAseq, several bioinformatic tools have been developed and are available. 

Nonetheless, careful quality assessments need to be done at every step of the analysis. For raw 

reads alignments TopHat, Novoalign, and STAR could have been used. No significant 

differences in the number of genes or in RPKM values have been reported between these tools, 

therefore any of them could be reliably used for alignment356. Here, I used TopHat2. The 

percentage of aligned reads is one of the most important quality assessment to be made. I 

discovered that increased percentage of N at the end of the reads due to sequencing error 

hindered proper alignment and this was fixed by trimming the 3’ ends of reads.  

 Multiple tools could be used for RNAseq differential expression analysis, and 

substantial differences in sensitivity and specificity have been reported353. Here, I used Partek, 

Cuffdiff, and DEseq/DEseq2. Partek uses PRKM for reads normalization, 1-way ANOVA to 

test for differential expression, and False Discovery Rate for multiple testing correction. DEseq 

has a built-in normalization step which computes a scaling factor based on the median of ratio 

for each gene across all sample, with assumption that most genes are not differentially 

expressed355. In addition, DEseq uses a negative binomial distribution method to assist 

prediction of ‘true’ differentially expressed genes. Since reads counts are not normally 

distributed, the mean of expression (highly vs lowly expressed genes) can influence the 

variance between groups. Negative binomial distribution allows for global variance to be 

estimated for a certain expression density and this generates a more accurate estimate of the 
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variance because it takes into consideration how lowly and highly expressed genes vary. In this 

regard, it is widely accepted that a negative binomial distribution is a better approach to analyse 

RNAseq data and therefore the list of genes generated by DEseq is more likely to be true 

compared to those generated by Partek348, 353, 355.  Both Cuffdiff and DEseq2 use negative 

binomial distribution as statistical modelling, however, the calculation of p-value to test 

significant differ. DEseq2 uses a variation of Fisher exact test adopted for negative binomial 

distribution, while Cuffdiff uses t-test353. Both methods use Benjamini-Hochberg for multiple 

hypothesis correction. Most of DEGs identified using DEseq2 were also identified by Cuffdiff 

(14 out of 17 genes, approximately 80%), and this could be due to the fact that both tools use 

similar statistical modelling. However, Cuffdiff identified additional 80 genes as DEGs. A few 

studies have shown that Cuffdiff has a large number of false positive predictions at p-value less 

than 0.05, therefore these additional genes may not be reliable353. 

 

4.4.1 DEGs: PYHIN gene family 

Despite different statistical approaches Partek, DEseq2, and Cuffdiff identified the same 8 

genes as differentially expressed in B6.129-Sle16 CD8+ T cells compared to B6 CD8+ T cells. 

Four out of 8 genes belong to the PYHIN gene family located in the Sle16 locus (Pydc4, Pydc3, 

Pyhin1 and Ifi204). These genes were the most differentially expressed genes as depicted in 

hierarchical clustering (Figure 4.15), and their expression linked to other molecules outside 

the Sle16 locus as illustrated in IPA network (Figure 4.17). Apart from Ifi204 gene, the 

expression of Pydc4, Pydc3, and Pyhin1 genes was similarly downregulated in CD4+ T cells.  
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Figure 4.18. Human and murine PYHIN protein family. The human PYHIN family (a) 

consists of four members.  The murine family (b) is much more diverse, and is predicted to 

consist of at least 13 members. ↑↓ means truncated protein. Blue box depicts the HIN domain 

while the red box is the pyrin domain. Figure is adapted from Keating et al. 20112.  
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PYHIN proteins were described to recognise foreign DNA via their HIN 

(hematopoietic, interferon inducible nuclear) domain and to mediate inflammasome 

response378. There are 4 genes in the family in human and 13 in mouse. Both human and murine 

PYHIN genes are located at chromosome 1q21–23. The protein structure is characterized by a 

pyrin domain at the N terminus and 200 amino acid HIN domain at the C-terminal (Figure 

4.18). Some genes do not have a pyrin domain (Ifi202), some have 2 HIN domains (Ifi202, 

Ifi204, Ifi16), or no HIN domains (Pydc3, Pydc4, Aims2b). Expression of these genes is 

increased by type 1 and type 2 interferons to various degrees.    

In humans, the PYHIN gene family is known to be involved in defence against infection 

through recognition of foreign DNA. AIM2 binds cytosolic DNA via its HIN domain and 

initiates inflammasome formation via pyrin domain379. Pyrin domain interacts with 

inflammasome adapter protein (ASC) and activates caspase 1 leading to rapid lytic cell death.  

IFI16 can directly bind viral DNA via its HIN domains and initiate interferon (IFN)β induction 

in stimulator of interferon genes (STING)-, TBK1-, and IRF3-dependent manner. In mice, 

siRNA knockdown of Ifi204 in macrophage resulted in reduced type I IFN production in 

response to F. novicida infection380. In addition to the role in defence against foreign DNA, 

increased expression of certain p200-family proteins in cells is associated with inhibition of 

cell proliferation, modulation of apoptosis and cell differentiation. Overexpression of Ifi202 

slows down proliferation and inhibits apoptosis in cancer and fibroblast cell lines381, 382. Down-

regulation of the Pyhin1 gene is associated with increased proliferation in breast cancer cell 

line. It was suggested that Pyhin1 protein acts as a tumour suppressor by promoting 

ubiquitination and subsequent degradation of proto-oncogene MDM2, leading to stabilization 

of tumour inhibitors p53/TP53383. Ifi204 overexpression inhibits cell proliferation in fibroblast 

cell lines NIH3T3, B6MEF and B/cMEF384. Ifi204 delays G1 progression into the S-phase and 
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cells accumulate with a DNA content equivalent to cells arrested in late G1. By interacting 

with proteins associated with cell growth and apoptosis, PYHIN gene family was suggested to 

be mediating the anti-proliferative effect of interferons.    

Differential expression of the PYHIN gene family has been described to be associated 

with SLE in humans and mice. In humans, increased level of Ifi16 mRNA was reported in 

PBMCs isolated from SLE patients, while AIM2 mRNA expression was downregulated342. One 

PYHIN protein, Ifi202, was found to enhance the lupus-like phenotype in the B6.Nba2 lupus 

model385. Gene expression studies of B6.Nba2 splenic cells have identified Ifi202 and Ifi203 

genes to be significantly up-regulated295. It was shown that the increased level of the Ifi202 

protein was able to modulate the expression of immunoregulatory genes enhancing the ANA 

phenotype in B6.Nba2 mice386. Ifi202 binds to apoptotic and cycle control proteins like p53BP 

and enhances lupus susceptibility by inhibiting B cells apoptosis386. Although Ifi202 and Ifi203 

were not in the DEG list in my analysis, the intriguing expression pattern of other PYHIN gene 

family members support a possible role for this gene family in lupus pathogenesis. 

Furthermore, Ifi202 is highly expressed in B cells, but not in CD4+ T cells295.  

Pydc4, Pydc4, and Pyhin1 are mainly expressed in the spleen and lung, while Ifi204 is 

expressed in all organs including heart, skeletal muscles, liver, and skin378. mRNA expression 

for all four genes can be detected in macrophages, B and T cells (Supplementary Table 4). 

Except for Pydc3, whose expression is similar in all cell types, the highest expression of Pydc4, 

Pyhin1 and Ifi204 was observed from bone marrow derived macrophages. In addition, different 

mouse strains have been shown to express different levels. For example, in bone marrow 

derived macrophages NZB and BALB/c mice have lower expression of Pydc3, Pydc4, and 

Pyhin1 compared to B6 mice, while Ifi204 was expressed at the same level378. This trend of 

expression is similar to the one observed in naïve T cells from B6.129-Sle16 mice that carry a 

129-derived sequence of these genes.   
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The function(s) of these proteins in naive T cells has not yet been studied. Knockdown 

of Ifi202 has been reported to abrogate the suppressive capacity CD8+ T regulatory cell and to 

reduce their production of TGFβ and IL-2, without affecting the production of other cytokines 

like IL-10 or IL-17387. My pathway analysis has highlighted enriched gene sets involving 

regulation of cell activation, proliferation, migration and viability. As PYHIN overexpression 

correlates with reduced proliferation, down-regulation of these genes may confer susceptibility 

to SLE by increasing T cell proliferation and autoreactive T cell survival. However, this 

hypothesis is yet to be proven.    
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CHAPTER 5: PHENOTYPIC PROFILING OF B6.129-Sle16 MICE 

 

5.1 Introduction 

Previous studies demonstrated that mice carrying the Sle16 locus (named B6.129-Sle16) 

spontaneously develop a lupus-like disease characterized by increased auto-antibody levels 

including anti-nuclear (ANA), anti-ssDNA, anti-dsDNA, anti-histone and anti-chromatin 

antibodies (Ab) 279. Elevation of ANA and anti-ssDNA Ab could be detected as early as 6 

months of age. At 1-year of age B6.129-Sle16 mice had mild glomerulonephritis, another 

common feature of SLE.  

 Serological autoimmunity in 1-year old B6.129-Sle16 animals was accompanied by 

abnormalities in splenic cellular populations including increased T and B cell activation, 

expansion of memory and regulatory (Tregs) T cells, decreased percentage of marginal zone B 

cells and monocytes279. The earliest abnormalities observed in B6.129-Sle16 splenocytes (2 

months of age) were: a slight increased expression of CD69 on CD4+ T cells, more memory 

CD44+CD62L-CD4+ T cells and lower percentage of marginal zone B cells. At the onset of the 

disease in-vitro B cell functional assays showed comparable antibody production from B6.129-

Sle16 B cells compared to the B6 ones. On the contrary, in-vitro TCR stimulation of B6.129-

Sle16 T cells showed enhanced proliferation338. The early T cell activation in-vivo and the 

increased proliferation after anti-CD3/CD28 stimulation in-vitro raised the hypothesis that 

intrinsic T cell abnormalities in B6.129-Sle16 mice may provide extra ‘help’ to B cells and 

trigger the production of auto-antibodies.           

 RNA sequencing analysis of naïve CD4+ and CD8+ T cells from B6.129-Sle16 mice 

identified Pydc4, Pydc3, Pyhin1 and Ifi204 as the most differentially expressed genes and 

pathway analyses highlighted positive regulation of cell activation as well as increased cell 

proliferation. Although the function(s) of the PYHIN gene family in T cells has not been 



175 

 

studied, its expression is known to be regulated by interferon signalling. Induction of interferon 

signalling has been described in humans and mice with lupus386, 388. In humans, the increased 

expression of type I IFN is demonstrated by the expression of ISGs such as Sca-1, Oas1, Oasl, 

Mx1, Isg15 in PBMC that correlated with disease activity389. Similarly, lupus-prone mice have 

been shown to have increased splenic pDC activation as well as upregulation of IFNα and IFN 

signatures in the serum390. Inhibition of IFNα/β signalling ameliorated the disease phenotype 

in B6.Nba2 mice and IFNR-deficient B6.Nba2 mice  displayed lower levels of auto-antibodies 

and reduced renal damage386.  

 Interferon signalling in B6.129-Sle16 mice has never been investigated. Using flow 

cytometry analysis, I monitored blood T and B cells in B6.129-Sle16 mice from 2-months to 

9-months of age assessing activation markers and evidence of IFN signature. At 9-months of 

age I sacrificed the B6.129-Sle16 mice and analysed in detail the T and B cell populations in 

the spleen. In addition, I investigated the activation of splenic pDC and evaluated the presence 

of an interferon signature using RT-PCR. As RNA sequencing analysis predicted increased cell 

proliferation, I also measured the percentage of actively proliferating T and B cells. In addition, 

as the thymus of B6.129-Sle16 has never been studied I extended my investigation of thymic 

cell populations to understand whether a defective T cell development plays a role in the early 

T cell activation observed in the B6.129-Sle16 model.     
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5.2 Analysis of pre-disease B6.129-Sle16 mice 

 

5.2.1 Splenic T cell phenotype in young mice  

Previously reported data suggested the initiation of spontaneous splenic T cell activation at 

young age, followed by B cell activation as the disease progressed321. In order to confirm the 

previous findings, I then decided to examine the T cells in the spleens of B6.129-Sle16 mice at 

young pre-disease: 2 and 3 months of age.  

I found a slight increase of CD69 expression on splenic CD4+ and CD8+ T cells (Figure 

5.1) and a higher of percentage of effector memory CD8+ T cells B6.129-Sle16 mice at 2 

months of age (Figure 5.1.b). By 3 months of age the B6.129-Sle16 had significantly more 

effector memory CD4+ and CD8+ T cells and higher CD69 expression (Figure 5.2). These 

findings corroborated the original data of an early spontaneous CD4+ T cell activation in the 

B6.129-Sle16 mice. Additionally, I have showed similar trend of activation in B6.129-Sle16 

CD8+ T cell. I also noted that B6.129-Sle16 mice had a significantly lower percentage of 

splenic CD8+ T cells compared to B6 animals (Figure 5.2.b).   
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Figure 5.1 CD4+ and CD8+ T cell populations in 2-month-old mice. Percentage of CD4+ T 

cells (a) and CD8+ T cells (b) in the spleen of pre-disease B6.129-Sle16 mice versus B6. 

Percentage of T cells expressing CD69+ activated marker, naïve (CD44-CD62L+), and 

(CD44+CD62L-) effector memory T cells were showed. n=13 (B6), n=15 (B6.129-Sle16). 

Analysis by unpaired t test; only significant p values are indicated; * p<0.05, **** p<0.0001. 

Each symbol represents one mouse and mean +/- SEM are shown. 
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Figure 5.2 CD4+ and CD8+ T cell populations in 3-month-old mice. Percentage of CD4+ T 

cells (a) and CD8+ T cells (b) in the spleen of pre-disease B6.129-Sle16 mice versus B6. 

Percentage of T cells expressing CD69+ activated marker, naïve (CD44-CD62L+), and 

(CD44+CD62L-) effector memory T cells were showed. n=13 (B6), n=15 (B6.129-Sle16). 

Analysis by unpaired t test; only significant p values are indicated; * p<0.05, **** p<0.0001. 

Each symbol represents one mouse and mean +/- SEM are shown. 
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5.2.2 Thymus analysis in young B6.129-Sle16 mice 

As I observed spontaneous T cell activation in young pre-disease B6.129-Sle16 mice, I then 

investigated the thymus cell populations to assess whether there were abnormalities in T cell 

development. αβ T cell development in the thymus can be categorized into 3 stages: double-

negative (DN), double-positive (DP), and single-positive (SP) T cells (Figure 5.3). Early 

committed T cells are termed DN due to the lack of expression of T cell receptor (TCR), CD4 

and CD8. DN thymocytes can be further subdivided into four stages of differentiation based 

on the expression of adhesion molecule CD44 and the IL-2 receptor subunit CD25 (DN1: 

CD44+CD25-; DN2: CD44+CD25+; DN3: CD44-CD25+; and DN4:CD44-CD25-)391. As cells 

progress from the DN2 to the DN3 stage, pre-TCR, which is composed of the non-rearranged 

pre-TCRα and TCRβ-chains, is expressed392. Successful pre-TCR expression leads to 

substantial cell proliferation during the DN4 stage to DP transition and pre-TCR alpha-chain 

is replaced by newly rearranged TCR alpha-chain, which makes a complete αβ TCR. The 

TCRαβ+CD4+CD8+ thymocytes then interact with cortical epithelial cells (cECs) that express 

a high density of MHC class I and class II molecules associated with self-peptides393. Too little 

or too much binding to self-ligand can result in apoptosis (negative selection). Intermediate 

level of TCR signalling initiates effective maturation (positive selection). Thymocytes 

expressing TCRs that bind self-peptide–MHC-class-I complexes become single-positive CD8+ 

T cells, whereas those that bind self-peptide–MHC-class-II ligands become single-positive 

CD4+ T cells. Changes in the surface expression of CD5 and CD69 are commonly used as 

indicators of TCR signalling process in the thymus394, 395. CD5 is a negative regulator of TCR 

signalling and its expression correlates with the strength of MHC and TCR interaction394. In 

addition, DP cells expressing high TCRβ, CD69, and CCR7 survive selection and move to 

medulla395.  
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In medulla, semi-mature CD69+ T cells undergo another negative selection by 

interacting with medullary epithelial cells (mECs) and dendritic cells.  Strong T cell stimuli 

trigger apoptosis while intermediate signalling causes T cells to mature. The time spent in 

medulla is critical for tolerance to tissue-specific antigens displayed by mECs. Mice and 

humans with defective mECs develop autoimmunity396, 397. In addition, impediment of 

thymocyte entry into the medulla, disorganization of medullary architecture, or premature 

egress of thymocytes result in severe systemic autoimmunity398, 399, 400. T cells that survive 

negative selection in medulla will decrease CD69 expression and will express CD62L, 

indicative of mature T cells ready to leave the thymus to periphery. 

Using FACS analysis, I investigated whether an abnormal thymic development might 

explain the decrease in percentage of CD8+ T cells and the early expansion of the T cell memory 

compartment. I found no difference in the number or percentage of developing T cells at DN 

or DP stage, nor in the number of CD4+ and CD8+ T cells (Figure 5.4). No difference in 

percentage was seen at each stage of DN cells (Figure 5.5.a). DN cells expressed the same 

level of TCRβ. DP cells expressed similar level of CD5 and CD69.  B6.129-Sle16 thymuses 

had comparable percentage of TCRβ+CD69+, indicative of normal selection and migration 

from cortex to medulla (Figure 5.5.b). No abnormalities were observed in the single positive 

populations, as comparable number and percentage of semi-mature (CD62LloCD69hi) and 

mature (CD62LhiCD69lo) CD4+ and CD8+ T cells were measured (Figure 5.5.c). In summary, 

the analysis of αβ T sub-populations in thymus failed to reveal any difference in B6.129-Sle16 

mice compare to B6 control. Therefore, the increased activation of T cells in periphery and 

spleen cannot be explained by a defective T cell development.  
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Figure 5.3 Overview of T cell development in the thymus. T cells committed lymphoid 

progenitors enter the thymus. The first stage of αβ T cell development is double negative, 

where 4 subpopulations are recognised based on CD44 and CD25 expression. TCRβ is 

expressed at DN3 stage. After proliferation at DN4, developing T cells express TCRα, CD4+ 

and CD8+ becoming double positive T cells. DP cells undergo negative and positive selection 

through interaction with cortical epithelial cells and successfully selected T cells become CD4+ 

or CD8+ committed single positive cells and migrate to the medulla. Central T cell tolerance is 

maintained by apoptosis of self-reactive semi-mature T cells through interaction with mECs 

and DCs presenting self-ligands. Figure adapted from Germain et al.4  



182 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 Thymocyte populations in 2-month-old mice. Number (a) and percentage (b) 

of double negative CD4-CD8-, double positive CD4+CD8+, and single positive CD4+ and 

CD8+ T cells in thymus are shown. n=7 (B6), n=7 (B6.129-Sle16). Analysis by unpaired t 

test; only significant p values are indicated. Each symbol represents a mouse and mean +/- 

SEM are shown. 
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Figure 5.5 Thymocyte populations in 2-month-old mice. (a) Percentage of subpopulations 

and TCRβ expression within CD4-CD8- DN cells. (b) Percentage of TCRβ+CD69+ and CD5 

expression within CD4+CD8+ DP cells (c) Number of mature (CD69-CD62L+) and semi-mature 

(CD69+CD62L-) within single positive CD4+ and CD8+ thymocytes.  n=7 (B6), n=7 (B6.129-

Sle16). Analysis by unpaired t test; only significant p values are indicated. Each symbol 

represents a mouse and mean +/- SEM are shown. 
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5.3 Phenotypic analysis of B6.129-Sle16 mice up to 9-month-old 

 

5.3.1 Blood lymphocyte analysis 

Cohorts of B6 (n=7) and B6.129-Sle16 (n=10) mice were bled every month from 2 months 

(pre-disease stage) to 9 months of age to assess T and B cell activation and the IFN signature. 

I used Sca-1 surface expression as an indication of interferon response in T and B cells. Stem 

cell antigen 1 (Sca-1), also called lymphocyte antigen 6 complex locus A/E (Ly6A/E), is a cell 

surface protein known to mediate cell-cell adhesion and signalling401. Sca-1 transcript and 

protein expression in T and B cells was described to be induced by IFNα/β stimulation402. In 

line with the increase of IFN signature in SLE patients, Sca-1 expression was showed to be 

significantly higher in lupus PBMCs and to correlate with the disease activity SLEDAI 

score403. As Sca-1 is constitutively expressed in naïve T and B cells, I used mean florescence 

expression (MFI) to evaluate variation in Sca-1 surface expression. 

 At 2 months of age, B6.129-Sle16 mice had comparable percentages of blood T and B 

cells (Figure 5.6). Mice have approximately 15% CD4+ T cells, 10% CD8+ T cells and 60% B 

cells. B6.129-Sle16 animals had slightly lower percentage of CD8+ T cells, at 8% (Figure 

5.6.a). At this pre-disease age, no differences in CD4+ and CD8+ T effector memory 

populations were observed (Figure 5.6.b).  T and B cell populations also had similar expression 

level of Sca-1 (Figure 5.6.c).        
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Figure 5.6 Blood lymphocyte populations in 2-month-old B6.129-Sle16 mice. (a) 

Percentage of CD4+, CD8+ T cells and CD19+ B cells in blood. (b) Proportion of naïve (CD44-

CD62L+) and effector memory (CD44+CD62L-) T cells. (c) Sca-1 expression in T and B cells. 

n=7 (B6), n=10 (B6.129-Sle16). Analysis by unpaired t test; only significant p values are 

indicated; * p<0.05. Each symbol represents one mouse and mean +/- SEM are shown. 



186 

 

I observed no difference in the percentage of T cell and B cell populations in the blood 

of B6.129-Sle16 mice compared to control B6 (Figure 5.7.a, Figure 5.8.a). Although the 

expression of CD69 activation marker was similar (Figure 5.7.c, Figure 5.8.c), B6.129-Sle16 

mice have significantly increased percentage of effector memory cells starting at 9-month-old 

for CD4+ T cells and at 7-month-old for CD8+ T cells (Figure 5.7.b, Figure 5.8.b). 

Interestingly, B6.129-Sle16 CD4+ and CD8+ T cells expressed more Sca-1 compared to B6 

cells with significant differences from 5 months of age (Figure 5.7.c, Figure 5.8.c). There are 

three possible explanations to this observation. Firstly, the increased Sca-1 expression in 

B6.129-Sle16 T cells may indicate that B6.129-Sle16 T cells were exposed to higher levels of 

serum IFNα/β compared to B6 animals. Secondly, Sca-1 expression may be the result of an 

exaggerated response of the T cells to IFNs. Thirdly, it is possible that Sca-1 expression in T 

cells does not represent an IFN signature and thus does not reflect the exposure to IFNs.  

B cell activation can be measured by analysing MHCII molecule expression404. In blood 

B6.129-Sle16 mice displayed increased B cell activation at an earlier time point (5 months) 

compared to T cell activation (8-9 months) (Figure 5.9.b). However, Sca-1 expression 

remained the same on B cells throughout the time course and no differences were detected 

between the two experimental groups (Figure 5.9.c).     
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Figure 5.7 Time course of CD4+ T cells. (a) Percentage of CD4+ T cells and (b) effector 

memory (CD44+CD62L-) CD4+ T cells at different time points as indicated. (c) CD69 

expression and (d) Sca-1 expression in CD4+ T cells shown as delta MFI. n=7 (B6), n=10 

(B6.129-Sle16). Analysis by 2-way-ANOVA test; only significant p values are indicated; 

* p<0.05, ** p<0.01, **** p<0.0001. Each symbol represents one mouse and mean +/- 

SEM are shown. 
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Figure 5.8 Time course of CD8+ T cells. (a) Percentage of CD8+ T cells and (b) effector 

memory (CD44+CD62L-) CD8+ T cells at different time points as indicated. (c) CD69 

expression and (d) Sca-1 expression in CD8+ T cells shown as delta MFI. n=7 (B6), n=10 

(B6.129-Sle16). Analysis by 2-way-ANOVA test; only significant p values are indicated; * 

p<0.05, ** p<0.01, **** p<0.0001. Each symbol represents one mouse and mean +/- SEM 

are shown. 
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Figure 5.9 Time course of CD19+ B cells. (a) Percentage of CD19+ B cells. (b) MHCII 

expression and (c) Sca-1 expression in CD19+ B cells shown as delta MFI. n=7 (B6), n=10 

(B6.129-Sle16). Analysis by 2-way-ANOVA test; only significant p values are indicated; 

* p<0.05, ** p<0.01, **** p<0.0001. Each symbol represents one mouse and mean +/- 

SEM are shown. 
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The largest producers of type I IFN are the plasmacytoid DC (pDCs) and monocytes405, 

406, 407. Guided by the Sca-1 data, I then analysed these two populations in 9-month-old B6.129-

Sle16 mice (Figure 5.10). Unfortunately, I was not able to assess properly the pDCs population 

in the blood because of the limited number of leukocytes analysed and pDCs make up only 

approximately 0.6% of PBMC. Two monocyte subsets have been described in the literature: 

Ly6Chigh inflammatory monocytes, which traffic to sites of infection/inflammation, and 

Ly6Clow patrolling monocytes, which patrol blood vessels to remove cellular debris408. I 

observed no difference in percentage of blood monocytes in B6.129-Sle16 mice compared to 

B6 animals (Figure 5.10.a). Activated monocytes express more LFA1/CD11a and MAC-

1/CD11b; both are β2-intergrins known to promote adherence of monocytes to endothelial cells 

and to facilitate monocytes migration409, 410. Thus, I used the surface expression of CD11a and 

CD11b as an indication of monocyte activation. I found no difference in CD11a and CD11b 

expression in B6.129-Sle16 monocytes compared to B6 monocytes. Similarly, the frequency 

of PMNs was not different (Figure 5.10.b). Although I observed a trend to increased Sca-1 

expression on B6.129-Sle16 monocytes and neutrophils, the data did not reach statistical 

significant (Figure 5.10.a and 5.10.b)    
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Figure 5.10 Monocyte and neutrophil assessments in 9-month-old mice. (a) Percentages 

of CD115
+
 monocytes and of inflammatory (Ly6c

high
) and patrolling (Ly6c

low
) subsets are 

plotted. CD11a, CD11b, and Sca-1 expression in monocytes were measured as indication of 

their activation state and their exposure to IFN. (b) Percentage of CD11b
+
Ly6g

+
 neutrophils 

is showed. Sca-1 expression in neutrophils shown as delta MFI. n=7 (B6), n=10 (B6.129-

Sle16). Analysis by unpaired t test: only significant p values are indicated. Each symbol 

represents one mouse and mean +/- SEM are shown. 
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To summarize, FACS analysis of peripheral blood T and B cells revealed a spontaneous 

increase in cell activation in both populations in B6.129-Sle16 compared to B6 mice. The 

difference in B cell activation could be observed as early as 5 months of age, while the T cell 

populations displayed changes at later time points. An increased Sca-1 expression was detected 

only on B6.129-Sle16 T cells and not on B cells. As Sca-1 expression on B cells remained 

largely unchanged as the mice aged, it was unclear whether the higher Sca-1 expression on T 

cells was linked to an IFN signature or due to specific function of Sca-1 in T cells. Moreover, 

I did not observe any difference in monocyte activation nor in their response to interferon 

assessed by Sca-1 expression. These data taken together did not fully support the hypothesis of 

an IFN signature in B6.129-Sle16 mice.  

 

5.3.2 Spleen cell analysis of 9-month-old B6.129-Sle16 mice 

 

5.3.2.1 Phenotype of T and B cells  

At 9 months of age the mice were culled and lymphocyte distribution in the spleen was 

investigated by FACS (Table 5.1). This analysis corroborated previous findings: B6.129-Sle16 

mice have increased number of spleen cells and higher spleen to body weight ratio compared 

to B6 mice (Figure 5.11)321. I found several changes in splenic B6.129-Sle16 T cell populations 

including: increased percentage of CD69+ T cells, enlargement of the T cell memory 

compartment and of the Treg population (Figure 5.12). In addition, I analysed the 

PD1+CXCR5+CD4+ T follicular helper cell (Tfh) population and observed an increase 

frequency of Tfh CD4+ T cells suggesting augmented CD4+ antigen presentation to B cells 

(Figure 5.12.c).     

 Together with T cell activation, several traits of splenic B cells activation were observed 

in B6.129-Sle16 mice including: increased percentage of CD69+ B cells, higher MHCII 
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expression, expansion of CD3-B220+Fas+gL7+ germinal center B cells and CD3-CD138+Fas+ 

plasma cells (Figure 5.13). I found no differences in the percentage of marginal zone B cells 

and observed a decrease in the frequency of the follicular B cells in B6.129-Sle16 mice. This 

marginal zone and follicular B ratio is not consistent with the published data on 1 year-old 

mice, in which a decrease percentage of marginal zone was described321. However, in both 

published and new FACS analysis of B6.129-Sle16 spleens, no differences in absolute number 

of marginal zone or follicular B cells were found.      

 Similar to what previously observed in 1-year-old mice, there was a significant 

expansion of splenic Treg in 9-month-old B6.129-Sle16. The greater percentage of Treg is most 

probably a compensation effect due to the increased T cell activation. A previous study has 

depicted no difference in the functional capability of B6.129-Sle16 Tregs compared to B6 

Tregs 338.  
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Table 5.1. B6.129-Sle16 and B6 splenic cell populations at 9 months of age. 

Splenic cell population B6 (n=7) B6.129-Sle16 (n=10) 

Number of cells (108/ml) 1.09 ± 0.13 1.46 ± 0.07* 

% CD4 T cells 21.13 ± 1.12 22.12 ± 0.99 

   % activated CD4 T cells 20.8 ± 1.28 33.78 ± 2.20*** 

   % effector memory CD4 T cells 53.73 ± 2.03 72.7 ± 3.17*** 

% CD8 T cells 12.89 ± 1.23 10.18 ± 1.25 

   % activated CD8 T cells 6.04 ± 0.75 10.31 ± 1.51 

   % effector memory CD8 T cells 11.91 ± 1.07 19.81 ± 2.51 

   % central memory CD8 T cells 30.42 ± 1.85 42.83 ± 2.25** 

% regulatory T cells 22.41 ± 0.68 34.2 ± 1.59*** 

% follicular helper T cells 2.54 ± 0.23 3.96 ± 0.50* 

% B cells 53.87 ± 1.55 51.72 ± 3.26 

   % activated B cells 2.46 ± 0.33 5.55 ± 0.49*** 

   % marginal zone B cells 6.34 ± 0.23 7.62 ± 1.01 

   % follicular B cells 81.63 ± 0.45 74.7 ± 1.93*** 

   % germinal center B cells 1.13 ± 0.10 2.49 ± 0.32*** 

   % plasma cells 1.07 ± 0.07 1.63 ± 0.20* 

% cDC 0.27 ± 0.03 0.27 ± 0.03 

% pDC 0.21 ± 0.04 0.10 ± 0.01* 

 

Results are shown as mean ± SEM. All statistical analysis (Mann-Whitney test) versus B6: * = 

p<0.05; ** = p<0.01; *** = p<0.001. n = number of mice. 
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Figure 5.11 Spleen cells in 9-month-old mice. (a) Spleen to body weight ratio (b) 

Number of spleen cells in B6.129-Sle16 mice and B6. n=7 (B6), n=10 (B6.129-Sle16).  

Analysis by unpaired t test; only significant p values are indicated; * p<0.05, *** 

p<0.001. Each symbol represents one mouse and mean +/- SEM are shown. 
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Figure 5.12 Splenic CD4+ and CD8+ T cell populations in 9-month-old mice.  (a) CD4+ T 

cells. Percentage of T cells expressing CD69 activated marker and (CD44
+
CD62L

-
) CD4+ 

effector memory T cells were showed. (b) CD8+ T cells. Percentage of T cells expressing CD69 

activated marker, (CD44
+
CD62L

-
) CD8+ effector memory, and (CD44

+
CD62L

+
) CD8+ central 

memory T cells were showed. (c) PD1
+
CXCR5

+
CD4

+
 T follicular helper. (d) Foxp3

+
CD4

+
 

Tregs. n=7 (B6), n=10 (B6.129-Sle16). Analysis by unpaired t test; only significant p values 

are indicated; * p<0.05, ** p<0.01, *** p<0.001. Each symbol represents one mouse and mean 

+/- SEM are shown. 
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Figure 5.13 Splenic B cell populations in 9-month-old mice. Percentage of CD19
+
 B cells 

in the spleen and B cells expressing CD69 activated marker were shown. MHCII expression 

and in CD19+ B cells shown as delta MFI. Also plotted were the percentage and absolute 

number of (CD21
+
CD23

-
CD19

+
) Marginal Zone B cells, (CD21

-
CD23

+
CD19

+
) Follicular B 

cells, (CD3
-
B220

+
Fas

+
gL7

+
) Germinal Center B cells, and (CD3

-
CD138

+
Fas

+
) Plasma Cells. 

n=7 (B6), n=10 (B6.129-Sle16). Analysis by unpaired t test; only significant p values are 

indicated; * p<0.05, *** p<0.001. Each symbol represents one mouse and mean +/- SEM 

are shown.  
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5.3.2.2 IFN signature in B6.129-Sle16 mice 

The dendritic cell populations in B6.129-Sle16 mice have never been fully investigated. 

Therefore, I phenotyped the dendritic cells in the 9-month-old B6.129-Sle16 mice spleen. The 

upregulation of both MHCII and CD80/CD86 co-stimulatory molecules is a hallmark of 

dendritic cell activation390, 411. I found no differences in the percentage, or the expression of 

MHCII and CD86 in CD19-B220-MHCIIhighCD11chigh conventional dendritic cells (cDCs). 

Interestingly, I observed a decreased percentage of splenic CD19-B220highSiglecHhighCD11clow 

plasmacytoid dendritic cells (pDCs) that showed a slightly increased CD86 expression but no 

difference in MHCII expression (Figure 5.14). However, no differences in absolute numbers 

of cDCs and pDCs were observed.  

Another approach to investigate IFN signalling is to assess IFN mRNA signatures. I 

thus randomly selected 5 B6.129-Sle16 mice and 5 B6 mice from the 9-month-old cohort and 

measured the mRNA expression of type I IFN and of IFN-inducible genes by RT-PCR. No 

differences of IFNα and IFNβ mRNA expression were detected in the splenocytes (Figure 

5.15). With an exception of slight increase on Ifit1 mRNA expression in B6.129-Sle16 CD8+ 

T cells, splenic CD4+ and CD8+ T cells in B6.129-Sle16 mice did not show more expression of 

IFN-inducible genes namely Mx1, Ifit1, Stat1, Sca1, and Lamp3 (Figure 5.16). Therefore, the 

RT-PCR analysis demonstrated neither differences in IFNα expression nor evidence of an 

increased IFN signature in B6.129-Sle16 mice T cells. From the splenic CD4+ and CD8+ T cells 

of the B6.129-Sle16 mice, I also measured mRNA expression of PYHIN gene family that was 

found to be differentially expressed in the RNA sequencing analysis. Consistent with the 

expression pattern from the RNA sequencing data, B6.129-Sle16 T cells showed significantly 

lower Pydc3 and Pydc4 mRNA expression (Figure 5.17).   
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Figure 5.14 Splenic cDC and pDC populations in 9-month-old mice. Percentage of CD19
-

B220
-
MHCII

high
CD11c

high
 conventional dendritic cells (cDCs) and CD19

-

B220
high

SiglecH
high

CD11c
low 

plasmacytoid dendritic cells (pDCs) in the spleen is shown. 

MHCII and CD86 expression on cDCs and pDCs are shown as delta MFI. n=7 (B6), n=10 

(B6.129-Sle16). Analysis by unpaired t test; only significant p values are indicated; * p<0.05, 

** p<0.01. Each symbol represents one mouse and mean +/- SEM are shown.  
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Figure 5.15 Type I IFN mRNA expression in 9-month-old mice splenocytes. IFNα and 

IFNβ mRNA expression in splenocytes was measured by RT-PCR. Data is shown in relative 

to Gapdh housekeeping gene. n=5 (B6), n=5 (B6.129-Sle16). Analysis by unpaired Student 

t test; only significant p values are indicated. Mean +/- SEM are shown.  
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Figure 5.16 Type I IFN signatures in 9-month-old mice T cells. Mx1, Ifit1, Stat1, Sca-1, and 

Lamp3 mRNA expression in splenic CD4+ T cells (a) and CD8+ T cells (b) were measured by 

RT-PCR. Data is shown in relative to Gapdh or β-actin housekeeping gene. n=5 (B6), n=5 

(B6.129-Sle16). Analysis by unpaired Student t test; only significant p values are indicated; * 

p<0.05. Mean +/- SEM are shown. 
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Figure 5.17 Sle16 locus derived Pydc gene expression in 9-month-old mice T cells.  

Pydc4 and Pydc3 genes mRNA expression in B6.129-Sle16 CD4+ T cells (a) and CD8+ T 

cells (b) were measured by RT-PCR. Data is shown in relative to Gapdh or β-actin 

housekeeping gene. n=5 (B6), n=5 (B6.129-Sle16). Analysis by unpaired Student t test; only 

significant p values are indicated; ** p<0.01. Mean +/- SEM are shown. 
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Overall, the analysis of dendritic cells and the assessment of IFNα/β and IFN-inducible 

genes mRNA expression in 9-month-old B6.129-Sle16 mice failed to uncover significant 

difference in interferon signalling. However, the PYHIN gene family expression was 

downregulated in B6.129-Sle16 T cells. Whether the repression of the PYHIN gene family 

contributed to the increased T cell activation remained to be investigated.      

 

5.3.2.1 Analysis of T and B cell proliferation  

RNA sequencing data suggested differential gene expression leading to an enhanced 

proliferation in B6.129-Sle16 T cell compared to B6 cells. I then attempted to assess the 

percentage of proliferating T and B cells ex-vivo using Ki67 staining (Figure 5.18). Ki67 

protein is expressed in all cells undergoing cell cycling phase (G(1), S, G(2), and mitosis), but 

is not expressed in resting cells412. Splenic T and B cells from 9-month-old B6.129-Sle16 mice 

were analysed for Ki67 expression by FACS. I found a slight increase in the percentage of 

B6.129-Sle16 CD8+ T cells expressing Ki67, but no other significant differences in CD4+ T 

and B cells.  

 To summarize, the study of splenic cell distribution of 2- and 3-month-old B6.129-

Sle16 mice showed early T cell activation. By 9 months of age the B6.129-Sle16 mice already 

had splenomegaly, expansion of memory T cells, more germinal center B cells and plasma 

cells. A trend of increased proliferation was observed in CD8+ T cells by measuring Ki67 

expression. Investigation of pDC, the largest producer of IFNα, suggested no significant 

differences between B6.12-Sle16 mice compared to B6 controls. This was confirmed by RT-

PCR analysis of IFN signature genes, as T cells from B6.129-Sle16 mice have comparable 

expression to B6 mice. However, gene expression of the PYHIN gene family remained down-

regulated.        
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Figure 5.18 Percentage of Ki67+ T and B cells in 9-month-old mice. Percentage of Ki67
+
 

cells within the splenic T and B cells were showed. n=7 (B6), n=10 (B6.129-Sle16). Analysis 

by unpaired t test; only significant p values are indicated; * p<0.05. Each symbol represents 

one mouse and mean +/- SEM are shown. 
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5.3.3 Serological Analysis 

High titre of circulating auto-antibodies is one of the main features of the B6.129-Sle16 mice321. 

I corroborated the previous data by measuring auto-antibody titres in serum samples from 9-

month-old B6.129-Sle16 congenic and age-matched B6 controls. In addition to total IgM and 

IgG levels, I performed ELISA assays with four of the main auto-antigens recognised in SLE: 

ssDNA, dsDNA, chromatin and RNP.  

No differences in total IgM and IgG titres were observed in B6.129-Sle16 mice 

compared to B6 controls (Figure 5.19). Similar to the published data, B6.129-Sle16 sera 

contained significantly more anti-ssDNA and anti-chromatin antibodies, but the difference in 

antibodies against dsDNA did not reach statistical significance. IFNα production in lupus 

patients correlates with the presence of antibodies against small ribonuclear protein (RNPs)413. 

Anti-RNP  immune complexes can to be taken up by pDCs and trigger pDCs to secrete type I 

IFNs via TLR7/8 stimulation413. Here, I observed a significant increase in the anti-RNP 

antibody levels and this had not been reported previously in the B6.129-Sle16 mice.  

 

5.4 Conclusions and discussion 

In conclusion, FACS analysis of B6.129-Sle16 splenic cell populations has reiterated 

previously described T and B abnormalities. At 9 months of age, B6.129-Sle16 mice had 

splenomegaly, increased T and B cell activation, expansion of memory T cells, more germinal 

center B cells and plasma cells. The B6.129-Sle16 serum also had elevated auto-antibodies 

against ssDNA, chromatin, and RNP. In peripheral blood, B cell activation could be detected 

as early as 5 months of age, while more effector memory T cell populations were observed at 

6-8 months of age. However, by phenotyping splenic T cell populations of young (2 and 3 

months old) B6.129-Sle16 mice, I confirmed the previously described early T cell activation in 

B6.129-Sle16 mice.   
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Figure 5.19 Auto-antibody levels at 9 months measured by ELISA. n=7 (B6), n=10 

(B6.129-Sle16). Analysis by Mann-Whitney U test: * p<0.05, ** p<0.01. Each symbol 

represents a mouse and median are shown. 
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Motivated by the findings from RNAseq analysis, I measured the surface expression of 

Sca-1 on blood T and B cells as an indication of the response to IFN. Although a progressive 

increase in Sca-1 expression could be observed in B6.129-Sle16 T cells, Sca-1 expression in B 

cells remained unchanged. No difference in Sca-1 gene expression was found in splenic T and 

B cells from 9-month-old B6.129-Sle16 mice by PT-PCR. In addition, RT-PCR analysis of 

total splenocytes and splenic T cells identified comparable expression of IFNα/β and other 

IFN-inducible genes. Moreover, no differences in activation were observed in B6.129-Sle16 

monocytes or splenic pDCs. Other murine lupus mouse models were reported to have greater 

number of pDCs in the spleen which correlated with IFNα measured in the serum390. In other 

lupus mouse models, the splenic pDCs express significantly more MHCII and CD86, an 

indication of increased pDCs activation390. Although I detected increased of CD86 expression 

in B6.129-Sle16 splenic pDCs, I cannot make a clear conclusion if the pDCs were more 

activated in B6.129-Sle16 as no difference in number nor MHCII expression were measured. 

Overall, these data suggest that there are no obvious abnormalities in IFN signalling in B6.129-

Sle16 mice, unlike other murine lupus models. Therefore, at this stage, the T cell abnormalities 

in B6.129-Sle16 cannot be explained by an increased IFN signalling. 

The difference in Sca-1 expression between T cells in peripheral blood and splenic T 

cells cannot be easily explained. A possible explanation is that the elevation of Sca-1 

expression observed in blood T cells is unrelated to IFN signalling. Sca-1 is also used as a 

marker for hematopoietic stem cells (HCS) and its expression is needed to generate normal 

hematopoietic progenitors401, 414. A few studies have explored the function of Sca-1 in T cells. 

High expression of Sca-1 is observed in thymus and its overexpression caused defective thymus 

development415. While many studies described increased expression of Sca-1 in activated and 

memory T cells, contradictory suggestions were reported regarding its role in T cells. Some 

studies suggested an anti-proliferative function as its inhibition caused enhanced CD4+ T cell 
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proliferation and its overexpression suppressed CD4+ T cell proliferation416, 417. In contrast 

another study showed that reduced Sca-1 expression results in reduced TCR expression and 

response to TCR stimulation418. Nevertheless, Sca1-deficient mice generate normal primary T-

cell responses to LCMV infection and T cells from Sca1-deficient mice are phenotypically and 

functionally indistinguishable to normal T cells419. Here, I observed elevated Sca-1 expression 

in blood B6.129-Sle16 T cells compared to B6 T cells, most probably a reflection of the cellular 

changes detected in the B6.129-Sle16 mice at later time points.  

The T cell abnormalities in B6.129-Sle16 mice cannot be explained by a defective T 

cell development, as the investigation of αβ sub-populations in the thymus failed to reveal any 

difference between B6.129-Sle16 and B6 mice. The most consistent and striking observation 

was the down-regulation of the PYHIN gene family expression in B6.129-Sle16 T cells. To 

further investigate PYHIN gene family expression and IFN signalling in B6.129-Sle16 T cells, 

I used in-vitro assays to stimulate T cells with IFNα and in-vivo treatment to induce IFN type 

I expression in B6.129-Sle16 mice, all of which will be discussed in the next chapter.   
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CHAPTER 6: In-vitro and in-vivo response to IFNα  

 

6.1 Introduction 

Type I IFN includes multiple IFNα subtypes, IFNβ, IFNκ, IFNε, and IFNΩ420. These cytokines 

bind to the same type I IFN receptor (IFNAR) and are crucial in inhibiting viral replications421. 

Blocking of type I IFN activity in-vivo increases susceptibility to infections421,but too much 

type I IFN is also detrimental as increased IFN signature is a well-known feature of many 

autoimmune diseases including SLE388. Type I IFN can trigger autoimmunity through multiple 

immune mechanisms. For example, IFNα enhances the differentiation of activated B cells into 

antibody-secreting plasma cells and promotes B cells survival422. IFNα also induces 

differentiation of monocytes into dendritic cells and upregulates MHCII, CD80 and CD86 

expression on dendritic cells423. The increased expression of T cell costimulatory molecules 

induced by IFNα on dendritic cells stimulates T cell activation into helper T cells424.       

IFNα can also interact directly with T cells and can act as a third signal to stimulate T 

cell differentiation. In-vitro activation of CD8+ T cells with anti-CD3, anti-CD28, and IFNα 

has been shown to reduce cell death and to increase proliferation as well as cytolytic activity 

and IFNγ secretion425. Consistent with this, IFNAR-deficient CD8+ T cells secrete less IFNγ 

and have impaired degranulation upon activation426. IFNAR-deficient mice have decreased 

expansion of memory CD4+ and CD8+ T cells, poor survival of activated T cells, and decreased 

T cell ability to proliferate in response to LCMV infection427. Of note, comparable cell division 

of WT and IFNAR-/- CD8+ T cells was observed during the first 3 days of LCMV infection, 

but accumulation of activated CD8+ was reduced afterwards indicating that IFNα/β prevent cell 

death of activated T cells426. However, pre-exposure of type I IFN before TCR stimulation 

inhibits CD4+ T cell proliferation and decreases IL-2 production428. Therefore, IFNα effects on 

T cell activation, proliferation, and survival depend on the time of the exposure. In general, 
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pre-exposure to IFNα/β tends to be inhibitory, whilst type I IFN stimulation at the same time 

or after TCR stimulation augments the T cell response to antigen.  

 TLR7 binds to single stranded RNA and is expressed on dendritic cells and B cells. 

Activation of TLR7 increases the expression of IL-6, TNFα, and type I IFN by pDCs 429. 

Topical application of Imiquimod (or R848) has been shown to elicit a lupus like disease in 

wild-type animals167. In the latter mice model, pDC-depleted or IFNAR-deficient animals were 

protected from the disease, suggesting a contribution of type I IFN in the disease 

development167. 

 In previous chapters, I showed that the PYHIN gene family, located in the Sle16 locus, 

was differentially expressed in B6.129-Sle16 T cells. As decreased expression of certain p200-

family genes is associated with enhanced cell proliferation, I decided to examine B6.129-Sle16 

T cell proliferation and PYHIN gene family mRNA expression in response to anti-CD3 

stimulation. I then extended my investigation to IFN signalling by stimulating T cells in-vitro 

with IFNα and measuring IFN signatures by RT-PCR and Sca-1 expression by FACS. In 

addition, I utilized the topical application of R848 to induce IFN signalling in-vivo and studied 

blood lymphocytes, spleen cells, and draining lymph nodes after 10 applications. 
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6.2 In-vitro assays  

 

6.2.1 CD8+ T cell proliferation 

Increased proliferation of naïve CD4+ T cells was observed from young B6.129-Sle16 mice 

when stimulated in-vitro with anti-CD3 for 72 hours338. This elevated proliferation of CD4+ T 

cells was accompanied by an enhanced production of IL-2 cytokine338. TCR stimulation of 

CD8+ T cell has never been assessed in B6.129-Sle16 mice. As B6.129-Sle16 mice CD8+ T 

cells showed early spontaneous activation similar to CD4+ T cells, I investigated CD8+ T cell 

proliferation by measuring 3H thymidine incorporation.  

It was described that CD8+ T cells proliferate faster than CD4+ T cells with anti-

CD3/CD28 stimulation430. In order to avoid missing the optimal time point for assessing CD8+ 

T cell proliferation, thymidine incorporation was measured at 3 time points: 24 hours, 48 hours 

and 72 hours. TCR stimulation was induced with 1 µg/ml of plate bound anti-CD3 antibody 

with or without addition of 1 µg/ml anti-CD28 as a stimulus to instigate TCR signalling in the 

presence of co-stimulation. As determined by 3H thymidine incorporation, in 2-month-old 

mice, the proliferative response of CD8+ T cells from the lupus prone B6.129-Sle16 mice was 

significantly more compared to B6 at 48-hour time point (Figure 6.1.a). However, with the 

addition of anti-CD28, the difference in proliferation was no longer significant. At 24-hour 

time point, a trend toward an increase of 3H thymidine uptake could be observed, although not 

statistically significant. At 72-hour time point, the proliferation between B6 and B6.129-Sle16 

was comparable. It is known that activated CD8+ T cells secrete high level of cytokines 

predominantly IFNγ and TNFα. I thus measured the level of IFNγ in the supernatant after 48 

hours and 72 hours of TCR stimulation. As expected, B6.129-Sle16 CD8+ T cells produced 

more IFNγ compared to B6 at 48-hour time point when stimulated with anti-CD3 alone (Figure 

6.1.b). The difference in IFNγ level was smaller with the addition of anti-CD28 co-stimulatory 
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molecule, or when IFNγ level was measured after 72 hours of stimulation. Of note, a trend 

toward slightly increase level of IFNγ was still observed in B6.129-Sle16 in both conditions.   

In brief, thymidine uptake by CD8+ T cells from 2-month-old B6.129-Sle16 mice upon 

anti-CD3 stimulation showed similar enhanced proliferation and cytokine production to those 

observed in CD4+ T cells. The difference in proliferation could be observed at earlier time point 

(48 hours) compared to CD4+ T cells (72 hours) most probably due to the nature of CD8+ T 

cells which proliferate faster than CD4+ T cells. It is known that optimal stimulation of T cells 

requires T cell receptor engagement in the presence of co-stimulatory molecules such as CD28 

ligands431. Nevertheless, the difference in proliferation was observed when the TCR 

stimulation was suboptimal, as the difference in proliferation became smaller with the addition 

of anti-CD28. Similar observation was derived from published data on B6.129-Sle16 CD4+ T 

cells, suggesting intrinsic abnormality in the T cells leading to hyperactivity at suboptimal TCR 

stimulation. 
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Figure 6.1 
3
H thymidine incorporation in response to anti-CD3 stimulation. Purified CD8

+
 

T cells from 2-month-old mice were stimulated with 1μg/ml plate bound anti-CD3 antibody 

(with and without addition of 1μg/ml anti-CD28 antibodies) for 24, 48, or 72 hours. (a) Cell 

proliferation was measured by thymidine incorporation; cpm = counts per minute (b) IFN-γ 

concentration from the supernatant was measured by ELISA. n=3 (B6), n=3 (B6.129-Sle16). 

Data were analysed using the unpaired Student’s t test; only significant p values are indicated; 

*, p < 0.05. Data shown are mean ± SEM and representative of three independent experiments.  
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6.2.2 PYHIN gene family expression in response to T cell activation 

PYHIN gene family was described to be involved in cell proliferation, modulation of apoptosis, 

and cell differentiation. Increased expression of certain p200-family proteins such as Ifi202 

and Ifi204 in various cell lines is associated with inhibition of proliferation and reduced cell 

death381, 384, while down-regulation of the Pyhin1 gene is associated with increased 

proliferation in cancer cells line383.  

 To understand if PYHIN gene family expression is modulated by TCR signalling and 

T cell proliferation, I measured mRNA expression of Pydc4 and Ifi204 genes after T cell 

stimulation with anti-CD3. Pydc4 and Ifi204 genes were chosen as these 2 genes were the most 

differentially expressed genes in B6.129-Sle16 T cells identified through RNA sequencing 

(Chapter 4, Figure 4.15). T-bet is a member of the T-box family of transcription factors that 

is not expressed in naïve T cells but highly expressed following TCR signalling in CD4+ and 

CD8+ T cells432. Using T-bet as a control, I observed the expected increase of T-bet expression 

in CD8+ T cells after 24 hours and 48 hours of anti-CD3 stimulation (Figure 6.2). Interestingly, 

anti-CD3 stimulation has the opposite impact on the expression of Pydc4 and Ifi204 genes. A 

stark decrease in expression was measured from CD8+ T cells after 24 hours of TCR 

stimulation, and further down-regulation was observed after 48 hours. 

 Intrigued by this initial observation, I then investigated the expression of T-bet, Pydc4, 

and Ifi204 genes in B6.129-Sle16 CD8+ T cells after anti-CD3 stimulation. B6.129-Sle16 CD8+ 

T cells expressed more T-bet after 24 hours of TCR signalling activation, this finding was in 

line with enhanced proliferation and activation of B6.129-Sle16 CD8+ T cells (Figure 6.3). 

When the expression of T-bet was normalized to the baseline expression of unstimulated CD8+ 

T cells, a slight increase of fold-change of expression could be observed although not 

statistically significant. B6.129-Sle16 CD8+ T cells expressed less Pydc4 gene but more Ifi204 

gene at baseline. Nevertheless, both Pydc4 and Ifi204 genes were down-regulated upon TCR 
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signalling activation. Normalization to baseline expression showed that in B6.129-Sle16 T 

cells, Pydc4 and Ifi204 expression decreases more compared to B6.   

 Similar findings were observed in B6.129-Sle16 CD4+ T cells. As expected, B6.129-

Sle16 CD4+ T cells uptake more 3H thymidine compared to B6 after 48 hours of anti-CD3 

stimulation and expressed more T-bet (Figure 6.4.a). Progressive down-regulation of 

expression was observed in both Pydc4 and Ifi204 genes after the activation of TCR signalling 

(Figure 6.4.b). When normalized to the baseline expression, Pydc4 showed slightly greater 

change of expression compared to B6, while the foldchange expression of Ifi204 gene was 

comparable.  

 In summary, the mRNA expression of Pydc4 and Ifi204 genes located in Sle16 locus 

are modulated by the activation of TCR signalling. Naive B6.129-Sle16 CD4+ and CD8+ T cells 

expressed less Pydc4 and more Ifi204. Upon suboptimal activation via anti-CD3 stimulation, 

both Pydc4 and Ifi204 genes expression decreased, possibly at a greater rate than B6 T cells. 

This resulted in further reduced expression of Pydc4 in B6.129-Sle16 T cells, while Ifi204 gene 

expression remains higher at 24 hours’ time point and comparable to B6 after 48 hours. 

Whether the differential expression of the PYHIN gene family was directly associated with 

observed hyperactivity of B6.129-Sle16 needs to be further tested.    
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Figure 6.2 Tbet, Pydc4, and Ifi204 mRNA expression in response to anti-CD3 stimulation. 

Purified CD8
+
 T cells from 2-month-old mice were stimulated with 1μg/ml of plate bound anti-

CD3 antibody for 24 and 48 hours. Tbet, Pydc4, and Ifi204 mRNA expression were measured 

by RT-PCR. n=3 (B6). Each symbol represents a mouse and mean +/- SEM are shown. 
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Figure 6.3 Tbet, Pydc4, and Ifi204 mRNA expression in response to anti-CD3 stimulation. 

Purified CD8
+
 T cells from 2-month-old mice were stimulated with 1μg/ml of plate bound anti-

CD3 antibody for 24 and 48 hours. Tbet, Pydc4, and Ifi204 mRNA expression were measured 

by RT-PCR. n=4 (B6), n=4 (B6.129-Sle16).  Data were analysed using the unpaired Student’s t 

test; only significant p values are indicated; * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 

0.0001. Data shown are mean ± SEM and representative of two independent experiments. 
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Figure 6.4 Tbet, Pydc4, and Ifi204 mRNA expression in response to anti-CD3 stimulation. 

Purified CD4
+
 T cells from 2-month-old mice were stimulated with 1μg/ml of plate bound anti-

CD3 antibody for 24 and 48 hours. (a) Cell proliferation was measured by thymidine 

incorporation; cpm = counts per minute. (b) Tbet, Pydc4, and Ifi204 mRNA expression were 

measured by RT-PCR. n=4 (B6), n=4 (B6.129-Sle16).  Data were analysed using the unpaired 

Student’s t test; only significant p values are indicated; * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001. Data shown are mean ± SEM and representative of two independent 

experiments. 
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6.2.3 In-vitro T cell stimulation using IFNα 

As described in chapter 5, I have investigated IFN signalling in B6.129-Sle16 mice by 

measuring IFN signatures in the blood and splenic B6.129-Sle16 T cells. Although blood T 

cells showed progressive increase of Sca-1 expression, I did not detect any difference in the 

expression of IFN signatures in splenic T cells from 9-month-old B6.129-Sle16 mice. To 

investigate further if B6.129-Sle16 T cells response differentially to IFN, I conducted in-vitro 

assay where by T cells from B6.129-Sle16 was exposed to IFNα followed by IFN signatures 

measurement by RT-PCR. To set up this experiment, I stimulated CD4+ T cells for 3 hours, 6 

hours or 24 hours and measured the mRNA expression of Sca-1. I found that the Sca-1 

expression was at its highest after 3 hours of stimulation with IFNα, therefore this time point 

was selected for further experiments (Figure 6.5.a). Next I used 3 different concentrations of 

IFNα: 200 U/ml, 1000 U/ml, and 5000U/ml. I observed a dose-dependent increase of 

expression in the classical IFN inducible gene, Mx1, as well as PYHIN genes, Pydc4 and Ifi204 

(Figure 6.5.b). To ensure appropriate detection of mRNA expression of various IFN 

signatures, 1000 U/ml of IFNα was added into the T cells culture for the subsequent 

experiments.  

 B6.129-Sle16 T cells do not show any difference in expression of IFN signatures (ISGs) 

Mx1, Ifit1, Ip10, and Sca-1 genes upon exposure to IFNα (Figure 6.6). T cells were also 

exposed to IFNγ in order to determine the specificity of these IFN signature genes to IFNα. I 

found that Mx1 and Ifit1 genes expression were specific to IFNα as minimal response was 

observed with the exposure to IFNγ. The expression of Ip10 gene, in contrast, was not specific 

to IFNα. Minimal increase in expression was measured from Sca-1 when T cells were exposed 

to IFNα, but this is probably due to the nature of T cells having high baseline Sca-1 mRNA 

expression. Other IFN signatures tested were Irf7, Oas1, Ifi27, and Lamp3 genes (Figure 6.7). 

Consistent with other IFN signatures, no difference of expression was observed for Irf7 and 
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Oas1 in T cells upon exposure to IFNα. Although Ifi27 and Lamp3 genes expression was 

previously described to be inducible by IFNα, here, the expression remained the same as at 

naïve state.  

Considerable amount of studies have described that mRNA expression level do not 

always correlates to the protein level in the cells433. Therefore, after 24 hours of stimulation 

with IFNα or IFNγ, I measured the Sca-1 protein expression by FACS staining (Figure 6.8). I 

corroborated that Sca-1 expression on B6.129-Sle16 T cells after exposure to IFNα was 

comparable to B6. Also, I noted that the increase in Sca-1 expression was higher with exposure 

to IFNγ compared to IFNα, especially for CD8+ T cells. This observation proved that Sca-1 

expression was not specific to IFNα. Other studies had also suggested that upregulation of Sca-

1 in lymphocytes can be induced by both type I and type II IFNs434.           
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Figure 6.5 Optimization of IFNα stimulation.  Purified CD4+ T cells and CD8+ T cells from 

2-month-old mice were stimulated with IFNα at varying time (a) and concentrations (b). IFN 

type I inducible genes Sca-1, Mx1, Pydc4, and Ifi204 were measured by RT-PCR. n=2 (B6). 

Each symbol represents a mouse and mean +/- SEM are shown. 
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Figure 6.6 mRNA expression of ISGs in T cells.  Purified CD4+ T cells and CD8+ T cells from 

2-month-old mice were stimulated with 1000 U/ml IFNα or 1000 U/ml IFNγ for 3 hours. 

Classical IFN type I inducible genes Mx1, Ifit1, Ip10, and Sca-1 were measured by RT-PCR. n=3 

(B6), n=3 (B6.129-Sle16). Data were analysed by using the unpaired Student’s t test; only 

significant p values are indicated. Data shown are mean ± SEM and representative of three 

independent experiments. 
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Figure 6.7 mRNA expression of ISGs in T cells. Purified CD8+ T cells from 2-month-old mice 

were stimulated with 1000 U/ml IFNα or 1000 U/ml IFNγ for 3 hours. Classical IFN type I 

inducible genes Irf7, Oas1, Ifi27, and Lamp3 were measured by RT-PCR. n=3 (B6), n=3 (B6.129-

Sle16). Data were analysed by using the unpaired Student’s t test; only significant p values are 

indicated. Data shown are mean ± SEM. 
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Figure 6.8 Sca-1 expression on T cells after IFNα stimulation.  Purified CD4+ T cells and 

CD8+ T cells from 2-month-old mice were stimulated with 1000 U/ml IFNα or 1000 U/ml 

IFNγ for 3 hours. (a) Overlay of Sca-1 staining (b) Delta Median Fluorescent Intensity (δMFI) 

of Sca-1 were measured by FACs. n=3 (B6), n=3 (B6.129-Sle16). Data were analysed by using 

the unpaired Student’s t test; only significant p values are indicated. Data shown are mean ± 

SEM and representative of three independent experiments. 
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 Next I assessed the expression of PYHIN gene family in B6.129-Sle16 T cells upon 

exposure to IFNα. As Pydc4 and Ifi204 genes were differentially expressed in naïve B6.129-

Sle16 T cells, I wonder if these genes respond similarly to B6 when exposed to IFNs. In B6.129-

Sle16 CD4+ T cells, I discovered that Pydc4 mRNA expression level remained lower compared 

to B6 after IFNα and IFNγ stimulation (Figure 6.9.a). When stimulated with IFNγ, 

normalization to the unstimulated T cell baseline expression showed similar fold change of 

expression in B6.129-Sle16 CD4+ T cells compared to B6. However, upon IFNα stimulation, 

B6.129-Sle16 CD4+ T cells have slightly higher foldchange of expression, though not 

statistically significant. The same trend was observed for Pydc4 gene expression in CD8+ T 

cells (Figure 6.9.b). Pydc4 mRNA expression was induced in both B6.129-Sle16 and B6 CD8+ 

T cells upon exposure to IFNα, but Pydc4 expression in B6.129-Sle16 mice CD8+ T cells 

remains lower compared to B6. Increased of expression fold change was observed when 

normalized to baseline expression, indicating a higher rate of Pydc4 expression. For other 

PYHIN gene family tested, namely Ifi204, Pydc3, and Pyhin1, the differential expression at 

naïve state was not maintained after IFNα stimulation, as comparable level of expression was 

measured in B6.129-Sle16 T cells after exposure to IFNα (Figure 6.9, Figure 6.10). This was 

with exception of Pydc3 expression in CD8+ T cells, in which slight lower expression was 

maintained (Figure 6.10.b). When normalized to baseline expression, fold change of 

expression of Ifi204, Pydc3, and Pyhin1 genes in B6.129-Sle16 T cells was slightly less 

compared to B6, indicating less response to IFNs. Taken together, these observations suggested 

that in B6.129-Sle16 T cells, PYHIN gene family is able to response similarly to IFNα and 

IFNγ stimulation as B6 control. The foldchange of expression differs slightly for different 

genes depending on the baseline expression. In addition, due to differential baseline expression 

at naïve state, the expression of some of the PYHIN gene family such as Pydc4, remained lower 

compare to B6 even when exposed to IFNs.  
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Figure 6.9 PYHIN gene family expression in T cells after IFNα stimulation.  Purified CD4+ 

T cells (a) and CD8+ T cells (b) from 2-month-old mice were stimulated with 1000 U/ml IFNα 

or 1000 U/ml IFNγ for 3 hours. IFI gene family Pydc4 and Ifi204 mRNA expression were 

measured by RT-PCR. Fold-change to unstimulated is shown. n=3 (B6), n=3 (B6.129-Sle16). 

Data were analysed by using the unpaired Student’s t test; only significant p values are 

indicated; * p < 0.05, *** p < 0.001, **** p < 0.0001. Data shown are mean ± SEM and 

representative of three independent experiments. 



227 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10 PYHIN gene family expression in T cells after IFNα stimulation.  Purified 

CD4+ T cells (a) and CD8+ T cells (b) from 2-month-old mice were stimulated with 1000 U/ml 

IFNα for 3 hours. IFI gene family Pydc3 and Pyhin1 mRNA expression were measured by RT-

PCR. n=3 (B6), n=3 (B6.129-Sle16).  Data were analysed by using the unpaired Student’s t 

test; only significant p values are indicated; * p < 0.05, *** p < 0.001, **** p < 0.0001. Data 

shown are mean ± SEM. 
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 Several studies have described that IFNα could directly modulate T cell functions. 

Knowing that B6.129-Sle16 T cells proliferate more compared to B6, I investigated whether 

addition of IFNα could further increase or decrease proliferation in B6.129-Sle16 T cells. I 

stimulated CD4+ and CD8+ T cells with anti-CD3 for 48 hours, with or without the addition of 

IFNα at 2 different concentrations: 100U/ml and 1000U/ml. I observed the expected increase 

of proliferation in CD4+ T cells when stimulated with anti-CD3 alone, however, thymidine 

uptake for both B6.129-Sle16 and B6 CD4+ T cells remained unchanged when T cells were 

exposed to IFNα (Figure 6.11). With CD8+ T cells, a trend of slightly higher uptake was 

observed in B6.129-Sle16 compared to B6 when stimulated with anti-CD3 alone. The addition 

of IFNα increased the proliferation for both B6 and B6.129-Sle16 CD8+ T cells. Nevertheless, 

when normalized to thymidine uptake before the exposure to IFNα, the fold-change of 

thymidine uptake in both B6 and B6.129-Sle16 CD8+ T cells was comparable. This data 

suggested that the exposure to IFNα did not affect the proliferation in B6.129-Sle16 T cells.      

 In conclusion, in-vitro T cell stimulation with IFNα shows similar response to IFNα in 

B6.129-Sle16 compared to B6. B6.129-Sle16 T cells expressed the same level of IFN 

signatures, namely Mx1, Ifit1, Ip10, Sca1, Irf7 and Oas1, as B6 T cells when exposed to IFNα. 

Addition of IFNα to anti-CD3 stimulation resulted in comparable thymidine uptakes in B6.129-

Sle16 T cells as to when no IFNα was added. Although PYHIN gene family was differentially 

expressed at naïve state, the gene expression could be induced similarly in B6.129-Sle16 T 

cells compared to B6.    
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Figure 6.11 
3
H thymidine incorporation in response to anti-CD3 and IFNα stimulation. 

Purified CD4
+
 and CD8

+
 T cells from 2-month-old mice were stimulated with 1μg/ml of plate 

bound anti-CD3 antibody (with and without addition of 100U/ml IFNα or 1000U/ml IFNα) for 

48 hours. Cell proliferation was measured by thymidine incorporation; cpm = counts per minute. 

n=3 (B6), n=3 (B6.129-Sle16).  Data were analysed by using the unpaired Student’s t test; only 

significant p values are indicated; ** p < 0.01. Data shown are mean ± SEM. 
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6.3 In-vivo study: R848 TLR7 agonist SLE-induced model 

Long-term topical application of TLR-7 agonist, such as Imiquimod or R848, in mice was 

described to induce systemic activation of immune system leading to a lupus-like disease167. 

Following 4 weeks of treatment, mice developed auto-antibodies, glomerulonephritis, 

splenomegaly, and expansion of activated myeloid cells, B cells, and T cells in the spleen. In-

vivo depletion of pDCs protected mice against the autoimmunity induced by topical 

administration of imiquimod, suggesting a role of pDCs. In addition, TLR7-deficient and 

IFNR-deficient mice ameliorates the autoimmune phenotypes, indicating necessary TLR-7 and 

IFN signalling mediating the development of lupus-like disease.     

In-vitro stimulation of B6.129-Sle16 T cells with IFNα showed comparable expression 

of IFN signatures genes compared to B6. As a final attempt to investigate IFN signalling in 

B6.129-Sle16 mice, I used R848 to drive IFN signalling in-vivo. I followed the distribution of 

T and B cell populations in the blood after 4 and 8 applications of R848. Unable to find any 

other markers that could reliably be used as IFN type one response signature, I still measured 

Sca-1 expression in the blood lymphocyte populations, but keeping in mind Sca-1 expression 

may not be specific to IFNα. After 10 treatments, mice were sacrificed and splenic T cell, B 

cell, and dendritic cell populations were assessed by FACS. It was suggested that in R848-

treated mice, activated pDC would migrate to the draining lymph nodes and to the skin where 

R848 was administered167. Therefore, I also assessed the dendritic cell and B cell populations 

in the draining lymph nodes of the treated mice. Lastly, I measured the auto-antibodies in the 

serum by ELISA.   
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6.3.1 Blood lymphocytes phenotype 

The percentage of B6.129-Sle16 CD4+ T cells in the blood was lower compared to B6 after 4 

treatments of R848, and the percentage further reduced after 8 treatments of R848 (Figure 

6.12). The reduction of CD4+ T cells in the blood was accompanied with increased of 

(CD44+CD62L-) CD4+ effector T cell population depicting elevation of CD4+ T cell activation 

in B6.129-Sle16 compared to B6. B6.129-Sle16 CD4+ T cells in the blood expressed 

significantly more Sca-1 after 4 treatments of R848, and further increased of Sca-1 expression 

was observed after 8 treatments of R848. Similar observations were derived from B6.129-Sle16 

CD8+ T cells (Figure 6.13). Although the percentage of CD8+ T cells in the blood was 

comparable, B6.129-Sle16 mice have significantly more (CD44+CD62L-) CD8+ effector T cell 

after 8 treatments with R848. Elevated CD69 expression confirmed that there were more 

activated CD8+ T cells in B6.129-Sle16. In addition, B6.129-Sle16 CD8+ T cells expressed 

progressively more Sca-1 compared to B6. I also noted that for both CD4+ and CD8+ T cell 

populations, the percentage of effector T cells and CD69 expression in T cells from B6 mice 

treated with R848 were comparable to untreated mice. This observation may indicate that 8-

time treatments with R848 may not be long enough to induce systemic activation of T cells in 

B6, and corroborated the hyperactivity of B6.129-Sle16 T cells. This may provide the evidence 

that T cell hyperactivity may be associated with induction of IFN signalling. A significant drop 

of percentages in blood B cells was observed when mice were challenged with R848, and this 

was accompanied by increased of MHCII expression (Figure 6.14). However, no differences 

were detected between the two experimental groups for both MHCII and Sca-1 expression. As 

expansion of myeloid cell populations was previously reported for imiquimod treated mice167, 

I assessed the monocyte population in the blood. As expected, R848 application increased the 

percentage of monocytes in the blood, however, no difference could be derived from B6.129-

Sle16 mice compared to B6 (Figure 6.15).     
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Figure 6.12 Time course of blood CD4+ T cells after treatment with R848. Percentage 

of CD4+ T cells and effector memory (CD44+CD62L-) CD4+ T cells were shown at pre-

treatment, and after 4 and 8 treatment as indicated. Sca-1 expression in CD4+ T cells shown 

as delta MFI. n=5 (B6), n=5 (B6.129-Sle16), n=3 (B6 naive). Analysis by 2-way-ANOVA 

test; only significant p values are indicated; * p<0.05, ** p<0.01, *** p<0.001, **** 

p<0.0001. Each symbol represents one mouse and mean +/- SEM are shown. 
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Figure 6.13 Time course of blood CD8
+
 T cells after treatment with R848. Percentage of 

CD8
+ 
T cells and effector memory (CD44

+
CD62L

-
) CD8

+
 T cells were shown at pre-

treatment, and after 4 and 8 treatments as indicated. CD69 and Sca-1 expression in CD8
+
 T 

cells shown as delta MFI. n=5 (B6), n=5 (B6.129-Sle16), n=3 (B6 naive). Analysis by 2-way-

ANOVA test; only significant p values are indicated; * p<0.05, ** p<0.01. Each symbol 

represents one mouse and mean +/- SEM are shown. 
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Figure 6.14 Time course of blood CD19
+
 B cells after treatment with R848. Percentage 

of CD19
+ 
B cells in the blood is shown at pre-treatment, and after 4 and 8 treatment as 

indicated. MHCII and Sca-1 expression in CD19
+
 B cells shown as delta MFI. n=5 (B6), 

n=5 (B6.129-Sle16), n=3 (B6 naive). Analysis by 2-way-ANOVA test; only significant p 

values are indicated. Each symbol represents one mouse and mean +/- SEM are shown. 
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Figure 6.15 Time course of blood CD115
+
 monocytes after treatment with R848. 

Percentage of CD115
+ 
monocytes in the blood is shown at pre-treatment, and after 4 and 8 

treatment as indicated. n=5 (B6), n=5 (B6.129-Sle16), n=3 (B6 naive). Analysis by 2-way-

ANOVA test; only significant p values are indicated. Each symbol represents one mouse and 

mean +/- SEM are shown. 
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6.3.2 Spleen cell phenotype 

Mice was sacrificed after 10 applications of R848. Although I intended to administer R848 for 

4 weeks to achieve the long-term effect of systemic autoimmunity, some of B6.129-Sle16 mice 

were already showing symptoms of reduced viability after 2.5 weeks, thus the cohort had to be 

sacrificed. Lymphocyte distribution in the spleen and draining lymph nodes was investigated 

by FACS. I found that B6.129-Sle16 mice had increased number of spleen cells and higher 

spleen to body weight ratio compared to B6 mice (Figure 6.16). However, the absolute 

numbers of splenic T cells, B cells, and dendritic cells were comparable in B6.129-Sle16 to B6. 

Similar to the blood phenotype, splenic B6.129-Sle16 CD4+ and CD8+ T cell populations 

showed reduced percentages, expansion of effector T cell compartment, and increased 

percentage of CD69+ T cells (Figure 6.17.a, Figure 6.18.a). However, when I analysed the 

PD1+CXCR5+CD4+ T follicular helper cell (Tfh) population, I observed no difference in 

frequency of Tfh CD4+ T cells suggesting similar CD4+ antigen presentation to B cells (Figure 

6.17.a).  

Although B6.129-Sle16 T cells were highly activated after 10 treatments of R848, 

B6.129-Sle16 splenic B cells activation remained comparable to B6 mice (Figure 6.19). 

B6.129-Sle16 mice showed similar percentage of CD69+ B cells as B6 mice, and slightly more 

MHCII expression, though not significant. No difference between groups could be derived in 

CD3-B220+Fas+gL7+ germinal center B cells, CD3-CD138+Fas+ plasma cells, marginal zone B 

cells nor the frequency of the follicular B cell populations in B6.129-Sle16 mice. This finding 

was surprising, as typically, high percentage of activated T cells would be accompanied by 

increased B cell activation. There were two possible explanations for the lack of difference in 

B cell activation between groups. Firstly, the R848 treatment course might not have been long 

enough to drive systemic B cell activation in mice. Both B6 and B6.129-Sle16 mice B cells 

expressed significantly more CD69+ and MHCII molecules compared to untreated control, 
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indicating the treatments had successfully induced B cell activation. However, increased in 

germinal center B cells and plasma cells was minimal in comparison to untreated mice, 

therefore, prolonged R848 administration may be able to push the difference in B cell activation 

further. Secondly, it was possible that the effector T cells observed in B6.129-Sle16 may have 

been exhausted. Going back to the splenic T cells data, I noticed that B6.129-Sle16 T cells 

expressed significantly more PD-1 marker compared to B6 (Figure 6.17.b, Figure 6.18.b). 

Programmed death 1, or PD-1, is an inhibitory molecule and the PD-1 expression on T cells 

was described to reflect of its exhaustion phenotype435. Blocking PD-1 increased CD8+ T cell 

response to chronic virus infections and tumors436, 437. Although naïve T cells do not express 

PD-1, induction of TCR signalling also upregulates PD-1. Thus, in acute infections, PD-1+ T 

cells were indistinguishable from activated effector T cells. This differential expression of PD-

1 in effector T cells and exhausted T cells was highly dependent on the microenvironment and 

the cytokines mediating T cells function. It was suggested IFNα-stimulated CD8+ T cells were 

more likely to express higher level of PD-1 and develop exhaustion compared to IL-12-

stimulated CD8+ T cells438.  

Next, I phenotyped the dendritic cells in B6.129-Sle16 mice spleen after 10 treatments 

of R848. I found no difference in the percentages of classical DCs nor plasmacytoid DCs in 

B6.129-Sle16 mice compared to B6 (Figure 6.20). Interestingly, percentages of splenic pDCs 

for both B6.129-Sle16 and B6 was reduced after R848 treatment, which is in line with the 

previously described migration of activated pDCs to draining lymph nodes and to the skin. 

MHCII and CD86 expressions were slightly lower for splenic B6.129-Sle16 dendritic cells but 

overall, the data suggested no evidence of increased activation of splenic dendritic cell 

populations in B6.129-Sle16 mice. In addition, I measured Sca-1 expression in splenic T cells, 

B cells, and dendritic cells in mice and found that even though Sca-1 expression was elevated 
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after R848 treatments indicating induction of IFN signalling, the expression was comparable 

in both B6 and B6.129-Sle16 mice (Figure 6.21).  

 In summary, the investigation of splenic lymphocyte distribution after 10 treatments of 

R848 confirmed the observed elevated T cells activation in B6.129-Sle16 mice. However, 

despite high difference in T cell activation, B cell distribution in B6.129-Sle16 mice was still 

comparable to B6. The splenic dendritic cell populations were also similar in both groups of 

mice, although B6.129-Sle16 mice dendritic cells expressed less MHCII and CD80. Plus, no 

difference in Sca-1 expression was evident in the spleen in any cell types tested. This 

observation is consistent with spontaneous splenic data described in Chapter 5. 

.      
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Figure 6.16 Spleen cells after 10 treatments of R848. Spleen to body weight ratio and 

number of spleen cells are shown. Number of CD4+ T cells, CD8+ T cells, CD19+ B cells, 

CD19-B220highSiglecHhighCD11clow plasmacytoid dendritic cells (pDCs) and CD19-B220-

MHCIIhighCD11chigh conventional dendritic cells (cDCs) are plotted as indicated. n=5 (B6), 

n=5 (B6.129-Sle16), n=3 (B6 naive).  Analysis by unpaired t test; only significant p values 

are indicated; * p<0.05. Each symbol represents one mouse and mean +/- SEM are shown. 
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Figure 6.17 Splenic CD4+ T cell populations after 10 treatments of R848.  (a) CD4+ T cells. 

Percentage of T cells expressing CD69 activated marker, (CD44+CD62L-) CD4+ effector 

memory T cells, PD1+CXCR5+CD4+ T follicular helper and (b) percentage of PD1+CD4+ T 

cells are showed. n=5 (B6), n=5 (B6.129-Sle16), n=3 (B6 naive).  Analysis by unpaired t test; 

only significant p values are indicated; * p<0.05, ** p<0.01. Each symbol represents one mouse 

and mean +/- SEM are shown. 
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Figure 6.18 Splenic CD8
+
 T cell populations after 10 treatments of R848.  (a) CD8

+
 T cells. 

Percentage of T cells expressing CD69 activated marker, (CD44+CD62L-) CD8
+
 effector 

memory, and (CD44
+
CD62L

+
) CD8

+
 central memory T cells and (b) percentage of PD1

+
CD8

+ 

T cells are showed. n=5 (B6), n=5 (B6.129-Sle16), n=3 (B6 naive).  Analysis by unpaired t test; 

only significant p values are indicated; * p<0.05, ** p<0.01. Each symbol represents one mouse 

and mean +/- SEM are shown. 
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Figure 6.19 Splenic B cell populations after 10 treatments of R848. Percentage of CD19+ 

B cells in the spleen and B cells expressing CD69 activated marker are shown. MHCII 

expression in CD19+ B cells shown as delta MFI. Also plotted are the percentage of 

(CD21+CD23-CD19+) Marginal Zone B cells, (CD21-CD23+CD19+) Follicular B cells, (CD3-

B220+Fas+gL7+) Germinal Center B cells, and (CD3-CD138+Fas+) Plasma Cells. n=5 (B6), 

n=5 (B6.129-Sle16), n=3 (B6 naive). Analysis by unpaired t test; only significant p values are 

indicated. Each symbol represents one mouse and mean +/- SEM are shown.  
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Figure 6.20 Splenic cDC and pDC populations after 10 treatments of R848. Percentage 

of CD19-B220-MHCIIhighCD11chigh conventional dendritic cells (cDCs) and CD19-

B220highSiglecHhighCD11clow plasmacytoid dendritic cells (pDCs) in the spleen is shown. 

MHCII and CD86 expression on cDCs and pDCs are shown as delta MFI. n=5 (B6), n=5 

(B6.129-Sle16), n=3 (B6 naive). Analysis by unpaired t test; only significant p values are 

indicated; * p<0.05; ** p<0.001. Each symbol represents one mouse and mean +/- SEM 

are shown.  
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Figure 6.21 Sca-1 expression on splenic T cells, B cells, and dendritic cells after 10 

treatments of R848. Delta Median Fluorescent Intensity (δMFI) of Sca-1 were measured by 

FACs. n=5 (B6), n=5 (B6.129-Sle16), n=3 (B6 naive). Data were analysed by using the unpaired 

t test; only significant p values are indicated. Data shown are mean ± SEM. 
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6.3.3 Draining lymph nodes cell phenotype 

As splenic B cells and dendritic cells in B6.129-Sle16 mice showed no evidence of elevated 

activation, I wondered if B cell and dendritic cell populations in the draining lymph nodes 

would have similar trend. Increased number of lymphocytes was derived from B6.129-Sle16 

draining lymph nodes, while the number of lymphocytes in B6 mice treated with R848 

remained unchanged to untreated control (Figure 6.22). The increase in lymphocyte numbers 

in B6.129-Sle16 mice draining lymph nodes was not due to CD3+ T cells, but most likely 

attributed to more CD19+ B cells in the draining lymph nodes. However, B6.129-Sle16 CD19+ 

B cells have comparable expression of MHCII to B6. Although slight increase in number of 

plasma cells was measured in the draining lymph nodes, the difference was not statistically 

significant and there was no difference in the number of germinal center B cells. In brief, 

staining of B cells in the draining lymph nodes suggested expansion of B cells population, but 

no difference in activation was observed.       

 Similar to B cell populations, dendritic cells staining in the draining lymph nodes 

revealed increased in number of cDCs and pDCs (Figure 6.23). However, no difference was 

detected in the activation of dendritic cells as B6.129-Sle16 dendritic cells have comparable 

expression of MHCII, CD86, and Sca-1 to B6. Overall, the assessment of B cell and dendritic 

cells population in the draining lymph nodes do not shows any evidence of increased activation 

in B6.129-Sle16 mice.      
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Figure 6.22 B cell populations in draining lymph nodes after 10 treatments of R848. Number 

of lymphocytes, CD3+ T cells, and CD19+ B cells in draining lymphnodes are shown. MHCII 

expression in CD19+ B cells shown as delta MFI. Also plotted were the number of (CD3-

B220+Fas+gL7+) Germinal Center B cells and (CD3-CD138+Fas+) Plasma Cells. n=5 (B6), n=5 

(B6.129-Sle16), n=3 (B6 naive). Analysis by unpaired t test; only significant p values are 

indicated; * p<0.05. Mean +/- SEM are shown.  
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Figure 6.23 Dendritic cell populations in draining lymph nodes after 10 treatments of 

R848. Number of CD19-B220-MHCIIhighCD11chigh conventional dendritic cells (cDCs) and 

CD19-B220highSiglecHhighCD11clow plasmacytoid dendritic cells (pDCs) in the draining 

lymphnodes is shown. MHCII and CD86 expression on cDCs and pDCs are shown as delta 

MFI. n=5 (B6), n=5 (B6.129-Sle16), n=3 (B6 naive). Analysis by unpaired t test; only 

significant p values are indicated; ** p<0.001. Mean +/- SEM are shown.  
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6.3.4 Serological Analysis 

Induction of total IgG, anti-dsDNA and anti-Sm were reported in mice after long term treatment 

using imiquimod167. Therefore, I measured auto-antibody titres in serum samples after 4, 8, and 

10 treatments of R848. I observed no differences in total IgG titres in B6.129-Sle16 mice 

compared to B6 controls (Figure 6.24). Although B6.129-Sle16 mice treated with R848 shows 

a trend towards slightly higher IgG production, the difference was not statistically significant. 

Similarly, B6.129-Sle16 sera contained slightly more anti-dsDNA and anti-RNP antibodies. 

Overall, minimal differences in auto-antibodies production was observed when mice were 

treated with R848 for 10 times, reflecting the minimal difference in B cell activation in the 

spleen and draining lymph nodes. Nevertheless, a trend of slightly more auto-antibodies in the 

serum was still observed for B6.129-Sle16 mice. 

 In summary, in-vivo TLR7-stimulation by R848 topical application can induce 

significant increase in T cell activation in B6.129-Sle16 mice compared to B6. However, 

minimal increase in B cells activation was observed from R848-treated mice compared to 

untreated, and no difference in activation was found when B6.129-Sle16 mice was compared 

to B6. Reflecting the splenic B cell populations, minimal increase of auto-antibodies was 

measured in both B6 and B6.129-Sle16 mice sera. pDCs and cDCs populations in B6.129-

Sle16 spleen and draining lymph nodes showed comparable activation to B6. Therefore, the 

increase of T cells activation in B6.129-Sle16 mice cannot be attributed to increased IFNα 

production. I attempted to measure IFNα in the sera using bio-assay technique as describe in 

Method session 2.9.5. However, I found that this method was not sensitive enough to detect 

the IFNα in the serum, as the mRNA expression of Ifit1 gene in cells treated with 50% serum 

was comparable to the un-stimulated cells.     
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Figure 6.24 Auto-antibody levels after 10 treatments of R848. n=5 (B6), n=5 (B6.129-

Sle16), n=3 (B6 naive). Analysis by 2-way-ANOVA test; only significant p values are 

indicated. Mean +/- SEM are shown. 
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6.4 Conclusions and discussion 

In conclusion, the functional studies presented in this chapter have confirmed that the T cell 

hyperactivity in B6.129-Sle16 mice could not be attributed to abnormal response to IFN 

signalling. In-vitro, B6.129-Sle16 T cells expressed the same level of IFN signatures as B6 T 

cells when exposed to IFNα and addition of IFNα to anti-CD3 stimulation did not modulate 

the T cell proliferation. In-vivo, TLR7-stimulation by topical application of R848 resulted in 

augmented T cell activation in B6.129-Sle16 mice compared to B6. However, pDC and cDC 

populations in B6.129-Sle16 spleen and draining lymph nodes showed comparable activation 

to B6. Sca-1 expression in splenic T, B and dendritic cells was elevated after R848 treatments 

indicating induction of IFN signalling, yet the expression was comparable in both experimental 

groups, indicating similar response to IFNs. Taken together, my data suggest that that increase 

of T cell activation in B6.129-Sle16 mice was not due to an abnormal IFN signalling. These 

findings corroborated the analysis of the 9-month-old B6.129-Sle16 cohort, in which 

comparable IFN signatures and pDC activation was observed in B6.129-Sle16 and B6 mice. 

When IFN signalling was induced in-vivo with topical R848 application, more 

pronounced T cell activation was observed in B6.129-Sle16 mice compared to B6. Despite the 

difference in T cell activation, the B cell distribution was similar and a minimal increase in 

auto-antibody production was measured in B6.129-Sle16 mice sera. More prolonged 

application of R848 could have pushed further the systemic activation of T and B cells, 

however, due to the appearance of systemic signs of distress, the treatment could not be 

continued. Considering the high titers of IFNα in mice after R848 treatment, it was also likely 

that T cells were primed to exhaustion rather than effector phenotype. 

 As the increased T cell activation in B6.129-Sle16 mice could not be explained by 

abnormalities in IFN signalling, it is possible that TLR7 stimulation acted directly on T cells. 

Naïve CD4+ T cells constitutively express TLR1-5 and weakly express TLR7 and TLR9439, 440. 
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In-vitro stimulation of human CD4+ T cells with R848 and anti-CD23/CD28 has been shown 

to upregulate proliferation, as well as IL-2, IL-8, IL-10, and IFN-γ production439, 441. However, 

in another study, TLR7 stimulation induced an inhibitory effect on T cell proliferation and 

cytokine secretion.  Engagement of TLR7 by its ligands in HIV-infected CD4+ T cells resulted 

in anergy through activation of transcription factor NFATc2 and knockdown of TLR7 reversed 

the T cell unresponsiveness442. Therefore, TLR7 stimulation in CD4+ T cells could drive both 

positive and negative co-stimulation to T cell activation. It is possible that in my R848 

experiment the TLR7 signalling acted as positive co-stimulator and increased further the T cell 

activation in B6.129-Sle16 mice. Additionally, the increased number of DCs and B cells in the 

draining lymph nodes of the B6.129-Sle16 mice may have also contributed to the T cell 

activation, as both cells can act as antigen presenting cells (Figure 6.22, 6.23). However, no 

differences in CD86 and MHCII expression were observed, and the number of T cells was 

comparable in all groups, indicating no local expansion of T cells in the draining lymph nodes. 

Whether there are abnormalities in TLR7 signalling in the B6.129-Sle16 mice affecting 

dendritic and B cell recruitment to the site of R848 administration remains to be explored.  

B6.129-Sle16 T cells have augmented proliferation and cytokine production upon anti-

CD3 stimulation. Interestingly, mRNA expression of Pydc4 and Ifi204 genes was 

downregulated by the activation of TCR signalling. The expression of PYHIN gene family is 

known to be modulated by IFNs, yet regulation of PYHIN gene family by anti-CD3/CD-28 

stimulation has never been described in the literature378. Although PYHIN genes in B6.129-

Sle16 T cells respond similarly to IFNα like B6 T cells, the mRNA expression of some genes, 

e.g Pydc4, remained lower. In the future, it could be informative to knockdown the Pydc4 gene 

to study whether and how its gene expression may affect T cell activation and proliferation.   
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CHAPTER 7: DISCUSSION 

 

7.1 Summary and conclusions 

B6 congenic mice carrying the Sle16 locus (B6.129-Sle16) spontaneously develop a lupus-like 

disease characterized by increased auto-antibody levels, mild glomerulonephritis, and 

abnormalities in splenic cellular populations including increased T and B cell activation, 

expansion of Tregs, and decreased percentage of marginal zone B cells279. The early T cell 

activation in young pre-disease B6.129-Sle16 mice in-vivo, and the increased proliferation after 

anti-CD3/CD28 stimulation in-vitro, raised the hypothesis that intrinsic T cell abnormalities in 

B6.129-Sle16 mice may provide extra ‘help’ to B cells and trigger the production of auto-

antibodies279, 281. Guided by my experience and skills in molecular biology and genetics, I used 

NGS technologies to investigate genetic polymorphisms in the 129-derived Sle16 locus and the 

transcriptomic profiles of B6.129-Sle16 T cells. The results from these analyses were used to 

design immunological functional assays to understand the mechanism(s) of B6.129-Sle16 T 

cell hyperactivity. Using this interdisciplinary approach, I identified the PYHIN gene family 

as the best candidate gene family. In particular, the key findings of my study are: 

1) Whole exome sequencing of B6.129-Sle16 mice uncovered 35 polymorphic 

candidate genes that might contribute to the lupus-like phenotype of these mice 

(Chapter 3) 

2) RNA sequencing analysis of B6.129-Sle16 CD4+ T and CD8+ T cells allowed me 

to prioritise four genes belonging to the PYHIN gene family: Ifi204, Pydc4, Pydc3, 

Pyhin1 (Chapter 4). 

3) Functional assays and in vivo models showed that: i) the increased T cell activation 

in B6.129-Sle16 mice was not due to an abnormal response to type I IFN; ii) mRNA 

expression of the Pydc4 and Ifi204 genes is modulated by T cell activation; and iii) 
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Pydc4 and Ifi204 genes are differentially expressed in B6.129-Sle16 and B6 T cells 

(Chapter 5 and Chapter 6). 

The 129-derived Sle16 locus overlaps with other lupus-prone loci such as Sle1a and 

Sle1b, and contains members of the FcγR, SLAM and IFN-inducible (PYHIN/IFI200) receptor 

gene families, which have all been associated with lupus443,284. To my knowledge nobody has 

reported the exome sequencing of lupus congenic strains and thus I started my PhD study by 

analysing the data generated in collaboration with the Wellcome Trust Sanger Institute. This 

analysis allowed me to identify 87 genes with polymorphism in Sle16 locus; 35 of them are 

expressed in T cells and thus I focused my subsequent work on them. Twenty out of 35 genes 

have unknown functions and warrant further work in the future. Eleven genes out of the 

remaining 15 genes belong to the SLAM (Ly9, Slamf7, CD48, CD84, and Ly108) and PYHIN 

(Ifi206, Pydc4, Pyhin1, Pydc3, Ifi204 and Ifi203) families. Ly9, CD48, CD84, and Ly108 of 

SLAM have been described to affect T and B cell functions and are known predisposition genes 

in human and murine lupus289, 290, 340, 444, 445. The Ifi202 gene, a member of the PYHIN gene 

family, is the main contributing factor to the lupus-like phenotype in B6.Nba2 mice343, but I 

found no polymorphisms in its coding region and only a small difference in expression in T 

cells (1.7-foldchange in B6.129-Sle16 CD8+ T cell compared to B6). Whole exome sequencing 

also identified 129-derived ‘contaminating’ SNPs outside the Sle16 locus, mostly concentrated 

in chromosome 14. This finding was a bit surprising as previous microsatellite analyses failed 

to reveal any additional 129 regions, yet it is relevant considering that off-target mutations from 

129-derived congenics have been reported334.   

The subsequent RNAseq analysis of B6.129-Sle16 CD8+ and CD4+ T cells allowed me 

to focus on 4 genes belonging to the PYHIN gene family, Pydc4, Pydc3, Pyhin1 and Ifi204, as 

they were the most differentially expressed genes. Their expression, except for Ifi204, was 

down-regulated in B6.129-Sle16 T cells compared to B6 T cells. Pathway analyses highlighted 



254 

 

biological functions such as positive regulation of cell activation, increased cell proliferation, 

migration and viability. Gene network analysis connected the PYHIN gene family to IFN 

signalling and TLRs, as well as to transcription factors like Bcl and Irf, all known to be involved 

in cell proliferation and survival. GO term analysis predicted the PYHIN genes to bind to 

dsDNA or to promoter regions through their HIN domain, however, this is only true for Phyin1 

and Ifi204, as Pydc4 and Pydc3 do not have the HIN domain378. Although the SLAM genes 

Ly108 and CD48 have been reported to be down-regulated and to affect CD4+ T cell activation 

in B6.Sle1 lupus-prone mice299, none of SLAM genes were differentially expressed in B6.129-

Sle16 CD8+ T cells. I found the Slamf7 gene to be 2-fold up-regulated in B6.129-Sle16 CD4+ 

T cells, however, its level of expression is markedly lower compared to that of the PYHIN gene 

family questioning the biological relevance of these changes. 

PYHIN gene family was described in detail in Chapter 4, session 4.4.1. Importantly, 

there are two main functions that have been linked to human and murine PYHIN gene family. 

Firstly, the PYHIN gene family is known to be induced by type I IFN and to be involved in 

defence against infection by recognition of foreign DNA via the HIN domain and by initiation 

of the inflammasome via the pyrin domain379,380. Thus, activation of PYHIN genes can result 

in caspase-1-dependent cell death or initiation of interferon IFNβ production in interferon 

signalling (STING-, TBK1-, and IRF3)-dependent manner. Secondly, the expression of 

PYHIN gene family has been reported to be anti-proliferative381, 382,383,384. As Ifi204 and Pyhin1 

overexpression correlates with reduced proliferation in various cell lines, down-regulation of 

these genes in B6.129-Sle16 mice T cells may confer susceptibility to SLE by increasing T cell 

proliferation and survival. To address these functions in the B6.129-Sle16 mice, I first 

investigated if there were aberrations in the type I IFN signalling and then studied whether 

PYHIN gene expression was altered after T cell activation.   
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The analysis of splenic cell populations from 9-month-old B6.129-Sle16 mice 

confirmed the previously described T and B abnormalities. In order to study the type I IFN 

signature in these mice during the course of the disease, I used surface expression of Sca-1 as 

well as quantitative expression of IFN-inducible genes at different time points. Although an 

increased Sca-1 expression was detected, splenic T cells from B6.129-Sle16 mice showed no 

evidence of increased expression of IFNα/β or IFN-inducible genes. In addition, analysis of 

pDC, the largest producer of IFNα, suggested no significant differences between B6.12-Sle16 

and B6 mice, supporting the notion that the autoimmune features in B6.129-Sle16 mice may 

be driven by other mechanisms. I subsequently showed that Sca-1 expression in T cells could 

also be induced by IFNγ. Other studies have also reported that Sca-1 expression could be 

modulated by T cell activation416, 417,418. Therefore, Sca-1 expression by its own is not a reliable 

marker to assess the IFN response and other approaches are needed. Consistent with the ex-

vivo data, I then found that B6.129-Sle16 T cells expressed the same level of IFN-inducible 

genes to B6 T cells when exposed in-vitro to IFNα and that the addition of IFNα to anti-CD3 

stimulation did not alter the T cell proliferation. Moreover, in-vivo TLR7-stimulation by topical 

application of R848 resulted in similar activation of the pDC and cDC populations with no 

detectable differences in Sca-1 expression between B6.129-Sle16 and B6 animals. Taken 

together, spontaneous, induced, and in-vitro data suggest no abnormalities in type I IFN 

signalling in B6.129-Sle16 mice, unlike other lupus-prone models.  

SLE patients have an IFN type I signature and therefore IFN type I signalling is 

considered key in lupus pathogenesis. Pre-disease (NZB/W)F1, NZB, NZW, NZM2410, 

B6.Sle1/2/3, and MRL-lpr mice have been reported to have greater number of pDCs and 

increased pDC activation, which correlated with the IFNα signature measured in the serum390. 

In addition, splenic pDCs from MRL-lpr and NZM2410 mice showed increased responses to 

TLR7 and TLR9 stimuli. Nevertheless, the role of type I IFN is different in different lupus-
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prone models. For example, while homozygous IFNAR-deficient NZB mice have significantly 

reduced anti-DNA antibodies, kidney disease and mortality, MRL-lpr IFNAR-/- mice have 

accelerated disease, indicating dual role of type I IFN signalling446, 447. Furthermore, although 

approximately 70% of lupus patients have been reported to have high IFN signature, there is 

no correlation between disease activity or outcome and the degree of the IFN signature448, 

implying that IFN signature may be just an epiphenomenon. The findings of my study suggest 

that type I IFN is not a key feature of the autoimmune phenotype present in the B6.129-Sle16 

mice, therefore providing a murine lupus model in which disease onset and propagation are 

independent of type I IFN.  

B6.129-Sle16 T cells have augmented proliferation and cytokine production upon anti-

CD3 stimulation. The analysis of αβ T sub-populations in thymus failed to reveal any 

difference between B6.129-Sle16 and B6 mice. However, naive B6.129-Sle16 CD4+ and CD8+ 

T cells expressed less Pydc4, Pydc3, Pyhin1 and more Ifi204 genes. Of note, both Pydc4 and 

Ifi204 gene expression decreased upon suboptimal activation via anti-CD3 stimulation, 

resulting in further reduced expression of Pydc4 in B6.129-Sle16 T cells. Modulation of 

PYHIN genes expression by TCR stimulation has not been described in the literature. 

Inhibition of some of PYHIN genes such as Pyhin1 was shown to result in increased 

proliferation in human breast cancer cell lines383, whilst overexpression of Ifi204 can inhibit 

cell proliferation in fibroblast cell lines like NIH3T3, B6MEF and B/cMEF384. Pyhin1 protein 

could promote ubiquitination and degradation of proto-oncogene MDM2, leading to 

stabilization of p53 tumour inhibitor and cell cycle arrest383. Therefore, considering the anti-

proliferative properties of PYHIN genes, the down-regulation I observed in B6.129-Sle16 T 

cells suggest reduced cell cycle inhibition, allowing the cells to proliferate more under 

stimulation384. Spontaneous expansion of activated CD4+ T cells in B6.129-Sle16 mice may 

lead to increase B cell activation by providing excessive help. Auto-reactive CD8+ T cells may 
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also cause damage to tissue and increase exposure to auto-antigens. An expansion of the T cells 

can influence the cytokines milieu by releasing inflammatory cytokine such as IFNγ. Indeed, 

an increase of IFNγ production was observed during in-vitro stimulation of B6.219-Sle16 CD8+ 

T cells. Differently to my observation of Pydc4 gene expression, Ifi202b gene was found to be 

upregulated in lupus-prone B6.Nba2 splenic cells and the binding of Ifi202b to p53BP 

enhanced ANA production by inhibiting p53-mediated apoptosis of B cells386. However, 

Ifi202b is not expressed in T cells. Whether PYHIN gene family have cell-specific functions 

has not been reported and could be further investigated in the future.   

Another interesting observation was the increased T cell activation in B6.129-Sle16 

mice compared to B6 mice following treatment with the TLR7-agonist R848. Based on these 

findings, one could speculate that B6.129-Sle16 T cells may have an abnormal response to 

TLR7 stimulation that is IFN-independent. Although TLR7 expression was not detected in my 

RNAseq analysis, the TLR signalling was indeed one of the biological functions highlighted 

in pathway analysis, and this is due to the slight increase of expression of TLR3, TLR4, and 

TLR9 genes. TLR7 stimulation in T cells could drive both positive and negative co-stimulation 

of T cell activation (as discussed in Chapter 6, session 6.4), however, the connection between 

the PYHIN gene family and the TLR signalling is unknown. 

To summarize, this thesis describes a comprehensive analysis of the mechanism(s) 

underlying the T cell hypersensitivity in B6.129-Sle16 mice by including genomic data, 

transcriptomic data, ex-vivo, in-vitro and in-vivo studies. I showed that the PYHIN gene family 

is the most differentially expressed in B6.129-Sle16 T cells and that the abnormal T cell 

activation is independent of type I IFN. However, my study has not yet demonstrated how the 

PYHIN gene may regulate T cell activation. Therefore, the future works should focus on 

PYHIN gene functions in T cell proliferation and cell cycle regulation.  
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7.2 Relevance to human SLE 

SLE patients are clinically very heterogeneous as a result of genetic diversity and different 

immunological dysfunctions. GWAS and transcriptomic analyses are hypothesis-free methods 

to identify genetic factors and biological pathways leading to lupus. Type I IFN signature is 

the key transcriptomic finding in several reports. Indeed, transcriptomic studies of lupus CD4+ 

T cells have revealed up-regulation of classical type I IFN-inducible genes such as IFI27, 

IFIT1, SIGLEC1, USP18, OAS1, OAS2 and RTP4449,312. One of the many ways type I IFN 

could contribute to lupus pathogenesis is by increasing the survival of activated T cells450. SLE 

CD4+ T cells have increased expression of the CFLAR gene, also a type 1 IFN-inducible gene, 

and this protects T cells from TCR-mediated apoptosis312, 451. Taken together, the T cell 

signatures in lupus patients reflect the elevation of type I IFN signalling and the increased 

proportion of activated T cells in circulation. 

  Similar to the human data, I found progressive increase of CD4+ and CD8+ T cell 

activation in the peripheral blood of B6.129-Sle16 mice, recapitulating the splenic T cell 

activation. However, unlike human transcriptomic data, the murine T cell transcriptomic data 

were obtained at pre-disease age prior to any systemic inflammation, which is more 

informative. Using stringent criteria only 8 genes were found to be differentially expressed in 

B6.129-Sle16 T cells. The number was surprising small and this could be due to the fact that I 

deliberately isolated naïve T cells. Nevertheless, gene network analysis pointed to the PYHIN 

gene family that is connected to cell proliferation regulators like Irf-5 and Bcl-3 transcription 

factors. Of note, increased expression of the PYHIN gene ortholog, IFI16, has been reported 

in SLE leukocytes341, 342. In addition to its function as cytosolic foreign DNA sensor, IFI16 has 

also been demonstrated to interact with the p53 transcription factor and to regulate cell growth 

and differentiation341.  



259 

 

In conclusion, human T cell transcriptomic data reflect the elevation of type I IFN in 

the serum and the increased proportion of activated T cells. In contrast, murine transcriptomic 

studies, like my work, reflect T cell changes at the onset of the disease and thus provide a 

complementary perspective. 



260 

 

7.3 Future works 

The findings from PhD study have ruled out the possibility that the PYHIN gene family 

modulate the B6.129-Sle16 T cell responses via type I IFN signalling, but have not fully 

demonstrated that PYHIN genes regulate the T cell proliferation. Future studies are required 

to understand the function(s) of the PYHIN gene family in T cells and other immune cells. This 

could be investigated by doing the following: 

1) In-vitro knock-down of Pydc4, Ifi204, Pydc3, and Pyhin1 gene expression in T cells 

using siRNA and assessing T cell proliferation and activation. As a complementary 

experiment, the consequences of the overexpression of PYHIN genes could be 

considered. 

2) Sequencing of the regulatory regions. Whole exome sequencing has identified variants 

in the coding region and 3’ UTR region in Ifi204, Pyhin1, Pydc3, and Pydc4 genes. 

However, these findings may not explain the differential expression observed for these 

genes and thus sequencing of the enhancer/promoter regions may provide key 

information to understand their regulation.  

3) Analysing the PYHIN genes at protein level. To my knowledge, no studies have 

investigated the Ifi204, Pyhin1, Pydc3, and Pydc4 proteins in T cells. Ifi202 protein was 

described to bind cell-cycle control proteins like p53BP and to inhibit B cell 

apoptosis386. Therefore, if these genes can modulate T cell proliferation and activation, 

I wonder if they act through the same mechanism as Ifi202.  

4) Exploring the expression of the PYHIN gene family in other immune cells at baseline 

and after stimulation. 
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Supplementary Table 1 List of primers used for microsatellites PCR 

Microsatellites  

Markers 

Location 

on Chr1 

(Mbp) 

Forward Primer Reverse Primer 

D1MIT-15 168.3 ATACACTCACACCACCCCGT TCCACAGAACTGTCCC 

D1MIT-113 171.8 ACATGGGGTGGACTTGTAGAT CCTCAAAATCAGGATTAAAAGGG 

D1MIT-456 172.5 TGGCTTCCACAGGAATGAG GCCAGTACAGATGCACAGACA 

D1MIT-403 175.6 TATTGAGGGTGTGTTTTTATTTCTC CTCCACGGGTCCTGTATTC 

D1MIT-358 177.6 CACCACAGCATGGTGGTTAA CCTTCCCAAGTTGCTAAATCC 
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Supplementary Table 2 List of primers used for SYBR qPCR 

 

 

 

 

 

 

 

 

 

 

 

 

Gene Forward Primer Reverse Primer 

Apol8 TCCAGAGCTGATGCAGACAC GGTACAGTCCCTGTGCACCT 

Dusp10 GCGGCAGTACTTTGAAGAGG AGGTTCGGGGAAATAATTGG 

GAPDH TGTGTCCGTCGTGGATCTGA TTGCTGTTGAAGTCGCAGGAG 

Ifi204 CTGGATTGGGCAAACTGATT CTCTTCCTGGGTTGCAGAAG 

Ifit1 TTCTAAACAGGGCCTTGCAG ATCTCAAATGTGGGCCTCAG 

IFNα CATTCTGCAATGACCTCCAC TCAGGGGAAATTCCTGCAC 

IFNβ AGCTCCAAGAAAGGACGAACAT GCCCTGTAGGTGAGGTTGATCT 

IFNγ TCCTTCTTGGATATCTGGAGGAACTG GCAATACTCATGAATGCATCCTTT 

Mx1 GATCCGACTTCACTTCCAGATGG CATCTCAGTGGTAGTCAACCC 

Nr4a3 TCTGCAATGGACTTGTCCTG GGTGCATAGCTCCTCCACTC 

Nuf2 GAACAAACCGGACAAGTCGT TTCCTGGTGCACATTGCTTA 

Pydc4 AAAGTTCCCAGAGGATGCTG AGCTGGTTCTACTTCCCAAGC 

Pyhin1 CTGGACCCTCCAGTGTCTTC GAACCTTGCTGGTGACCATT 

Stat1 GGAGGTGAACCTGACTTCCA TCTGGTGCTTCCTTTGGTCT 

T-bet AGGGGACACTCGTATCAACAGA AGGGGGCTTCCAACAATG 

18S CCGCAGCTAGGAATAATGGAAT CGAACCTCCGACTTTCGTTCT 
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Supplementary Table 3 List of primers used for Taqman qPCR 

Gene Probe ID 

Actb Mm00607939_s1 

BC035044 Mm04336679_m1 

Cdk1 Mm00772472_m1 

Lamp3 Mm01200460_g1 

Ly6e/Sca1 Mm01730198_m1 

Pydc3 Mm04206759_mH 

Slamf7 Mm00513808_m1 

sh3bp5 Mm00449407_m1 

Vcl Mm00447745_m1 

Zbtb10 Mm00494255_m1 

Zfp960 Mm01281740_m1 
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Supplementary Table 4 List of all 110 genes within the Sle16 locus identified from whole exome sequencing to have one or more SNP/INDEL sequence 

variants.   

 

NO GENE 

WSTI 

GENE 

LIST 

PARTEK 

GENE 

LIST 

SNP/INDEL 

POSITIONS 
CONSEQUENCE CD8 CD4 B cells Myeloid 

1 Nuf2 √  171434588 SPLICE_SITE  Medium Medium Medium 
  √  171428896 3' UTR 

2 1700084C01Rik/ Ccdc190 √ √ 171860213 NON_SYNONYMOUS_CODING; MISSENSE     
  √ √ 171864053 NON_SYNONYMOUS_CODING; MISSENSE 

3 Hsd17b7 √  171891299 NON_SYNONYMOUS_CODING 
 Low Low Low    √ 171883161 3' UTR 

   √ 171899297 5' UTR 

4 3110045C21Rik  √ 171897483 PROMOTER 

 Low Low  
   √ 171899088 PROMOTER 

   √ 171899102 PROMOTER 

   √ 171899297 PROMOTER 

5 Ddr2 √  171915001 SPLICE_SITE    Low 

6 Uap1 √  172080516 NON_SYNONYMOUS_CODING 
Low Medium Low Medium   √  172072701 SPLICE_SITE 

7 4930500M09Rik √  172145162 NON_SYNONYMOUS_CODING    Low 

8 Sh2d1b1 √  172213269 NON_SYNONYMOUS_CODING   Low Medium 
   √ 172207483 5' UTR 

9 Gm7694 √  172231758 NON_SYNONYMOUS_CODING 

  Low Medium 
  √ √ 172232879 NON_SYNONYMOUS_CODING; MISSENSE 

   √ 172232721 MISSENSE 

   √ 172239096 PROMOTER 

LEVEL OF EXPRESSION (GENE 

ATLAS) 
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NO GENE 

WSTI 

GENE 

LIST 

PARTEK 

GENE 

LIST 

SNP/INDEL 

POSITIONS 
CONSEQUENCE CD8 CD4 B cells Myeloid 

10 Nos1ap √  172259400 NON_SYNONYMOUS_CODING    Low 
   √ 172248567 3' UTR 

11 Olfml2b √ √ 172579885 NON_SYNONYMOUS_CODING; MISSENSE 
  Low Medium   √ √ 172579891 NON_SYNONYMOUS_CODING; MISSENSE 

  √ √ 172599161 NON_SYNONYMOUS_CODING; MISSENSE 

12 Atf6 √  172765112 NON_SYNONYMOUS_CODING 

 Low Medium Medium 

  √  172771841 NON_SYNONYMOUS_CODING 
  √  172724084 SPLICE_SITE 
  √  172729880 SPLICE_SITE 
  √  172771818 SPLICE_SITE 

13 Fcrlb √  172837666 NON_SYNONYMOUS_CODING 

  Low Medium 

  √  172842393 NON_SYNONYMOUS_CODING 
  √  172842747 SPLICE_SITE 

   √ 172843094 PROMOTER 

   √ 172843115 PROMOTER 

   √ 172843117 PROMOTER 

14 Fcrla √  172852409 NON_SYNONYMOUS_CODING 
  Medium Medium   √  172851921 SPLICE_SITE (1bp DELETION) 

   √ 172851856 MISSENSE 

15 Fcgr2b √ √ 172896598 NON_SYNONYMOUS_CODING; MISSENSE 
  Medium Medium   √ √ 172896612 NON_SYNONYMOUS_CODING; MISSENSE 

  √ √ 172896747 NON_SYNONYMOUS_CODING; MISSENSE 

16 Fcgr4 √ √ 172950135 NON_SYNONYMOUS_CODING; MISSENSE   Low Medium   √  172950020 SPLICE_SITE 

17 1700009P17Rik/ Cfap126 √  173055231 SPLICE_SITE   Low Medium 

18 Sdhc √  173068889 SPLICE_SITE 
Medium Medium Medium Medium 

   √ 173080700 MISSENSE 

19 Mpz √ √ 173088929 NON_SYNONYMOUS_CODING; MISSENSE     
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NO GENE 

WSTI 

GENE 

LIST 

PARTEK 

GENE 

LIST 

SNP/INDEL 

POSITIONS 
CONSEQUENCE CD8 CD4 B cells Myeloid 

  √  173088877 SPLICE_SITE 
  √  173088886 SPLICE_SITE 
  √  173089100 SPLICE_SITE 

   √ 173080700 PROMOTER 

20 Apoa2 √  173155889 NON_SYNONYMOUS_CODING 

 Low  Low 

  √  173155926 NON_SYNONYMOUS_CODING 

   √ 173149835 PROMOTER 

   √ 173149881 PROMOTER 

   √ 173150057 PROMOTER 

   √ 173151103 PROMOTER 

   √ 173151812 5' UTR; PROMOTER   

   √ 173151813 5' UTR; PROMOTER   

   √ 173151860 5' UTR; PROMOTER   

   √ 173152117 5' UTR; PROMOTER   

21 Tomm40l  √ 173156367 PROMOTER Medium Low Low Medium 

22 Fcer1g  √ 173167187 PROMOTER 

 Low Medium High 

   √ 173167203 PROMOTER 

   √ 173168511 PROMOTER 

   √ 173168515 PROMOTER 

   √ 173168530 PROMOTER 

   √ 173168541 PROMOTER 

   √ 173168555 PROMOTER 

   √ 173168569 PROMOTER 

   √ 173168625 PROMOTER 

23 Adamts4  √ 173176280 PROMOTER 
    

   √ 173181032 MISSENSE 

24 Ndufs2 √  173168078 SPLICE_SITE  Medium Medium Medium   √  173168511 SPLICE_SITE 
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NO GENE 

WSTI 

GENE 

LIST 

PARTEK 

GENE 

LIST 

SNP/INDEL 

POSITIONS 
CONSEQUENCE CD8 CD4 B cells Myeloid 

  √  173168511 SPLICE_SITE 

   √ 173181032 PROMOTER 

   √ 173181285 PROMOTER 

25 Ppox √  173210390 SPLICE_SITE 

Low Medium Medium Medium 

   √ 173212340 PROMOTER 

   √ 173213901 PROMOTER 

   √ 173213943 PROMOTER 

   √ 173214073 PROMOTER 

   √ 173214151 PROMOTER 

26 Usp21  √ 173212340 3' UTR 

Low Medium Medium Medium 

   √ 173219000 PROMOTER 

   √ 173219128 PROMOTER 

   √ 173219299 PROMOTER 

   √ 173219957 PROMOTER 

   √ 173220114 PROMOTER 

   √ 173220208 PROMOTER 

   √ 173220351 PROMOTER 

   √ 173220378 PROMOTER 

27 Pfdn2  √ 173273778 PROMOTER 
Low Medium Medium Medium 

   √ 173273813 PROMOTER 

28 Nit1  √ 173275738 5' UTR 
 Low  Medium 

   √ 173275757 5' UTR 

29 Nectin4  √ 173300263 PROMOTER 

   Low    √ 173300313 5' UTR 

   √ 173300381 5' UTR 

30 Usf1  √ 173339213 PROMOTER 
 Medium Medium Medium 

   √ 173339255 PROMOTER 

31 Ufc1 √  173219299 SPLICE_SITE Low Medium Low Medium 
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NO GENE 

WSTI 

GENE 

LIST 

PARTEK 

GENE 

LIST 

SNP/INDEL 

POSITIONS 
CONSEQUENCE CD8 CD4 B cells Myeloid 

  √  173220351 SPLICE_SITE 

   √ 173219000 3' UTR 

32 Klhdc9 √  173290449 NON_SYNONYMOUS_CODING 

   Low 
  √  173290777 NON_SYNONYMOUS_CODING 

   √ 173287935 PROMOTER 

   √ 173288094 PROMOTER 

33 Arhgap30 √  173338217 NON_SYNONYMOUS_CODING 

Low Medium Medium Medium 

  √  173338561 NON_SYNONYMOUS_CODING 
  √  173338568 NON_SYNONYMOUS_CODING 
  √ √ 173339213 NON_SYNONYMOUS_CODING; MISSENSE 
  √  173339255 NON_SYNONYMOUS_CODING 
  √  173332282 SPLICE_SITE 
  √  173333906 SPLICE_SITE (1bp DELETION) 

   √ 173314902 PROMOTER 

   √ 173339255 MISSENSE 

34 Tstd1  √ 173349128 PROMOTER 
 Low Low Medium 

   √ 173350377 3' UTR 

35 B930036N10Rik √  173433732 NON_SYNONYMOUS_CODING 
 Low  Low   √  173433765 NON_SYNONYMOUS_CODING 

  √  173433735 STOP_GAINED 

36 Refbp2 √ √ 173434238 NON_SYNONYMOUS_CODING; MISSENSE 

Low Low Low Low 
   √ 173433732 5' UTR 

   √ 173433735 5' UTR 

   √ 173433765 5' UTR 

37 Cd244 √  173503935 NON_SYNONYMOUS_CODING 

  Low Medium 
  √  173503959 NON_SYNONYMOUS_CODING 
  √ √ 173504307 NON_SYNONYMOUS_CODING; MISSENSE 
  √ √ 173504395 NON_SYNONYMOUS_CODING; MISSENSE 
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NO GENE 

WSTI 

GENE 

LIST 

PARTEK 

GENE 

LIST 

SNP/INDEL 

POSITIONS 
CONSEQUENCE CD8 CD4 B cells Myeloid 

  √ √ 173504497 
NON_SYNONYMOUS_CODING;  

SPLICE_SITE; MISSENSE 

   √ 173489454 5' UTR 

   √ 173509255 MISSENSE 

   √ 173509258 MISSENSE 

38 Ly9 √ √ 173524038 NON_SYNONYMOUS_CODING; MISSENSE 

Medium Medium Medium Medium 

  √ √ 173524163 NON_SYNONYMOUS_CODING; MISSENSE 
  √  173537415 NON_SYNONYMOUS_CODING 
  √ √ 173529988 NON_SYNONYMOUS_CODING; MISSENSE 
  √ √ 173530019 NON_SYNONYMOUS_CODING; MISSENSE 
  √  173532197 SPLICE_SITE (1bp DELETION) 

   √ 173519168 3' UTR 

   √ 173535303 MISSENSE 

   √ 173535339 MISSENSE 

39 Slamf7 √  173568800 NON_SYNONYMOUS_CODING 
Low Medium Low Medium   √  173568814 NON_SYNONYMOUS_CODING 

40 Cd48/Slamf2 √ √ 173612235 NON_SYNONYMOUS_CODING; MISSENSE 

Medium Medium Medium Medium 

  √  173625989 NON_SYNONYMOUS_CODING 

   √ 173612195 5' UTR 

   √ 173612202 5' UTR 

   √ 173612203 5' UTR 

41 Cd84 √ √ 173815717 NON_SYNONYMOUS_CODING; MISSENSE Low Medium Medium Medium 

42 Slamf6/Ly108 √  173868254 SPLICE_SITE  Medium Medium Low 

43 Ncstn √ √ 174012752 NON_SYNONYMOUS_CODING; MISSENSE 

 Medium Medium Medium 

  √  173996894 NON_SYNONYMOUS_CODING 
  √  173996899 NON_SYNONYMOUS_CODING 

   √ 174012850 5' UTR 

   √ 174013021 PROMOTER 
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NO GENE 

WSTI 

GENE 

LIST 

PARTEK 

GENE 

LIST 

SNP/INDEL 

POSITIONS 
CONSEQUENCE CD8 CD4 B cells Myeloid 

44 Copa √  174049099 NON_SYNONYMOUS_CODING 

Medium Medium Medium Medium 

  √  174019222 SPLICE_SITE 
  √  174032336 SPLICE_SITE 

   √ 174012752 5' UTR 

   √ 174012850 5' UTR 

   √ 174013021 5' UTR 

45 Pex19 √  174058878 SPLICE_SITE (1 bp DELETION) 

Medium Medium Medium Medium   √  174060121 SPLICE_SITE 

   √ 174058854 MISSENSE 

46 Pea15a  √ 174140452 PROMOTER 

Medium Medium Low Medium    √ 174140470 PROMOTER 

   √ 174140632 PROMOTER 

47 Casq1  √ 174140452 3' UTR 
   Low 

   √ 174140470 3' UTR 

48 Dcaf8 √  174105616 SPLICE_SITE  Medium Low Medium 

49 Atp1a2 √  174216321 SPLICE_SITE (1bp DELETION)    Low 

50 Igsf8 √  174246666 SPLICE_SITE 

 Low Medium Medium    √ 174247711 MISSENSE 

   √ 174248843 MISSENSE 

51 Atp1a4 √ √ 174170189 NON_SYNONYMOUS_CODING; MISSENSE 

    
  √ √ 174174231 NON_SYNONYMOUS_CODING; MISSENSE 
  √  174170010 SPLICE_SITE (1bp DELETION) 
  √  174177034 SPLICE_SITE 

52 Kcnj10 √ √ 174299836 NON_SYNONYMOUS_CODING; MISSENSE    Medium 

53 Pigm √ √ 174307447 NON_SYNONYMOUS_CODING; MISSENSE 

Medium Medium Medium Medium    √ 174310462 3' UTR 

   √ 174310463 3' UTR 



271 

 

NO GENE 

WSTI 

GENE 

LIST 

PARTEK 

GENE 

LIST 

SNP/INDEL 

POSITIONS 
CONSEQUENCE CD8 CD4 B cells Myeloid 

54 Igsf9  √ 174407437 PROMOTER 

 Low  Low 

   √ 174407561 PROMOTER 

   √ 174408203 PROMOTER 

   √ 174415000 MISSENSE 

   √ 174423675 MISSENSE 

   √ 174423745 MISSENSE 

   √ 174427258 MISSENSE 

55 Tagln2  √ 174425571 PROMOTER 

 Medium Medium Medium 

   √ 174426700 PROMOTER 

   √ 174426803 PROMOTER 

   √ 174427029 PROMOTER 

   √ 174427258 PROMOTER 

   √ 174427290 PROMOTER 

   √ 174427362 PROMOTER 

   √ 174427530 PROMOTER 

   √ 174427833 PROMOTER 

   √ 174427952 PROMOTER 

   √ 174428264 PROMOTER 

   √ 174428531 PROMOTER 

56 Slamf9 √  174406305 NON_SYNONYMOUS_CODING 

   Medium 
  √ √ 174407561 NON_SYNONYMOUS_CODING; MISSENSE 
  √  174407580 NON_SYNONYMOUS_CODING 
  √ √ 174408203 NON_SYNONYMOUS_CODING; MISSENSE 

57 Ccdc19/ Cfap45 √  174470612 SPLICE_SITE  Low  Low 

58 Slamf8 √ √ 174514614 NON_SYNONYMOUS_CODING; MISSENSE 

   Medium 
  √ √ 174518055 NON_SYNONYMOUS_CODING; MISSENSE 
  √ √ 174518082 NON_SYNONYMOUS_CODING; MISSENSE 
  √  174514464 SPLICE_SITE 
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NO GENE 

WSTI 

GENE 

LIST 

PARTEK 

GENE 

LIST 

SNP/INDEL 

POSITIONS 
CONSEQUENCE CD8 CD4 B cells Myeloid 

59 Fcrl6 √ √ 174527800 NON_SYNONYMOUS_CODING; MISSENSE 

  Low Low 

  √  174527933 NON_SYNONYMOUS_CODING 
  √  174528421 NON_SYNONYMOUS_CODING 
  √  174529331 NON_SYNONYMOUS_CODING 
  √  174529177 SPLICE_SITE 

60 Crp √ √ 174628880 NON_SYNONYMOUS_CODING; MISSENSE     
  √  174629052 NON_SYNONYMOUS_CODING 

61 Apcs √  174824945 SPLICE_SITE     
   √ 174825025 5' UTR 

62 Olfr1406 √ √ 175113764 NON_SYNONYMOUS_CODING; MISSENSE     
  √ √ 175114491 NON_SYNONYMOUS_CODING; MISSENSE 

63 Olfr218 √ √ 175134125 NON_SYNONYMOUS_CODING; MISSENSE     

64 Fcer1a √ √ 175152709 NON_SYNONYMOUS_CODING; MISSENSE    Low   √  175152892 NON_SYNONYMOUS_CODING 

65 Olfr418 √ √ 175200578 NON_SYNONYMOUS_CODING; MISSENSE     
  √ √ 175201228 NON_SYNONYMOUS_CODING; MISSENSE 

66 Darc/Ackr1 √ √ 175262279 NON_SYNONYMOUS_CODING; MISSENSE 

   Low 

  √ √ 175262420 NON_SYNONYMOUS_CODING; MISSENSE 
  √  175262502 NON_SYNONYMOUS_CODING 
  √  175262856 NON_SYNONYMOUS_CODING 
  √  175262915 NON_SYNONYMOUS_CODING 
  √  175263053 NON_SYNONYMOUS_CODING 

67 Cadm3 √  175275194 SPLICE_SITE    Low 

68 Gm4955/Ifi206 √  175403890 NON_SYNONYMOUS_CODING  Medium Medium Medium   √  175403991 NON_SYNONYMOUS_CODING 

69 BC094916/Ifi214 √ √ 175456593 ESSENTIAL_SPLICE_SITE Low Low Low Low 

70 Pydc4/Ifi213 √  175525276 NON_SYNONYMOUS_CODING 
Low Medium Low Medium 

   √ 175524040 3' UTR 
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NO GENE 

WSTI 

GENE 

LIST 

PARTEK 

GENE 

LIST 

SNP/INDEL 

POSITIONS 
CONSEQUENCE CD8 CD4 B cells Myeloid 

71 Pyhin1/Ifi209 √ √ 175567690 NON_SYNONYMOUS_CODING; MISSENSE 

 Medium Medium Medium 

  √  175572658 NON_SYNONYMOUS_CODING 
  √  175572917 NON_SYNONYMOUS_CODING 
  √ √ 175576131 NON_SYNONYMOUS_CODING; MISSENSE 

   √ 175572991 MISSENSE 

72 Pydc3/Ifi208 √  175612961 NON_SYNONYMOUS_CODING Low Medium Low Medium 

73 AI607873/Ifi207 √ √ 175662441 NON_SYNONYMOUS_CODING; MISSENSE 

    

  √  175662539 NON_SYNONYMOUS_CODING 
  √ √ 175666384 NON_SYNONYMOUS_CODING; MISSENSE 
  √  175665452 SPLICE_SITE 

   √ 175653705 3' UTR 

   √ 175657892 MISSENSE 

   √ 175666410 MISSENSE 

   √ 175666411 MISSENSE 

74 Ifi204  √ 175677608 3' UTR  Medium Low Medium 

75 Mnda √  175835614 NON_SYNONYMOUS_CODING 

 Low  Medium 
   √ 175795675 MISSENSE 

   √ 175804567 MISSENSE 

   √ 175805797 MISSENSE 

76 Ifi211  √ 175835614 MISSENSE     

77 Ifi203 √  175866756 NON_SYNONYMOUS_CODING 

Medium Medium Medium Medium 

  √  175866765 NON_SYNONYMOUS_CODING 
  √ √ 175867982 NON_SYNONYMOUS_CODING; MISSENSE 
  √  175868136 NON_SYNONYMOUS_CODING 
  √  175866686 NON_SYNONYMOUS_CODING 

  √  175865311 SPLICE_SITE (1bp DELETION) 
  √  175857359 SPLICE_SITE 
  √  175867866 SPLICE_SITE 
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NO GENE 

WSTI 

GENE 

LIST 

PARTEK 

GENE 

LIST 

SNP/INDEL 

POSITIONS 
CONSEQUENCE CD8 CD4 B cells Myeloid 

  √  175863909 SPLICE_SITE 

78 Ifi202b √ √ 175893948 NON_SYNONYMOUS_CODING; MISSENSE 

   Low 

  √ √ 175894107 NON_SYNONYMOUS_CODING; MISSENSE 
  √ √ 175901563 NON_SYNONYMOUS_CODING; MISSENSE 
  √ √ 175902435 NON_SYNONYMOUS_CODING; MISSENSE 

   √ 175892898 3' UTR 

   √ 175892932 3' UTR 

   √ 175904974 MISSENSE 

   √ 175904975 MISSENSE 

79 Ifi205 √ √ 175957451 NON_SYNONYMOUS_CODING; MISSENSE 

   Medium 

  √ √ 175958403 NON_SYNONYMOUS_CODING; MISSENSE 

   √ 175957353 MISSENSE 

   √ 175957362 MISSENSE 

   √ 175957416 MISSENSE 

80 Olfr433 √ √ 175972495 NON_SYNONYMOUS_CODING; MISSENSE 
   Low    √ 175972039 PROMOTER 

   √ 175972066 5' UTR 

81 Olfr432 √ √ 175980650 NON_SYNONYMOUS_CODING; MISSENSE     

82 Olfr429 √ √ 176019278 NON_SYNONYMOUS_CODING; MISSENSE 
      √  176019653 NON_SYNONYMOUS_CODING 

  √ √ 176020044 NON_SYNONYMOUS_CODING; MISSENSE 

83 Olfr426  √ 176029714 MISSENSE 

Medium Medium Medium Medium    √ 176029733 MISSENSE 

   √ 176030440 MISSENSE 

84 Olfr427 √ √ 176029714 NON_SYNONYMOUS_CODING; MISSENSE 
      √  176030440 NON_SYNONYMOUS_CODING 

   √ 176029733 MISSENSE 

85 Olfr424 √  176067123 NON_SYNONYMOUS_CODING     
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NO GENE 

WSTI 

GENE 

LIST 

PARTEK 

GENE 

LIST 

SNP/INDEL 

POSITIONS 
CONSEQUENCE CD8 CD4 B cells Myeloid 

  √ √ 176067433 NON_SYNONYMOUS_CODING; MISSENSE 

   √ 176067305 MISSENSE 

86 Olfr421 √  176082455 STOP_LOST     

87 Olfr420 √ √ 176089023 NON_SYNONYMOUS_CODING; MISSENSE     
  √ √ 176089756 NON_SYNONYMOUS_CODING; MISSENSE 

88 Spna1/Spta1 √  176137268 NON_SYNONYMOUS_CODING 

   Low 

  √  176137271 NON_SYNONYMOUS_CODING 
  √  176170323 NON_SYNONYMOUS_CODING 
  √  176104450 SPLICE_SITE 
  √  176104455 SPLICE_SITE 
  √  176106025 SPLICE_SITE (1bp DELETION) 
  √  176111271 SPLICE_SITE 
  √  176115897 SPLICE_SITE 
  √  176115903 SPLICE_SITE 
  √  176120369 SPLICE_SITE 
  √  176128739 SPLICE_SITE 
  √  176135394 SPLICE_SITE (1bp DELETION) 
  √  176135543 SPLICE_SITE (1bp INSERTION) 
  √  176138435 SPLICE_SITE 
  √  176149888 SPLICE_SITE (1bp INSERTION) 
  √  176171165 SPLICE_SITE 
  √  176177456 SPLICE_SITE 

   √ 176103056 5' UTR 

   √ 176128499 MISSENSE 

89 Olfr419 √  176180120 NON_SYNONYMOUS_CODING     

90 1810030J14Rik/Mptx1 √  176262432 NON_SYNONYMOUS_CODING 
   Medium   √  176262549 NON_SYNONYMOUS_CODING 

  √  176262559 NON_SYNONYMOUS_CODING 
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NO GENE 

WSTI 

GENE 

LIST 

PARTEK 

GENE 

LIST 

SNP/INDEL 

POSITIONS 
CONSEQUENCE CD8 CD4 B cells Myeloid 

  √  176262592 NON_SYNONYMOUS_CODING 
  √  176262619 NON_SYNONYMOUS_CODING 
  √  176262898 NON_SYNONYMOUS_CODING 

91 Olfr417 √  176299801 NON_SYNONYMOUS_CODING     
   √ 176298997 PROMOTER 

92 Olfr248 √ √ 176321307 NON_SYNONYMOUS_CODING; MISSENSE 
      √  176321910 NON_SYNONYMOUS_CODING 

  √  176322027 NON_SYNONYMOUS_CODING 

93 Olfr414  √ 176361473 MISSENSE     

94 Olfr220 √ √ 176378888 NON_SYNONYMOUS_CODING; MISSENSE 
      √ √ 176379203 NON_SYNONYMOUS_CODING; MISSENSE 

   √ 176378709 PROMOTER 

95 Fmn2 √  176540020 NON_SYNONYMOUS_CODING 

  Low  

  √  176624320 SPLICE_SITE 

   √ 176433291 MISSENSE 

   √ 176433465 MISSENSE 

   √ 176433470 MISSENSE 

   √ 176538829 MISSENSE 

   √ 176539425 MISSENSE 

   √ 176539432 MISSENSE 

96 Rgs7 √  177009532 SPLICE_SITE 

    
  √  177079841 SPLICE_SITE 
  √  177083255 SPLICE_SITE 
  √  177119301 SPLICE_SITE 

97 Chml √ √ 177617403 NON_SYNONYMOUS_CODING; MISSENSE  Low Low Low 

98 Wdr64 √ √ 177725298 NON_SYNONYMOUS_CODING; MISSENSE     

99 Exo1 √ √ 177831172 NON_SYNONYMOUS_CODING; MISSENSE 
Low Low Low Low   √ √ 177831444 NON_SYNONYMOUS_CODING; MISSENSE 
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NO GENE 

WSTI 

GENE 

LIST 

PARTEK 

GENE 

LIST 

SNP/INDEL 

POSITIONS 
CONSEQUENCE CD8 CD4 B cells Myeloid 

  √ √ 177831457 NON_SYNONYMOUS_CODING; MISSENSE 
  √ √ 177831499 NON_SYNONYMOUS_CODING; MISSENSE 

100 Pld5  √ 177893943 3' UTR    Low 

101 
B020018G12Rik/ 

Rbm8a2 
√  177908617 NON_SYNONYMOUS_CODING  Low  Low 

  √  177908889 NON_SYNONYMOUS_CODING 

102 Cep170 √ √ 178712385 NON_SYNONYMOUS_CODING; MISSENSE  Low Low Low 

103 Sdccag8 √ √ 178756333 NON_SYNONYMOUS_CODING; MISSENSE  Low Low Low   √  178770474 NON_SYNONYMOUS_CODING 

104 Gm16432 √  179945329 NON_SYNONYMOUS_CODING     
  √  180102398 NON_SYNONYMOUS_CODING 

105 Smyd3 √  180973992 NON_SYNONYMOUS_CODING Low Low Low Low 

106 Ahctf1 √  181678774 NON_SYNONYMOUS_CODING 

Low Medium Low Low 

   √ 181683079 MISSENSE 

   √ 181683587 MISSENSE 

   √ 181683594 MISSENSE 

   √ 181683614 MISSENSE 

   √ 181683675 MISSENSE 

   √ 181683897 MISSENSE 

   √ 181690414 MISSENSE 

107 Gm5069 √  182257465 NON_SYNONYMOUS_CODING  Medium Low Low 

108 Itpkb √  182263393 NON_SYNONYMOUS_CODING 

Medium Medium Medium Medium   √  182350383 SPLICE_SITE 

   √ 182258378 PROMOTER 

109 Trp53bp2 √  184379057 NON_SYNONYMOUS_CODING Low Medium Low Medium 

110 Capn2 √ √ 184408738 NON_SYNONYMOUS_CODING; MISSENSE 
Low Medium Low Medium   √  184422332 SPLICE_SITE 
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SNPs/INDELs positions and the consequences predicted by VEP or PARTEK are indicated for each gene. The definitions of the consequences are as follows:  

1) NON-SYNONYMOUS CODING/MISSENSE: the SNP changes the DNA sequence in a way that produces a different amino acid 

2) SPLICE SITE: the SNP is located at the splice site;  

3) 3’/5’ UTR: the SNP is in the 3’/5′ untranslated region of an mRNA that is directly downstream/upstream from the initiation codon.  

4) PROMOTER: the SNP is located at promoter region near the transcription start sites of genes;  

5) STOP GAINED: the SNP creates a new stop codon  

6) STOP LOST: the SNP changes a stop codon into an amino acid and hence the gene loses stop codon.  

The level of gene expression in immune cells was obtained from the Expression Atlas Mus Musculus database for the candidate genes (EMBI-EBI: 

https://www.ebi.ac.uk/gxa/home). 35 genes in *bold were previously identified to be expressed in T cell.



279 

 

 

Supplementary Table 5 Genes differentially expressed between B6.129-Sle16 and B6 CD4+ T cells according to Partek and DEseq softwares.  

Gene 

ID 

Gene Location 
Average 

RPKM 

Partek DEseq 
Polymorphism Detected 

from Exome sequence 
Chromosome Start Stop p-value 

Fold 

Change 

Adjusted 

p-value 

Fold 

Change 

Nuf2 1 169497934 169531464 1.6304175 4.29E-05 -3.082 5.32E-03 -2.747 
Synonymous coding, 

Intronic, 3' UTR, splice site 

Pyhin1/Ifi209 1 173630859 173647928 33.00085 0.000957444 -3.234 7.95E-09 -2.739 
Missense, Intronic, 

Synonymous coding 

BC035044 6 128848044 128891126 1.159831 0.000218892 -3.515 1.16E-02 -2.724  

Cdk1 10 69336635 69352938 2.972588125 0.00112665 -3.169 8.56E-05 -2.673  

Slamf7 1 171634925 171649007 1.674618375 0.000164969 -2.152 2.07E-03 -2.557 
Intronic,  

Non-synonymous coding 

Sh3bp5 14 31359880 31436078 20.0124075 4.94E-05 -2.861 1.82E-27 -2.421 Synonymous coding 

Pydc3/Ifi208 1 173673675 173698392 28.2539525 0.00158859 -2.909 1.00E-06 -2.283 
Intronic, Synonymous 

coding, Missense 

Aurkb 11 69045647 69051664 4.10314625 0.000380858 -2.472 2.22E-03 -2.267  

Tpx2 2 152847964 152895321 3.13797125 0.000410827 -2.481 1.39E-04 -2.192  

Cdca2 14 67676331 67715841 1.18826525 0.000442251 -2.387 2.35E-02 -2.192  

Ly6c2 15 75108160 75111684 40.7823 0.00148086 -2.630 1.26E-10 -2.188  

Neil3 8 53586867 53639065 2.0627345 3.87E-05 -3.263 4.04E-05 -2.173  

Ccna2 3 36564866 36572150 7.7052575 3.13E-05 -2.521 3.97E-04 -2.159  

Ccnb2 9 70407689 70421554 8.175695 0.000193875 -2.472 1.04E-05 -2.141  
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Gene 

ID 

Gene Location 
Average 

RPKM 

Partek DEseq 
Polymorphism Detected 

from Exome sequence 
Chromosome Start Stop p-value 

Fold 

Change 

Adjusted 

p-value 

Fold 

Change 

Itih5 2 10153571 10256529 1.335833625 0.00143255 -2.450 8.59E-05 -2.132  

Bub1b 2 118598211 118641591 

3.22025 

 

 

0.0001145 -2.456 2.22E-03 -2.109  

Espl1 15 102296293 102324356 1.65508725 0.00220003 -2.329 1.82E-14 -2.040  

Ngly1 14 16249280 16311926 13.56402375 4.54E-05 -2.366 7.69E-55 -2.036 Intronic 

Per1 11 69095217 69109960 58.3151 7.22E-05 2.280 1.08E-27 2.24  

Rel 11 23741514 23770970 18.4124125 0.00104703 2.064 6.38E-40 2.347  

Ifrd1 12 40201567 40248504 40.2394625 0.00093555 2.101 5.17E-29 2.507  

Tgif2 2 156840077 156855570 20.814945 0.00152574 2.046 6.69E-10 2.544  

Tnfrsf10b 14 69767472 69784403 2.40716625 0.000495095 2.314 7.40E-58 2.62  

Zc3h12a 4 125118423 125127840 37.549 0.000389251 2.376 9.68E-29 2.626  

Psd 19 46312087 46327156 4.30706875 0.000124325 2.432 1.93E-11 2.721  

Utp14b 1 78658038 78667588 2.096228875 0.000881267 2.593 2.54E-21 2.928  

Irs2 8 10986980 11008458 22.9752875 0.000577581 2.704 1.19E-39 3.041  

Dusp10 1 184013302 184075636 166.62125 0.000470007 2.776 5.92E-05 3.186  

Pygm 19 6384399 6398459 3.14243875 0.00144552 2.027 1.06E-10 3.228  

Tgif1 17 70844205 70853546 18.72249 0.0019984 3.104 8.72E-62 3.361  
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Gene 

ID 

Gene Location 
Average 

RPKM 

Partek DEseq 
Polymorphism Detected 

from Exome sequence 
Chromosome Start Stop p-value 

Fold 

Change 

Adjusted 

p-value 

Fold 

Change 

Maff 15 79347541 79359072 20.30372125 0.000158654 3.013 1.26E-15 3.444  

Fosl2 5 32136472 32157831 13.6247775 0.00128122 3.042 1.43E-42 3.493  

Vps37b 5 124004641 124032260 270.13655 0.000532915 3.109 8.69E-21 3.589  

Klf9 19 23141226 23166911 2.79836875 0.000653078 3.864 3.15E-38 4.559  

Zbtb10 3 9250602 9285333 3.9551775 0.000720106 4.807 1.01E-13 5.507  

Nr4a3 4 48045153 48086447 8.3271125 0.00172347 5.167 4.92E-37 5.799  

Apol8 15 77747799 77755229 3.447930625 8.79E-06 6.509 1.47E-55 7.476  

Ifi204 1 173747293 173766876 5.110784375 1.91E-05 15.747 4.04E-05 18.225 
Synonymous coding, 

Intronic, 3' UTR 

 

Genes were sorted from most downregulated to the most upregulated.  

Genes in bold are located in Sle16 locus. 
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Supplementary Table 6 Genes differentially expressed between B6.129-Sle16 and B6 CD8+ T cells according to Partek, DEseq and Cuffdiff softwares. 

 

Gene 

ID 

Gene Location 
Average 

RPKM 

Partek DEseq2 
Polymorphism Detected 

from Exome sequence 
Chromosome Start Stop p-value 

Fold 

Change 

Adjusted 

p-value 

Fold 

Change 

Pydc4/Ifi213 1 173566283 173599274 4.04 1.28E-05 -50.44 3.75E-220 -18.10 
Non-synonymous coding, 3’ 

UTR 

Gm4955/Ifi206 1 173480370 173491041 20.60 5.56E-07 -12.12 1.64E-100 -11.01 Non-synonymous coding 

Pydc3/Ifi208 1 173673674 173698392 16.67 6.21E-07 -4.88 3.14E-65 -3.60 
Intronic, Synonymous 

coding, Missense 

Pyhin1/Ifi209 1 173630916 173647928 38.37 4.95E-05 -5.17 4.07E-40 -3.36 
Missense, Intronic, 

Synonymous coding 

Sh3bp5 14 31336637 31436078 10.62 1.06E-06 -2.89 5.74E-70 -2.75 Synonymous 

Zfp960 17 17064112 17089628 1.24 0.000107 14.03 5.74E-10 2.31  

Vcl 14 20929432 21052508 2.46 8.05E-07 4.43 3.58E-92 4.17  

Gm10020 15 52477613 52478228 130.91 1.16E-08 35.43 0 23.46  

 

Genes were sorted from most downregulated to the most upregulated.  

Genes in bold are located in Sle16 locus. 
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Supplementary Figure 1. Enriched Molecular Function Gene Ontology (GO) terms in 

B6.129-Sle16 vs B6 CD8+ T cell profile. Figure generated using GORILLA (http://cbl-

gorilla.cs.technion.ac.il/) 
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