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Systemic lupus erythematosus (SLE) is a chronic autoimmune disorder affecting 

multiple organ systems. Although genetic and environmental factors have been 

implicated, the etiology of SLE remains unclear. Recent evidence suggests that type-I 

interferon is integral to the pathogenesis of SLE.  

We investigated several of the most recently published biomarkers in SLE: CCL2, 

CXCL10, STAT1, and miR-146a. Peripheral blood leukocytes were collected from 65 

healthy donors (HD) and 103 patients with over 180 visits. We validated that CCL2, 

CXCL10, and STAT1 were overexpressed in SLE. We showed for the first time that two 

populations of STAT1 level in both SLE patients and HD. The high STAT1 population 

displayed elevated CCL2 and CXCL10 levels compared to low STAT1 population of 

both SLE and HD. Furthermore the high STAT1 patients displayed higher correlation 

between CCL2 and IFN score as well as CXCL10 and IFN score compared to low 

STAT1 patients.  

We also showed for the first time that CCL2 and CXCL10 were decreased in 

patients receiving therapy. We identified that CCL2 and CXCL10 decrease was 
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occurring in low STAT1 patients; however, high STAT1 patients appeared to be 

resistant to therapy and displayed no significant decrease in CCL2 and CXCL10. This 

was further validated by comparing the association of CCL2 and CXCL10 with IFN 

score. High STAT1 treated and untreated patients had stronger correlations of CCL2 

and CXCL10 with IFN score than low STAT1 patients.  

Finally, we showed for the first time that elevated STAT1 and miR-146a were 

associated with anemia. Anemic patients displayed significantly higher STAT1, miR-

146a, CCL2, CXCL10, and IFN score. However regardless of disease activity, lupus 

nephritis, or race, anemic patients displayed significantly elevated levels of STAT1 and 

miR-146a compare to non-anemic patients indicating they may play a role in anemia in 

SLE patients. Taken together, these findings illustrate the importance of STAT1 in the 

pathogenesis of SLE and provide novel insight on the efficacy of therapy.  
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CHAPTER 1 
IMMUNITY IN SYSTEMIC LUPUS ERYTHEMATOSUS 

This chapter introduces the current understanding of systemic lupus 

erythematosus (SLE) including epidemiology, clinical manifestations, and aberrations of 

the immune system. Furthermore, this chapter will discuss the basic functions of type-I 

interferon (I-IFN) and interferon-inducible genes with strong focus on interferon-

inducible transcription factors and chemokines. This introduction will also provide the 

rationale for studying the relationship of I-IFN and chemokine pathway in SLE.  

Systemic Lupus Erythematosus 

 SLE is a chronic autoimmune disease that can affect multiple parts of the body 

either concurrently or independently pending the nature of the active state [1]. SLE is 

characterized into two states: one being the active state which is referred to as “flare 

ups” and the second being the inactive state which is referred to as remission. 

In healthy individuals, the immune system protects the host from foreign 

pathogens. In order to defend the host from foreign pathogens, it must first be able to 

discriminate invader from self. This is a much more complex task than it seems, 

especially if the invader is an intracellular pathogen such as a virus. The immune 

system has evolved with multiple screening defenses. The innate immune response is 

the first layer of response; it is a nonspecific inflammatory response that depends upon 

pathogen-associated molecular patterns (PAMPs). PAMPs such as Toll-like receptors 

(TLRs), C-type lectin receptors (CLRs), nucleotide-binding oligomerization domain 

(NOD)-like receptors (NLRs), and retinoic acid-inducible gene I (RIG-I) receptors are 

ligand specific sensors that are germ-line encoded. When a PAMP encounters a ligand 

molecule, it will trigger a nonspecific inflammation response composed of cytokines and 
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chemokines that recruit antigen-presenting cells such as monocytes and dendritic cells, 

which will direct the adaptive immune response to produce antigen-specific T and B 

cells against the foreign antigen from the invading pathogen.   

There are multiple safe guards to prevent the adaptive immune system from 

generating autoreactive B and T cells to self-antigens; however, there is a breach in the 

innate and adaptive immune system in SLE. For reasons not completely understood, 

the loss of immune tolerance in SLE accompanied by autoantibodies, I-IFN, antiviral 

chemokines, cytokines, and involvement of multiple cell types leading to a vicious cycle 

of chronic inflammation occludes the actual mechanism that leads to this breach.  This 

is further complicated by the varying clinical manifestations and by periods of remission 

and flares further complicated by absence of knowing the trigger.  Both genetics and 

environment have been implicated in the etiology of SLE, but the actual causes still 

remain unclear. The absence of this knowledge has severe consequences for patients. 

Patients’ treatments are focused on the symptoms of SLE rather than the cure, and until 

the etiology of SLE is fully understood, it is unlikely a cure within reach.  

Epidemiology 

The number of Americans with SLE vary from 300,000 to 4 million individuals with 

the most recent statistic from the CDC estimating an occurrence of 241 per 100,000 

Americans[2]. Estimates worldwide are about 5 million individuals with SLE but likely on 

the low end due to difficulties in diagnosis [3].  

SLE is primarily a disease of women occurring 6-10:1 in women to men [4]. SLE 

can occur in infancy and even in the elderly age with a peak age between 15 to 40 

years of age commonly referred to as “childbearing age” [4]. It remains unclear the 

selective occurrence of SLE in women and its peak occurrence during childbearing age. 
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Equally not clear is the increased occurrence and severity of disease in African-

Americans as well as in Latin-Americans and Asian-American population than in 

European-Americans. The CDC reports that there is increased occurrence of SLE in 

Native Americans and has instituted a study to validate this observation. Sex and 

ethnicity indicates a genetic component; however, familiar occurrences are sporadic 

with only 10-12% occurring within the first-degree relatives [5]. A stronger association is 

seen with twins. A concordance of 26%-40% was found in monozygotic twins and only 

5% in dizygotic twins [4-6]. 

Clinical Manifestations  

Due to the broad spectrum of immunological and clinical manifestations expressed 

by SLE patients, the American College of Rheumatology (ACR) developed 11 criteria 

for the classification of SLE as summarized graphically in Figure 1 [7,8]. The 

immunological criteria include complement levels, antinuclear antibodies, and other 

autoantibodies such as anti-double stranded (anti-ds) DNA, anti-Sm, and anti-

phospholipid. Clinical criteria consist of photosensitivity, discoid rash, malar rash, oral 

ulcers, serositis, arthritis, renal complications, neurological complications, and 

hematologic aberrations. Patients must meet a minimum of 4 of the 11 criteria to be 

diagnosed with SLE; however, patients classified with less than 4 criteria can be 

categorized as subclinical SLE displaying unique disease manifestation [9]. Diagnosis 

using ACR criteria has up to a 90% certainty; however in clinical settings, the certainty 

decreased to 49-60%  [9]. The complicated diagnosis of SLE is in part due to the widely 

varying symptoms, fluctuation of disease activity, and variations in onset of immunologic 

manifestations such as the onset of autoantibodies preceding clinical manifestations 

[10].   
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Clinical features vary widely depending upon the manifestation and intensity of the 

flare. The most common clinical manifestations include anemia, photosensitivity, 

leucopenia, and arthritis (Figure 1). Malar rash may potentially be one of the oldest 

known clinical features of SLE. Lupus obtains its name from the ancient Romans who 

attributed the resemblance of the “butterfly” distribution of malar rash to a wolf (lupine) 

bite to the face. Anemia occurs in about 50% of SLE patients, with chronic disease 

anemia being the most common form due to potentially impaired erythropoietin as well 

as aberrant cytokines and T lymphocytes affecting bone marrow erythropoiesis [11]. 

Lupus nephritis (LN), a major cause of morbidity, occurs in about 55% of Asians, 51% of 

Africans, and 43% of Hispanics; however, LN occurs in only 14% of Caucasians [12]. 

Other less common clinical manifestations are of cardiovascular, pulmonary, and 

neurological origin. 

Immunological Aberrations  

Even though the reasons for the loss of immunological tolerance are unknown, 

genetics and environmental factors have implicated several immunological pathways. 

The most prominent of these are lymphocyte hyperactivation, improper clearance of 

apoptotic cells, and aberrant cytokine production.  

It remains unclear whether the loss of tolerance is initiated by autoantibodies, self-

reactive lymphocytes, or I-IFN. In normal healthy individuals, foreign antigens presented 

are processed by antigen-presenting cells (APCs) such as macrophages and dendritic 

cells. APCs present the processed antigen via class II major histocompatibility complex 

(MHC) to the T cell receptors (TCR) α/β of CD4+ T helper cells. In SLE, autoantigens 

are postulated to derive from defective clearance of apoptotic cells are being displayed 

by APCs to helper T cells (Th0 cells, Figure 2). The helper T cells present the processed 
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antigens to B lymphocytes. The direct contact and cytokine secretions of the helper T 

cells stimulate antibody production in the B cells. If the T cell presents an autoantigen, 

specific B cells may produce autoantibodies (Figure 2). Upon activation, T cells in SLE 

patients exhibit aberrant signaling produced by increased lipid rafts aggregation due to 

decreased lymphoma kinase (Lck), abnormalities of the MAPK signaling pathway, and 

enhanced adhesion from alternative CD44 isoforms  [13,14]. B cells from SLE patients 

exhibit abnormal signaling, enhanced proliferation, and elevated antibody production as 

well as expansion of memory and plasma cells [13,15].  

The hyperactivation of lymphocytes may in part be due to aberrant production of 

cytokines. In lupus patients, T helper 2 (Th2) cytokines, such as IL (interleukin)-6, IL-10, 

and B cell activating factor (BAFF), are essential for antibody production [16,17].  IL-6 

and IL-10 promote B cell differentiation into plasma cells and the production of IgG 

respectively (Figure 2) [16-18]. Similarly, BAFF also known as B lymphocyte stimulator 

overexpression promotes the proliferation and survival of B cells as well as increased 

production of IgG  [16,17]. Th1 cytokines such as IFNγ and IL-12 are linked to tissue 

damage from activation of monocytes and macrophages as well as T cells. IFNγ, IL-12, 

and IL-18 which promote autoantibody production and chemokines are associated with 

instigating kidney damage in LN [19].  

Another immunological aberration seen in SLE is impaired clearance via 

phagocytosis of cellular debris.  Cellular death whether by apoptosis or injury is a 

continuous process requiring phagocytic cells to remove cellular debris to maintain 

tissue homeostasis; however, this process does not elicit an immune response. This 

process appears to be impaired in SLE and the cellular remnants accumulate exposing 



 

23 

antigens such as histones and GW182 that are not normally exposed to the immune 

system. Accumulated DNA and RNA can function as TLR ligands activating I-IFN 

production [20,21]. This may be exasperated due to additional deficiencies of 

endogenous nucleases such as DNase I and II in the serum of SLE patients [22-24]. 

Due to the impaired clearance, injuries such as exposure to sunlight can trigger a flare 

up. This may account for photosensitivity being a common clinical manifestation of SLE 

(Figure 1). 

Treatment 

Therapies currently focus upon treating the symptoms of patients rather than 

curing SLE in part due to the lack of understanding of the causes of SLE. Non-steroidal 

anti-inflammatory drugs (NSAIDs) and antimalarial such as hydroxychloroquine (HCQ) 

are effective treatments in mild cases of SLE as in fatigue, arthritis, and malar rash. 

HCQ is an antimalarial drug that increases the pH of the endosomal vesicles, 

interrupting antigen processing and the function of TLR3, 7, 8, and 9 as well as 

inhibiting production of interleukin-1 and -6 by macrophages [25-27]. Glucocorticoids 

are often administrated during flares at high doses and reduced afterwards to a 

maintenance dose. Glucocorticoids such as prednisone (PDN) inhibit monocyte and 

neutrophil inflammatory functions as well as B and T cell responses [28]. PDN 

suppresses inflammation by blocking NFкB. For severe cases, cytotoxic drugs such as 

cyclophosphamide and mycophenolate mofetil (MMF) are administered to SLE patients. 

Mycophenolate mofetil affects T and B cell growth by inhibiting inosine monophosphate 

dehydrogenase, which is a critical enzyme for de novo synthesis of guanosine 

nucleotides [25]. Many of these therapies possess a number of side effects from the 

non-specific suppression of the immune system as well as other pathways. The next 
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generation of pharmaceuticals such as BAFF inhibitor Belimumab are coming to market 

but are not as commonly used as HCQ, PDN, and MMF. In part this has been facilitated 

by the new guidelines provided by the US Food and Drug Administration (FDA) for 

therapy development for SLE [29,30]. Even so, Belimumab is the first therapy to be 

approved by the FDA in the last 50 years [31]. 

Type I Interferon in SLE Pathogenesis  

IFN-I is an anti-viral cytokine with a multitude of immunological functions that has 

been implicated in the pathogenesis of SLE. IFN-1 was first observed to be elevated in 

SLE patients over 30 years ago; however, it was not until recently with the advent of 

microarrays that IFN-1 was  discovered to play a key role in SLE [32-35]. Microarray 

studies revealed that nearly two-thirds of SLE patients displayed elevated IFN-I as well 

as a plethora of unregulated IFN-I stimulated genes (ISGs) [32-35]. Several murine 

models have demonstrated the pathogenic effects of IFN-I and its capacity to induce 

lupus-like disease in mice. This section summarize IFN-I biology and affirms their 

involvement in SLE.  

IFN-I Signaling Pathway 

IFN-I genes cluster on chromosome 9p22 is comprised of thirteen subtypes of 

IFNα as well as single genes of IFNβ, IFNκ, IFNω, and IFNε [36-39]. However, only 

IFNα and IFNβ have been implicated in SLE. All IFN-1 species bind to the ubiquitously 

expressed IFNAR1 and IFNAR2 heterodimer receptor complex.  IFN-I triggers 

dimerization of IFNAR1 and IFNAR2 which phosphorylates Janus kinase (JAK) 1 and 

tyrosine kinase (Tyk) 2 that are docked on the cytoplasmic domains of IFNAR2 and 

IFNAR1 respectively [38-40]. This recruits and phosphorylates signal transducers and 

activators of transcription (STAT) complex which is translocated into the nucleus.  



 

25 

These STAT complexes include STAT1, STAT3, STAT4, STAT5, and STAT6 

homodimers as well as STAT1/STAT2, STAT1/STAT3, STAT1/STAT4, STAT1/STAT5, 

STAT2/STAT3, and STAT5/STAT6 heterodimers [38,39].  

However, the STAT1/STAT2 heterodimer is the classical signaling molecule that is 

believed to be responsible for IFN-I production.  The STAT1/STAT2 dimer associates 

with IFN regulatory factor (IRF) 9 to form a heterotrimeric complex known as IFN-

stimulated gene factor (ISGF) 3 which can transcriptionally activate hundreds of ISGs 

by binding to the IFN-stimulated response element (ISRE) [38]. P38 mitogen-activated 

protein kinase (MAPK) is phosporilated  in an IFN-I dependent manner but independent 

of Jak-STAT signaling; it is also required for the formation of ISGF3 and transcriptional 

activation of ISREs [38,40]. 

IFN-I Induction 

IFN-I production is an essential response component of the innate immune 

system. TLRs are the early response mechanism of the immune system monitoring for 

PAMPs of foreign pathogens. TLR-3, -4, -7, -8, and -9 induce production of IFN-I when 

triggered by the appropriate ligand. Endosome localized TLR-3 recognizes viral double-

stranded RNA; however, TLR-4 is localized on the cell surface and recognizes bacterial 

lipopolysaccharide (LPS) and certain viral proteins. Both TLRs induce IFN-β through a 

myeloid differentiation factor 88 (MyD88) independent, TIR-domain-containing adapter-

inducing IFNβ (TRIF) dependent manner [41]. TLR-7/-8 recognizes viral single-stranded 

RNA, and TLR-9 recognizes unmethylated CpG DNA found in bacteria. All three TLR-7, 

-8, and -9 induce IFNβ and are located in endosomes; however unlike TLR3, they signal 

via MyD88 [42]. IκB kinases are recruited by MyD88 and TRIF to phosphorylate IRF-3, -

5, and -7 to induce IFNβ [42]. The IFNβ secretes and signals in an autocrine manner via 
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IFNAR to induce IFN-1 production and ISG activation.  Subsequent induction of IFNα 

and IRF-7 establishes a positive-feedback loop for signal amplification.  

IFN-1 has been shown to be produced in a TLR independent manner. Cytoplasmic 

helicase proteins retinoic-acid-inducible protein I (RIG-I) and melanoma-differentiation-

associated gene 5 (MDA-5) are PAMP sensors that detect viral RNA [43]. RIG-I and 

MDA-5 signal through the adaptor IPS-1 (IFN-β promoter stimulator protein-1; also 

known as MAVS, VISA, or Cardif), initiating signaling cascades that lead to IRF3, IRF7, 

NFκ-B and AP-1 activation and IFN-I expression [43].  

Finally, DNA-dependent activator of IFN regulatory factor (DAI, a dsDNA helicase) 

and stimulator of interferon genes (STING, an endoplasmic reticulum resident 

transmembrane protein) are cytoplasmic sensors for bacterial and viral DNA [44-47]. 

DAI and STING signal via TANK-binding kinase-1 (TBK-1) to activate IRF-3 to produce 

IFN-1 [48].  Additionally, NOD2 (sensor of muramyl dipeptide, peptidoglycan), a sensor 

for ssRNA, also signals via TANK-binding kinase-1 (TBK-1) to activate IRF-3 to produce 

IFN-1 [48]. 

IFN-I Pathogenesis in SLE 

The effects of IFN-I on DC maturation, T cell survival, and antibody production are 

well known; however, the role of IFN-I in disease pathogenesis is not well understood. 

The onset of SLE-like disease, Hashimoto thyroiditis, hemolytic anemia, and psoriasis 

all have been reported following IFNα therapy [49-51]. Approximately 22% of patients 

receiving IFNα are positive for antinuclear autoantibodies [52]. High levels of IFNα in 

SLE patient sera were documented over 30 years ago [53], yet it was not considered 

significant until microarrays analysis of SLE peripheral blood mononuclear cells 

(PBMCs) revealed overexpression of IFN inducible genes (IIG) [32,54-56].  
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IIGs overexpressed in SLE include anti-viral, apoptotic, MHC I/II, TLR, Fcγ 

receptors genes as well as overexpression of interferon inducible chemokines such as 

CCL2 and CXCL10. From half to two-thirds of SLE patients display aberrant elevations 

for IIG. This “interferon signature” is associated with disease activity and severity as well 

as LN, dsDNA autoantibodies, and RNA-associated nuclear antigens such as 

Sm/nRNP, SSA/Ro, and SSB/La [57,58].  

IFN-I is produced in response to an invading pathogen where it and IIGs peak and 

return back to normal levels in healthy individuals; however in SLE, it is unclear what is 

the trigger for the upregulation and overexpression of IFN-I and IIGs, but the 

mechanism that regulates this interferon signature and prevents from entering a 

pathogenic cycle is not well understood and impaired in SLE patients. Potentially the 

perpetual auto-reactive response to self-antigens promotes the pathogenic cycle of IFN-

I aberrant production. Bacterial DNA and dsDNA antibody immune complexes stimulate 

IFN-I in normal PBMCs [59]; however, mammalian DNA does not [60]. TLR-9 is 

activated by unmethylated CpG DNA such as in bacteria, but mammalian DNA is 

methylated and is not recognized [61].  

A similar process occurs with RNA recognition by TLR-7; however, TLR-7 is 

capable of recognizing some mammalian RNAs to induce IFN-I production [62-64]. 

These self-activating TLR-7 ligands include human U1 RNA (associated with snRNP 

particles) and Y RNAs (associated with Ro60 protein) which induce IFN-I production 

through an endosomal MyD88-dependent pathway [63,65].  A critical question of why 

DNA and RNA are antigenic in SLE patients but not in healthy individuals may be due to 
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the impaired clearance mechanism in SLE patients which leadslead to an accumulation 

of apoptotic/necrotic cellular debris that contain DNA and RNA [66].  

Recently, a newly identified mechanism revealed how intracellular antigens are 

exposed. NETosis is the process by which neutrophils expel their genomic or 

mitochondrial chromatin to create a NET (neutrophil extracellular trap) to entrap 

invading pathogens [67-69]. NETosis can be triggered by live and even dead 

neutrophils, but neutrophils that undergo NETosis do not undergo necrosis indicating 

that NETosis induced cell death differs from apoptosis and necroptosis [67]. 

Furthermore, neutrophils that undergo NETosis continue to be viable and capable of 

chemotaxis and phagocytosis even without a nucleus [70-72]. NETs are not created 

equally. When neutrophils are treated with LPS, they will predominantly create 

mitochondrial NETs; however, mitochondrial NETs lack antimicrobial histones [67]. The 

mitochondrial DNA does not produce efficient NETs but is capable of activating TLR-9 

to induce an immune response to invading pathogens [73]. Anti-neutrophil antibodies 

are also capable of inducing NETosis [67].  In SLE patients, neutrophil expansion is a 

common occurrence; furthermore, a subpopulation of highly inflammatory neutrophils 

(low-density granulocytes, LDGs) capable of producing IFN-I were discovered in SLE 

patients [74]. 

In SLE patients, neutrophil-derived antimicrobial peptide LL37 and human 

neutrophil peptides (HNPs) were shown to be in complex with DNA and anti-DNA 

autoantibodies that were capable of activating TLR-9 in plasma dendritic cells (pDCs) 

and induce NETosis [75]. Furthermore, IFN-I would bring LL37 and HNPs to the surface 

of neutrophils which would be recognized by anti-LL37 and anti-HNPs autoantibodies 
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inducing NETosis [75].  Anti-LL37 and anti-HNPs antibodies could also stimulate pDCs 

to produce IFN-I creating a positive-feedback loop of NETosis and IFN-I production [75]. 

In pediatric SLE, neutrophils were shown to undergo NETosis in the presences of 

anti-ribonucleoprotein (RNP) autoantibodies in an FcγRII and TLR-7 dependent manner 

and brought both LL37 and alarmin high-mobility group box 1 (HMGB1) to the surface 

[76]. The release of NETs stimulated pDC to produce IFN-1; however, inhibition of TLR-

7 and FcγRII would block the NETosis, [76] again indicating a positive-feedback loop 

between NETosis and IFN-I. 

LDGs derived from SLE patients appear to spontaneously undergo NETosis 50% 

of the time when placed in culture and LDG-derived NETs stimulate IFN-I and IL-17 

production in pDC [77]. LDGs displayed upregulation of NET proteins including LL37 

[77]. Patients with NET-like materials detected in renal and skin lesions were more likely 

to have elevated anti-dsDNA autoantibody titers indicating that NETs act as antigenic 

materials [77].  In SLE, NET clearance appears to be impaired. NETs show enhanced 

stability in SLE sera [78]. This prolonged stability of NET-derived, antigenic material 

might exacerbate SLE and explain the numerous autoantibodies to neutrophils [74,79]. 

During the process of NETosis, H3 Histones are citrullinated and may provide a 

mechanism for the generation of autoantibodies to citrullinated proteins. This may 

explain the occurrence of anti-citrullinated protein autoantibodies in 10-15% of SLE 

patients [80,81].  

Lupus Biomarkers 

SLE is possibly the most clinically diverse disease [82] with some manifestations 

that can resemble AIDS, systemic tuberculosis, and even cancer. This complexity has 

been further undermined by a lack of definite set of biomarkers for SLE which has 
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impaired the development of therapies [82]. A biomarker is defined as measurement of 

a marker whose alterations correlate with disease. This marker may be but not limited to 

genetic, molecular, biochemical, biological, or imaging event that is associated with the 

occurrence of a pathological event.  The selected biomarkers discussed in this section 

may not be specific for SLE but are associated with it and will provide the reasoning for 

the subsequent studies in the following chapters.  

ADAR editing RNA 

From literature search, 2’,5’-oligoadenylate synthetase (OAS1), myxovirus 

resistance 1 (MX1), and lymphocyte antigen 6 complex locus E (LY6E) are the most 

commonly used ISGs for observing changes in 1-IFN. Like many of the ISGs observed 

to be elevated in SLE, they are antiviral response genes. One such ISG that is not only 

important antiviral gene but is also immune modulator is adenosine deaminase acting 

on RNA (ADAR). ADAR is an enzyme that catalyzes adenosine (A) to inosine (I) in 

double stranded RNA (dsRNA) substrate. [83,84]. The conversion of A to I by ADAR 

can impact pre-mRNA splicing, RNA structure, RNA degradation, RNA replication of 

viruses, and mRNA translation.  For in depth review of ADAR mechanism and function, 

Nishikura 2010 and George et al. 2011 are recommended [85,86]. There are three 

ADAR genes: ADAR1, ADAR2, and ADAR3, but only ADAR1 and ADAR2 are known to 

have A to I editing function. Furthermore only the long of isoform of ADAR1 (p150) is 

interferon-inducible while the short form (p110) is constituently expressed [87]. 

Homozygous deletion of ADAR1 in mice has been demonstrated to be embryonic lethal  

as well as impair hematopoiesis and cause liver disintegration but deletion of ADAR2 

demonstrated shortened lifespan and neurologic abnormalities [88-92]. Subsequently, 
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the loss of hematopoiesis in ADAR1-/- mice is a result of the lack of suppression of 

interferon signaling [93]. The increase of interferon in ADAR1-/- mice may partially be 

due to accumulation of dsRNA which may be triggering cytosolic sensors such as MDA-

5 and RIG-1 [94]. Furthermore, ADAR1 has been observed to suppress IRF-3 and PKR 

activation [95-97]. The ability of ADAR1 to respond and regulate interferon production 

makes it an intriguing ISG to look at in SLE. Up to now, ADAR1 has only been observed 

in T-cells of SLE in a limited number of studies. Laxminarayana et al. 2002 observed in 

8 SLE patients and 8 healthy donors that ADAR1 was approximately upregulated by 3 

fold which led to decreased expression of the α and β regulatory subunits (RIα and RIβ) 

[98]. In the subsequent study, Laxminarayana et al. 2007 observed increase editing of 

ADAR2 by ADAR1 in T-cells of SLE patients [99]. Additionally, Orlowski et al. observed 

a 2.6 fold increase of Phospodiesterase 8A1 (PDE8A1) gene due to increased ADAR1 

in 10 SLE patients relative to 10 healthy donors [100].  ADAR also functions to regulate 

microRNA maturation and function. 

MicroRNA Regulate Endotoxin Tolerance 

MicroRNAs (miRNAs) are the newest identified biomarkers in SLE. MiRNAs are 

small non-encoding RNAs that regulate translation of mRNA by binding to the 3’ 

untranslated region (UTR) of mRNA causing translational repression and/or degradation 

of the transcript.  Mature miRNA, which are 20 to 23nt long, can originate via Drosha 

dependent pathway [101] or via a Drosha independent pathway [102-104].  Primary 

microRNA (pri-miRNA) is transcribed by RNA polymerase II. The pri-miRNA may 

originate from the transcript of intron coding protein or from a non-coding transcript.  

The pri-miRNA is processed by DiGeorge syndrome critical region gene 8 (DCGR8) and 

Drosha to generate the precursor miRNA (pre-miRNA), an approximately 70nt long 
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hairpin. The Drosha independent generated miRNA are referred to as mirtrons, but the 

majority of miRNA are generated via the Drosha dependent pathway. 

Exportin 5 transports the pre-miRNA from the nucleus to the cytoplasm.  In the 

cytoplasm, Dicer in complex with TAR RNA binding protein (TRBP) cleaves the stem-

loop of the pre-miRNA.  After Dicer/TRBP processing, the mature miRNA is 

incorporated into Argonaute (Ago) where one strand is selected to be the miRNA and 

the other is degraded.  In humans, there are four Argonautes, but only Argonaute 2 

(Ago2) has endonucleolytic activity [105-107].  A single miRNA has the potential to 

regulate thousands of mRNA targets to varying degrees.  By bioinformatics, it is 

estimated that 30% to 60% of the proteinome is regulated by miRNAs [108,109].  One 

reason for the ability of miRNA to regulate numerous messages stems from their 

imperfect binding to the 3’ UTR of target mRNAs. Unlike small interference RNA 

(siRNA), miRNA are not required to bind perfectly to suppress translation; the targeting 

of miRNA is dependent upon the seed sequence match [109-113]. This property of 

being able to regulate multiple mRNA has lended it important roles from development, 

hematopoiesis, and immune system regulation. The role of miR-146a in inflammation 

may potentially make it one of the most significant miRNAs in regulating immune 

response and tolerance. miR-146a was first shown to be involved in toll-like receptor 

(TLR) 4 where Taganov et al. determined that it is transcriptionally regulated by NF-kB 

and that it can downregulate both TNF receptor associated factor (TRAF)6 and 

interleukin-1 receptor-associated kinase (IRAK)1 [114].  This yielded insight into TLR 

signaling. TLR4 stimulation by LPS leads to NF-kB activation through TRAF6 and 

IRAK1; the activation of NF-kB transcriptionally activates immune response factors, 



 

33 

which include miR-146a (miR-155 and miR-132 to a lesser extent) which regulates the 

same signaling components that lead to its activation [114,115]. Furthermore, miR-146a 

has been demonstrated as a critical regulator of endotoxin-endotoxin induced tolerance 

and cross tolerance [116-118]. MiR-146a would function to attenuate the immune 

response preventing detrimental immune over-activation and have potential role to 

regulate inflammation in normal immune response and autoimmune disorders. To date, 

miR-146a has been observed to have a strong association with autoimmune disease.  

In psoriasis, miR-146a is overexpressed in lymphocytes while the skin-specific miR-203 

was overexpressed which regulates suppressor of cytokine signaling 3 (SOCS-3) 

[119,120]. This discovery was followed by the identification of miR-146a being 

overexpressed in rheumatoid arthritis (RA) [121-123].  Stanczyk et al. observed miR-

146a and miR-155 to be overexpressed in RA synovial fibroblasts compared to 

osteoarthritis (OA) synovial fibroblasts; furthermore they observed similar results for 

miR-155 for RA synovial tissue compared to OA synovial tissue [123].  When comparing 

RA synovial fibroblasts to RA peripheral blood monocytes, Stanczyk et al. observed that 

miR-155 was elevated in the synovial fibroblasts [123].  The sustained expression of 

miR-155 in synovial fibroblasts may regulate matalloproteinase 3 which potentially 

allows miR-155 to downregulate tissue damage [123].  Similar results were reported by 

Nakasa et al. where miR-146a was elevated in RA synovial tissue compared to normal 

and OA synovial fluid [121].  The source of the high miR-146a was identified 

predominately to be CD68+ macrophages and in some CD+ T cells and CD79a+ B cells 

[121]. 
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From our group, Pauley et al. examined miRNA expression from PBMCs from 

sixteen RA patients, nine healthy donors, and four disease controls [122].  The PBMCs 

of RA patients displayed between 1.8 to 2.6-fold increase in miR-146a, miR-155, miR-

132, and miR-16 compared to healthy controls.  When miRNA expression was 

compared to disease activity, age, race, and medication, the increase in miR-146a and 

miR-16 expression correlated with disease activity [122].  Interestingly, TRAF6 and 

IRAK1 both are known targets of miR-146a but show no significant difference in mRNA 

or protein levels between RA patients and healthy controls.  This loss of regulation led 

us to speculate that a 3’UTR modification, such as the role of single nucleotide 

polymorphisms (SNPs) [124-127] or shortening to escape miRNA regulation [128], may 

be occurring in RA patients, but further work is needed.  

Tang et al. reported that miR-146a was underexpressed in PBMCs of Chinese 

SLE patients compared to healthy controls; in addition, Tang et al. observed that there 

is an inverse correlation between the miR-146a expression and interferon score [129].  

Additionally, Tang et al. demonstrated that miR-146a downregulates STAT1 and IRF5 

and that the reduction of miR-146a may lead to enhanced signaling leading to elevated 

levels of interferon [129]. The reduced levels of miR-146a observed in Chinese SLE 

patients could potentially explain elevation of interferon by loss of regulation of STAT1 

expression.  

STAT1 Governs Immune Response 

STAT1 is involved in type I, II, and III interferon signaling as well as in cytokine 

and chemokine signaling [130]. In human monocytes, IFN-II priming or overexpression 

of STAT1 sensitizes cells and leads to increased production of chemokines [131]. 

Similarly in mice, IFN-I priming sensitized mice to subsequent LPS challenges leading 
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to increased TNFα production; however in STAT1 knockout (-/-) mice, this sensitization 

was nullified indicating that STAT1 was required for immune sensitization [132]. 

Subsequently, STAT1 -/- mice are unable to respond or produce I-IFN and display a 

protection phenotype from pristine induced lupus [133]; furthermore, it is required for 

autoantibody production as well as TLR-7/9 activation in B cells of lupus pristine mouse 

model [134]. STAT1 itself is an interferon-inducible gene which both mRNA and protein 

levels are overexpressed in SLE [130]. This pivotal role in immune response and 

association with SLE makes it a potentially interesting biomarker.  

STAT1 may also play a role in therapy response. In cancer, STAT1 elevated 

expression has been associated with therapy resistance. STAT1 overexpression 

protects cancers from DNA damaging agents including radiation therapies and 

chemotherapies in different cancer types [135]. Radioresistant nu61 derived from 

radiosensitve SCC61 tumors displayed 49 overexpressed genes; of the 49, 31 were 

ISGs including STAT1 [136]. Furthermore, when STAT1 was overexpressed in SCC61 

cells, they displayed radioresistance [137]. Similarly, human fibroblasts repeatedly 

exposed to IFN-I displayed radio-resistance [138]. In 10 cancer cell lines, STAT1 

expression correlated with resistance to doxorubicin and topoisomerase-II inhibitors 

[139]. In addition, 14 ovarian cancer lines were observed for resistance to platinum 

compounds where STAT1 was associated with resistance to cisplatin and AMD473 

[140]. These associations between therapy resistance and STAT1 in cancer may also 

have an impact of SLE therapy. Interferon-regulated chemokines (IRCs) have been 

shown to be biomarkers of SLE activity were C-C motif chemokine ligand 2 (CCL2) and 
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C-X-C motif chemokine 10 (CXCL10) [141,142] and require STAT1 for transcription 

[131]. 

CCL2 Marks the Prelude to Lupus Flare 

CCL2 formerly referred as monocyte chemotactic protein-1 (MCP-1) is a potent 

recruiter of monocytes, T cells, basophils and dendritic cells to site of infection or tissue 

damage, but not neutrophils or eosinophils unless the N-terminus is cleaved [143-147].  

Monocyte, macrophages, and dendritic cells primarily secrete CCL2. CCL2 binds cell 

surface receptors CCR2 and CCR4 [148,149]. In addition to being upregulated by IFNα 

and IFNβ, CCL2 is also upregulated by IL-1β, TNFα, and RAGE [150,151]. Pathways 

such as AP-1, ERK1/2, Ras, and p38 MAPK activate CCL2, but more importantly, CCL2 

is also activated by the JAK/STAT signaling pathway [152,153]. Even though the role of 

CCL2 is beneficial in clearing pathogens, it can also exacerbate tissue damage. CCL2 

was demonstrated to cause crescent formation and interstitial fibrosis in crescentic 

nephritis (glomerulonephritis mouse model) and by blocking CCL2 with anti-CCL2 

antibodies reduced crescent formation, renal impairment, and scarring as well as T cell 

and macrophage infiltration [154]. Furthermore, in male type 2 diabetic db/db mice, 

CCR2 antagonist, which inhibits CCL2 from binding to CCR2, was able to prevent 

glomerulosclerosis and renal failure [155]. The implication of CCL2 in autoimmune 

diseases such as psoriasis, rheumatoid arthritis, and multiple sclerosis as well as other 

disorders has incited interest in its role in SLE [156]. In a study of 81 SLE patients and 

42 healthy controls, CCL2 was identified as one of 12 upregulated proteins (CCL3, 

CCL7, CCL8, CCL19, CXCL9, CXCL10, CXCL11, CXCL13, IL-2SRA, IL-6, and IL-15) 

from a survey of the serologic proteome by antibody microarray [142]. As seen above, 

CXCL10 was also elevated in SLE. 
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CXCL10 Indicator of Upcoming Lupus Flare 

CXCL10, formerly known as Interferon gamma-induced protein 10 (IP-10), is a 

chemokine of the C-X-C motif family - closely related to the C-C motif family which 

CCL2 is from. Similarly, CXCL10 is potent attractor of monocytes, macrophages, T 

cells, NK cells, and dendritic cells to site of tissue damage or infection [157-159]. 

CXCL10 is the ligand for CCR3 receptor [160-162]. Even though CXCL10 is an 

interferon response cytokine which implies activation via Jak/STAT pathway, CXCL10 

can also be transcriptionally activated by p38, JNK, ERK, Akt, and NFкB [163-168]. 

Though CXCL10 is a potent immune responder for bacterial and viral infections and 

even a potential biomarker for transplantations, it has not been demonstrated as in the 

case of CCL2 to be involved in the pathogenesis of autoimmune disease [166,169]. In 

the same study that identified CCL2 to be upregulated in serum proteome, CXCL10 was 

one of the 12 upregulated proteins [142]. This same group followed up 3 years later with 

a longitude study where 267 patients with 1167 visits were followed for ~1 year [141]. In 

this study, Bauer et al. observed that CXCL10 was elevated in active SLE patients 

compared to inactive patients. Furthermore, Bauer et al. demonstrated by combining 

CXCL10, CCL2, and CCL19 into a chemokine score that this score was elevated in 

active SLE compared to inactive SLE and that it could be used to predict upcoming 

flares [141]   

STAT1, CCL2, CXCL10, and miR-146a are only a few of the many biomarkers 

identified to potentially be involved in SLE. However, by using the Ingenuity Pathway 

Analysis software to data mine the literature for immune function, these biomarkers 

demonstrate an important role in regulating how the immune system may respond and 

develop (Figure 3).  Furthermore, STAT1, CCL2, CXCL10, and miR-146a are involved 
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in numerous immunological pathways with overlapping regulation (Figure 3). These 

multiple roles in the immune system make these biomarkers likely candidates for further 

study to understand their role in SLE. 
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Figure 1-1.  ACR criteria in SLE summarized from references. The most common 
criteria used by ACR to diagnose SLE patients are graphically depicted [7,8]. 
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Figure 1-2. Postulated T and B cell signaling and autoantigen production in SLE. 
Antigen-presenting cells (APCs) bound to self-antigens from apoptotic cells 
interact with T cells which in turns help B cells to produce autoantibodies. 
Modified maps were generated by Kegg pathways from the Kanehisa 
laboratories: http://www.polygenicpathways.co.uk/KEGGhivinteractions.htm. 
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Figure 1-3.  Signaling and immunological function of STAT1, CCL2, CXCL10, and miR-
146a constructed by the Ingenuity Pathway Analysis software. The literature 
data mining and plotting of interactions and functions by the Ingenuity 
Pathway Analysis software shows the important role that these biomarkers 
play in the immune system and potentially in the pathogenesis of SLE. Blue 
lines represent direct relationships while blue dotted lines represent indirect 
relationships. Grey lines show connection from bubbles to specific cellular 
functions represented by “Fx”. 
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CHAPTER 2 
ELEVATED STAT1 CORRELATES WITH INCREASED CCL2 AND CXCL10 LEVELS 

IN PERIPHERAL BLOOD OF PATIENTS WITH SYSTEMIC LUPUS 
ERYTHEMATOSUS 

Introduction 

Systemic lupus erythematosus is a chronic systemic autoimmune disease 

characterized by periods of increased disease activity, referred to as “flare-ups”, and 

periods of remission. Several genetic and environmental factors have been implicated in 

SLE etiopathogenesis, but in recent years increased type I interferon (IFN-I, IFNα and 

IFNβ) expression has been discovered to play a key role in the majority of SLE patients, 

despite being known for over 30 years that it is elevated in SLE patients [32-35].  

Because of the technical challenges in measuring the numerous isoforms of IFNα, 

one common way to evaluate IFN-I expression is to examine the levels of common 

interferon inducible genes, such as 2’,5’-oligoadenylate synthetase (OAS1), myxovirus 

resistance 1 (MX1), and lymphocyte antigen 6 complex locus E (LY6E); the mRNA 

levels of these IFN-I inducible genes are then used to calculate the “interferon score” 

[32,54-56]. Another interferon inducible gene that plays an important antiviral and 

immunomodulatory function is the “adenosine deaminase acting on RNA” (ADAR). 

ADAR is an enzyme that catalyzes the conversion from adenosine (A) to inosine (I) in 

double stranded RNA (dsRNA) substrate [83,84], with an impact on RNA at different 

levels, such as mRNA splicing and degradation [85,86]. Furthermore, ADAR1 has been 

observed to suppress interferon regulatory factor (IRF) 3 and protein kinase RNA-

activated therefore blocking IFN induction [95-97]. The ability of ADAR1 to respond and 

regulate IFN-I production makes it an intriguing IFN-I inducible gene to examine in SLE. 

Up to now, ADAR1 expression has only been observed in T-cells of SLE patients, as 
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shown in a limited number of studies [98-100]. In fact, Laxminarayana et al. showed that 

ADAR1 is upregulated by approximately 3 fold in SLE patients [98]. The same group 

later observed the increased editing of ADAR2 by ADAR1 in T-cells of SLE patients 

[99]. Additionally, due to increased ADAR1 in SLE patients, Orlowski et al. observed an 

increase of phosphodiesterase 8A1, which participates in the termination of cyclic 

nucleotide signaling by hydrolyzing cAMP and cGMP and is activated by interferon and 

enhances T cell adhesion [100]. 

Other IFN-I inducible genes include STAT (signal transducers and activators of 

transcription) 1 and 2. STAT1 is involved in type I, II, and III IFN signaling and has been 

observed to be elevated in SLE [170]. In response to type I IFN, STAT1 causes 

interferon receptor (IFNAR) 1 and 2 dimerization, activation and phosphorylation of 

IFNAR by Tyk2 and Jak1, and thus docking and phosphorylation of STAT1 and STAT2 

[171]. The heterodimer STAT1-STAT2 is then translocated into the nucleus where it can 

bind specific promoters playing a key role in IFN signaling and production [130]. 

Besides STAT1 and ADAR, interferon regulated chemokines have become 

another important topic of research in recent years [142]. Two of these chemokines 

have been shown to be SLE biomarkers, and they are called “C-C motif chemokine 

ligand 2” (CCL2) and “C-X-C motif chemokine 10” (CXCL10) [141]. CCL2, formerly 

referred to as monocyte chemotactic protein-1 (MCP-1), is a potent recruiter of 

monocytes, T cells, basophils, and dendritic cells to site of infection or tissue damage, 

but it has no effect on  neutrophils or eosinophils unless the N-terminus of CCL2 is 

cleaved [170,172]. Some cell types such as monocytes, macrophages, and dendritic 

cells can primarily secrete CCL2 that signals via the cell surface receptors CCR2 and 
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CCR4 and is upregulated by IFNα and IFNβ [150,151]. The role of CCL2 is beneficial in 

clearing pathogens, but it has also been involved in some pathological processes. In a 

glomerulonephritis mouse model, CCL2 plays a role in crescent formation and interstitial 

fibrosis supported by the observation that anti-CCL2 antibodies can reduce crescent 

formation, renal impairment, and scarring, as well as T cell and macrophage infiltration 

[154]. CCL2 has been observed in the recruitment of T cells and 

monocytes/macrophages in lupus nephritis and blockade of CCL2 ameliorates lupus 

nephritis in MRL-(Fas)lpr mice [172,173]. In a serologic proteome study by antibody 

microarray in SLE, CCL2 was identified as one of the 12 upregulated proteins; 

furthermore CCL2 was one of three chemokines that would precede lupus flare 

indicating that they are good predictors of increased SLE activity [142]. 

CXCL10, also known as Interferon gamma-induced protein 10 (IP-10), is a 

chemokine of the C-X-C motif family. Similarly to CCL2, CXCL10 is a potent attractor of 

monocytes, macrophages, T cells, NK cells, and dendritic cells to sites of tissue 

damage and infection [157,158]. CXCL10 is an interferon response cytokine that binds 

its CCL3 receptor and acts via Jak/STAT pathway activation [161-163]. Even though 

CXCL10 is a potent immune responder for bacterial and viral infections and a critical 

biomarker for organ transplant rejection, its role in the pathogenesis of autoimmune 

diseases is not clear [166,169]. Furthermore, the combination of CXCL10 and CCL2 

protein levels could be useful as prediction factor for upcoming flares [141].   

The reason behind upregulation and control of IFN in SLE is not known, but some 

studies have recently focused on the possible role played by selected microRNAs 

(miRNAs). MiRNAs are small non-encoding 20-23 nucleotide long RNAs, that regulate 



 

45 

their target mRNA by binding to the 3’ untranslated region (UTR), causing translational 

repression and/or degradation of targets. miR-146a is one of the most significant 

miRNAs in regulating innate immune response and tolerance [174] and it  was first 

shown to be involved in toll-like receptor (TLR) regulation through the NF-кB pathway 

[114]. miR-146a would function to attenuate the immune response and regulate 

inflammation in normal immune response and autoimmune disorders, and it is also a 

critical regulator of endotoxin induced tolerance and cross tolerance [116,175,176]. To 

date, miR-146a has been found in association with autoimmune diseases such as 

Sjögren’s syndrome [177], psoriasis [119,120], and rheumatoid arthritis [121,123,178].  

Tang et al. reported that miR-146a was underexpressed in peripheral blood 

mononuclear cells (PBMCs) of Chinese SLE patients [129]. MiR-146a was significantly 

lower in active SLE patients with proteinuria compared to inactive SLE patients [129]. 

Additionally, SLE patients displayed an inverse correlation between miR-146a 

expression and IFN score [129]. Tang et al. also demonstrated that reduction of miR-

146a may enhance the signaling due to elevated levels of STAT1 and IRF5 which leads 

to increased production of IFN [129]. The reduced levels of miR-146a observed in 

Chinese SLE patients could potentially explain elevation of IFN by loss of regulation of 

STAT1 expression.  

Our present study evaluates the interaction among STAT1, ADAR, CCL2, 

CXCL10, and miR-146a in SLE patients and healthy controls, demonstrating that all 

except for miR-146a correlate to IFN Score in both SLE patients and healthy donors.  
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Patients and Methods 

Healthy Donors and SLE Patients Demographic Data 

Whole blood was collected from a total of 103 SLE patients and 65 healthy 

controls enrolled in the University of Florida Center for Autoimmune Diseases registry 

from 2008-2011. Healthy donors were selected based on no history of autoimmune 

disease, while all SLE patients satisfied the ACR criteria [7]. Healthy donors only visited 

the clinic once; therefore, they represent a single visit. There were a total of 180 SLE 

visits with sequential samples collected in 60 SLE patients (Table 1). SLE patients and 

healthy controls were segregated by ethnic profile (Table 1). All human blood samples 

were obtained from enrolled individuals with the approval of institutional review board at 

the University of Florida. 

Leukocytes and RNA Purification 

Peripheral blood leukocytes were collected from whole blood using Ambion 

LeukoLOCK kit (Ambion, Austin, TX). LeukoLOCK filters were washed twice with 3 ml of 

PBS and stabilized with 3 ml of RNAlater solution. Stabilized filters were stored for a 

minimum of 24 h at -80°C before collecting total RNA. Total RNA, including small RNAs, 

was collected using the “Alternative Protocol” (version 0602, Ambion) for the extraction 

of RNA from cells captured on LeukoLOCK filters using TRI reagent. 

MicroRNA and Messenger RNA qRT-PCR 

OAS1, MX1, LY6E, CCL2, CXCL10, and miR-146a levels were analyzed by qRT-

PCR. MiRNA qRT-PCR was performed using the TaqMan MicroRNA Reverse 

Transcription Kit, TaqMan Fast Advance PCR Master Mix, and TaqMan MicroRNA 

primers (Applied Biosystems, Foster City, CA). mRNA qRT-PCR was performed using 

the TaqMan High-Capacity cDNA Reverse Transcription Kit, TaqMan Fast Advance 
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PCR Master Mix, and TaqMan mRNA assay primers (Applied Biosystems).  All 

reactions were analyzed using StepOne Real-Time PCR System (Applied Biosystems). 

Anti-Double Stranded DNA ELISA 

After the collection of leukocytes with the LeukoLOCK filters, the leukocyte free 

blood was transferred to 10 ml Vacutainer SST plus blood collection tubes (BD, Franklin 

Lakes, NJ). Blood was centrifuged at 1000 g for 20 minutes. The plasma was 

transferred to a 15 ml conical tube and stored at -20oC.  Anti-dsDNA ELISA was 

performed as previously described [179]. 

Complement Levels  

C3 and C4 complement levels were obtained from clinical data. C3 levels less 

than 90 mg/dl and C4 levels less than 15 mg/dl were considered as low complement 

levels in the analysis.  

IFN Score and SLE Activity 

The expression of three known type-I IFN signature genes, MX1, OAS1, and 

LY6E, was z-transformed into IFN score as previously shown [32,180]. SLEDAI was 

used to classify the patients into active (SLEDAI > 4) or inactive (SLEDAI of 4 or less) at 

the time of the visit (Table 1) [181,182].  

Cell Culture and Innate Immune Ligand Stimulation 

Human THP-1 cells were obtained from the American Type Culture Collection 

(ATCC, Manassas, VA). THP-1 cells were maintained in  RPMI containing 10% (v/v) 

FBS (Mediatech, Manassas, VA) and 100 U/ml penicillin-streptomycin (Mediatech). For 

analysis of THP-1 monocyte response to ligand in vitro, log phase cells were seeded at 

5x105 cells/ml in a 24-well plate. Cells were stimulated with the following agonists: 1000 

ng/ml of LPS from S. enterica serotype Minnesota Re595 (LPS Se, TLR4 ligand, 
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Ultrapure grade), 0.10 and 1.0 ng/ml IFNα2 (PBL Interferon Source, Piscataway, NJ), 

and 0.10 or 1.0 ng/ml IFNβ (PBL Interferon Source). TLR-4 ligands were reconstituted 

in endotoxin-free water and used at concentrations as reported before [175]. IFNα2 and 

IFNβ were reconstituted in endotoxin-free PBS with 1 mg/ml BSA to make 5 µg/ml 

stocks stored in -80oC.  

Data Analysis 

The copy number of miR-146a was normalized to total loaded RNA whereas 

mRNA levels were normalized to 18S RNA. Copy number of miR-146a was determined 

using a standard curve with synthetic miR-146a (Integrated DNA Technologies Inc., 

Coralville, IA) [183]. Relative expression of mRNA compared to controls was 

determined by the ΔΔCT method [184].  Analyses were performed using SAS version 

9.2 and JMP Genomics version 5 (SAS, Cary, NC). The Wilcoxon/Kruskal-Wallis test 

was used to evaluate significance between groups, whereas Wilcoxon Signed Rank test 

for matched pairs was used to evaluate SLE patients with two visits. P values < 0.05 

were considered significant. The coefficient of determination (r2) was used to determine 

linear correlations. Significance between slopes was evaluated by analysis of 

covariance (ANCOVA). 

Results 

Expression of Candidate Biomarkers in the SLE Cohort 

To determine whether previously reported biomarkers were elevated in our SLE 

patient cohort, we measured the biomarker expression levels in healthy donors (HD), 

active SLE, and inactive SLE patient visits (Figure 2-1). The SLE cohort was segregated 

by disease activity index (SLEDAI) into active SLE (45 visits, SLEDAI > 4) and inactive 

SLE (138 visits, SLEDAI ≤ 4). The level of IFN-I was estimated by quantifying the 
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expression of interferon inducible genes. The IFN score, STAT1, ADAR, CCL2, and 

CXCL10 levels were significantly elevated in both active and inactive SLE patient visits 

compared to healthy donors (Figure 2-1A-E) establishing and confirming that these 

biomarkers were aberrantly overexpressed in our SLE patients. To explore if these 

biomarkers were capable of distinguishing disease activity status, active and inactive 

patient visits were compared to one another. No significant difference was observed 

between active and inactive SLE patient visits for IFN score (Figure 2-1A, 62.7±6.1 units 

versus 57.8±4.9 units), ADAR (Figure 2-1C, 5.27±0.31 fold versus 5.27±0.23 fold), and 

CXCL10 (Figure 2-1E, 158.1±26.6 fold versus 120.0±10.5 fold), but STAT1 (Figure 2-

1B, 44.8±10.7 fold versus 34.4±6.6 fold, p=0.033) and CCL2 (Figure 2-1D, 18.2±3.1 fold 

versus 9.96±1.42 fold, p=0.0061) were significantly elevated in active SLE compared to 

inactive SLE patient visits. TNFα, which is not generally involved in the pathogenesis of 

SLE, was used as a negative control. As expected, TNFα was not significantly different 

among the three groups (Figure 2-1F). Similarly miR-146a did not display any significant 

difference among active SLE, inactive SLE, and HD (Figure 2-1G). To validate this, we 

determined the levels of the primary transcript of miR-146a (pri-mir-146a) which also did 

not demonstrate any significant difference among active SLE, inactive SLE, and HD. 

With the exception of miR-146a, these results are consistent with reports on SLE 

patients with elevated IFN score compared to HD [32,180] as well as upregulated levels 

of IFN signature genes (STAT1 and ADAR) [98-100] and chemokines (CCL2 and 

CXCL10) [142].  

The clinical and expression data was correlated with anti-double strand DNA 

(dsDNA) autoantibody level, which is an indicator for patients’ disease activity in certain 
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patients [185-188]. Decreases in C3 and C4 levels correlated with SLE activity and 

renal damage as well as increased levels of anti-dsDNA antibodies [189]. Anti-dsDNA 

autoantibody levels have also been used for sub-classification of SLE patients 

[190,191]. SLE patient visits and HD were segregated into anti-dsDNA(+) and anti-

dsDNA(-). Patient visits that were anti-dsDNA(+) displayed higher SLEDAI and 

decreased C3 and C4 levels (Figure 2-2A-C). The results for the remaining biomarkers 

(Figure 2-2D-K) closely resembled those from active versus inactive SLEDAI results 

(Figure 2-1).  

The influence of race in anti-dsDNA, IFN score, STAT1, CCL2, and CXCL10 were 

also examined. African Americans (AA) and European Americans (EA) contributed to 

83.3% of the visits, followed by Latin Americans (LA) and Asian Americans (AsA) for 

15%, and Interracial Americans (IrA) for less than 2% of patient visits (Table 1). Due to 

the small sample size, IrA were excluded in all subsequent analyses. In general, results 

show that higher levels of anti-dsDNA, IFN score, STAT1, CCL2, and CXCL10 were 

observed in all race groups analyzed (Figure 2-3).  The lack of statistically significant 

differences between SLE and HD in certain groups, such as LA, might be due to the 

smaller sample sizes.  

By comparing patients of different race to each other (Figure 2-4), the levels of the 

parameters examined were all higher in AA than EA, LA, and AsA. In particular, AA had 

significantly higher SLEDAI (p=0.024), anti-dsDNA level (p=0.044), IFN score 

(p=0.0005), STAT1 (p=0.0011), CCL2 (p=0.0004), and CXCL10 (p=0.0004) than EA. 

Furthermore, AA had significantly (p≤0.014) higher IFN score, STAT1, CCL2, and 

CXCL10 than LA (Figure 2-4B-F). Also in this case, the lack of additional statistically 
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significant results for LA and AsA might be due to the small sample sizes. However, AA 

clearly displayed increase in biomarker levels more than any other race.  

Biomarker Interrelationship in SLE Patients with Return Visits 

To expand upon the interrelationship of these biomarkers, data from SLE patients 

with two consecutive visits were segregated for analyses by increasing or decreasing 

IFN score of at least 50% from the first to the second visit. Patients with increasing IFN 

score from one visit to the next (N =13; p= 0.0001, Figure 2-5) displayed significant 

increase in STAT1 (p= 0.0017), CCL2 (p= 0.0086), CXCL10 (p=0.038), and miR-146a 

(p= 0.0034). Similarly, for SLE patients with increasing STAT1 by at least 50% between 

first and second visit (N=25; p<0.0001, Figure 2-5B), significant increases were 

observed for IFN score (p=0.027), CCL2 (p<0.0001), CXCL10 (p= 0.0003), and miR-

146a (p=0.0078). The strong correlation of STAT1, CCL2, and CXCL10 were expected; 

however, correlation of IFN score to increasing STAT1 was weaker than expected. This 

may be indicating that high STAT1 levels do not necessarily translate into high levels of 

IFN-I. The highly significant correlation between miR-146a levels and IFN score in the 

return visits was unexpected since the level of miR-146a in SLE was not significantly 

different from HD (Figure 2-1H, 2H) and also previously it was reported to be decreased 

in SLE and inversely correlated to IFN score in a Chinese SLE cohort [129]. 

SLE patients who had decreasing IFN score by at least 50% between first and 

second visit (N=32; p<0.0001, Figure 2-5C) displayed a significant decrease in STAT1 

(p=0.0002) and CXCL10 (p= 0.0002), but not in CCL2 and miR-146a. Similarly, 

decreasing STAT1 SLE patients (N=13; p= 0.0001, Figure 2-5D) had significant 

decrease in IFN score (p= 0.0001) and CXCL10 (p= 0.0004), while no significant 

changes in CCL2 and miR-146a were observed. By ranking patients according to 
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decreasing IFN score or STAT1, the reversal of the results from ranking by increasing 

IFN score or STAT1 should have been observed ideally. Interestingly, the exception 

was observed only for CCL2 and miR-146a (Figure 2-3C,D).  

Relationship of IFN Score to Other Biomarkers  

To better understand whether the association of IFN score with the other 

biomarkers in paired patient visits could be expanded, levels of ADAR, CCL2, and 

CXCL10 from the entire cohort of SLE patient visits and HD were correlated to IFN 

score (Figure 2-6). ADAR, CCL2, and CXCL10 displayed significant Spearman Rho (ρ) 

coefficients in both SLE and HD (Figure 2-6). The consistent significant correlations of 

these genes to IFN from the low levels observed in HD (Figure 2-6, right panels) to 

aberrantly high pathogenic levels of IFN in SLE patient visits (Figure 2-6, left panels) 

was indicative of a normal intrinsic response of ADAR, CCL2, and CXCL10 to IFN 

production. Contrary to an earlier report showing that the level of miR-146a was 

negatively correlated with IFN score [129], miR-146a as well as pri-miR-146a did not 

display any significant correlation with IFN score in either HD or SLE patients (data not 

shown). Surprisingly, in the same type of analysis, STAT1 did not display a significant 

correlation to IFN score either (data not shown). Further analysis of STAT1 expression 

revealed two populations after applying a log10 transformation (Log[STAT1]) in both HD 

and SLE patients (Figure 2-7A). Using an arbitrary cut off of 1.50 Log[STAT1] to 

segregate STAT1 results, values below 1.50 were referred as the “low STAT1” group 

and above 1.50 were the “high STAT1” group (Figure 2-7B, C). In the low STAT1 group, 

SLE patient visits displayed significantly higher expression of STAT1 compared to HD 

(2.44 fold, p<0.0001, Figure 2-7B), but in the high STAT1 group, no significant 

difference was observed (Figure 2-7C). Furthermore, the low STAT1 group displayed 
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significant positive association of STAT1 with IFN score for both HD (Figure 2-7D) and 

SLE patients (Figure 2-7E). In contrast, the high STAT1 group showed no correlation of 

STAT1 to IFN score (data not shown). 

STAT1 Levels Correlate with SLE activity 

The effects of high and low STAT1 on IFN score and ADAR appeared to be 

related to the active versus inactive status of SLE (SLEDAI, Figure 2-1A,C) and anti-

dsDNA(+) vs (-) patients (Figure 2-2A,C) where IFN score and ADAR were significantly 

higher than HD, but not significantly different between high and low STAT1 SLE patient 

visits (Figure 2-8A,B). CCL2 was significantly different between active and inactive SLE, 

and between HD and active and inactive SLE as well (Figure 2-1D), what resembles the 

results of anti-dsDNA(+ versus -)  (Figure 2-2D) and high versus low STAT1 

comparisons (Figure 2-8D). Similar observations are valid for CCL2, with the addition 

that there is a difference in CCL2 expression between high and low STAT1 SLE (Figure 

2-8C). Since both SLEDAI active and anti-dsDNA (+) are indicators of increased 

disease activity, these results indicate that high STAT1 patients are also in a more 

active disease state than low STAT1 patient visits.  

To determine whether ethnicity could be a confounding factor for the effects of 

high and low STAT1, IFN score, CCL2, and CXCL10 levels were segregated based on 

ethnicity and high and low STAT1 (Figure 2-9A-C). Overall, high STAT1 patient visits 

did not show significant difference among AA, EA, and LA. However, low STAT1 AA 

patients showed significantly higher IFN score, CCL2 and CXCL10 compared to other 

groups. These results indicated that high and low STAT1 groups were identified 

essentially in all ethnicity and differences in IFN score, CCL2, CXCL2 levels were 

observed among low STAT1 groups but not among the high STAT1 groups.  
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STAT1 Influences the Covariation of IFN Score with ADAR, CCL2, and CXCL10 

To determine whether high versus low STAT1 levels affected the correlation 

between IFN score and the other biomarkers, we analyzed these parameters in patients 

with high versus low STAT1 expression (Figure 2-10). Even though ADAR expression 

was reported to be STAT1 independent [192,193], low STAT1 SLE patient visits (red, 

r2=0.29, p<0.0001), high STAT1 SLE (blue, r2=0.35, p=0.0002) patients, and low STAT1 

HD (black, r2=0.24, p<0.0001) displayed significant association between ADAR and IFN 

score (Figure 2-10A). Similarly, CCL2 was significantly associated with IFN score in low 

STAT1 SLE patient visits (r2=0.07, p<0.0010), high STAT1 SLE patient visits (r2=0.76, 

p<0.0001), and low STAT1 HD (r2=0.08, p=0.0002); also CXCL10 displayed significant 

association with IFN score for low STAT1 SLE patients (r2=0.09, p=0.0003), high 

STAT1 SLE patient visits (r2=0.30, p=0.0008), and low STAT1 HD (r2=0.08, p=0.027, 

Figure 2-10B,C). 

The slope of the linear regression represents the rate of change of ADAR, CCL2, 

and CXCL10 per unit of change of IFN score. This led to the intriguing possibility that 

high STAT1 patient visits have a higher slope than low STAT1 patient visits. An analysis 

of covariance was used to test if the slopes were significantly different (Figure 2-10). 

ADAR/IFN scores were not significantly different between high and low STAT1 patients 

(Figure 2-10A, p value not shown), but CCL2/IFN score and CXCL10/IFN score slopes 

were significantly higher in the high STAT1 patients compared to the low STAT1 (LS) 

patients (Figure 2-10B,C). This suggests that high STAT1 levels may enhance CCL2 

and CXCL10 expression potentially induced by IFN.  

Next, we studied whether ethnic background could influence the association of IFN 

score with CCL2 and CXCL10 and altered the effects of high and low STAT1 (Figure 2-
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11). Influence on ethnic background appeared to be minimal on CCL2 in high STAT1 

patient visits. CCL2 in high STAT1 AA, EA, and LA displayed very good linear 

correlation (r2>0.59, p≤0.0018) with IFN score (Figure 2-11A,C,E). Low STAT1 EA and 

LA also showed good linear correlation (r2≥0.16, p≤0.039, red, Figure 2-11C,E); 

however, low STAT1 AA did not display a linear correlation between CCL2 and IFN 

score (Figure 2-11A). CXCL10 had a significant correlation (r2>0.24, p≤0.032) with IFN 

score for high STAT1 AA and EA (Figure 2-11B,D); however, CXCL10 had significant 

correlation (r2>0.25, p≤0.0002) with IFN score for low STAT1 EA and LA (Figure 2-

11A,D,F).  AsA could not ascertain significant correlations for CCL2/IFN score and 

CXCL10, probably due to the small sample size (data not shown). 

Induction of STAT1, CCL2, and CXCL10 in THP1 Cells with Type I Interferon 

TLRs have been implicated to play a role in SLE pathogenesis. To model the 

response of STAT1, CCL2, and CXCL10 as well as IFN-I, TLR-4 was stimulated in 

human monocytic THP-1 for 24 h with 1000 ng/ml of LPS. IFN score increased around 4 

h and peak around 8 h (Figure 2-12A). In 1.0 ng/ml of IFNα2 and 0.1 ng/ml of IFNβ 

treated THP-1 cells, IFN score displayed a similar trend as in LPS treatment (Figure 2-

12F,K); however for 1.0 ng/ml IFNβ treated cells, IFN score increased till 12 h (Figure 2-

8K) while 0.1 ng/ml treated cells displayed little change (Figure 2-12F). This results 

demonstrated THP-1 responsiveness to IFN-I as well as that they were capable of IFN-I 

production. 

Interestingly whereas LPS displayed a gradual, long term increase of CCL2 and 

CXCL10, IFNα2 and IFNβ treatments displayed rapid increases followed by decreases 

of CCL2 and CXCL10. After LPS stimulation, STAT1 did not increase till 4 h and 

reached its peak expression at 8 h (Figure 2-12B); however in THP-1 cells stimulated 
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with IFNα2 or IFNβ, STAT1 increases at 2 h, peaking at 8 h (Figure 2-12G,L). CCL2 

increases at 2 h in LPS treated THP1 cells and continues increase during the 24 h 

period (Figure 2-12C); however not till after STAT1 reached its maximum expression 

(Figure 2-12B), CCL2 began to rapidly increase (Figure 2-12C). CCL2 increased at 2 h 

in 0.1 and 1.0 ng/ml IFNα2 as well as 0.1 ng/ml IFNβ treated THP-1 cells, but it peaked 

at 4 h and began to decrease rapidly (Figure 2-12H). For 1.0 ng/ml IFNβ treatment of 

THP-1 cells shifted the peak by 2 h so that CCL2 peaked at 2 h and began to rapidly 

decrease (Figure 2-12M). CXCL10 displayed a trend similar to CCL2 for 1.0 ng/ml 

IFNα2 and 0.1 ng/ml IFNβ treated THP1 cells (Figure 2-12I,N). In 1.0 ng/ml IFNβ 

treatment of THP-1 cells, CXCL10 continued till 8 h (Figure 2-12N). These results 

indicated that CCL2 and CXCL10 rapidly responded to IFNα2 and IFNβ stimulation 

rapidly while TLR-4 stimulation appeared to induce slow gradual increase, but then 

rapidly increased after STAT1 reached its maximum expression.  

miR-146a appeared to differ in its response from the other biomarkers. LPS 

upregulated miR-146 by 3 fold and it rapidly reached a peak of 11 fold increase at 12 h 

(Figure 2-12E). miR-146a in IFNα2 or IFNβ-treated cells showed a modest peak of 3 to 

4 fold at 8 h potentially indicating that IFN-I did not induce significant production of miR-

146a (Figure 2-12J,O). 

Discussion 

In this study, expression of previously identified SLE biomarkers was examined 

and correlated with demographic and clinical parameters, focusing on the analysis of a 

possible correlation among them.  
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Biomarkers Assessment 

Our results show that ADAR, STAT1, CCL2, and CXCL10 levels are significantly 

elevated in the SLE cohort as expected. This is in part validated by previously published 

results showing increased levels of these biomarkers and their correlation to IFN-I 

production in SLE patients [32,33,55,141,142,194]. Furthermore, our study shows that 

THP1 cells treated with IFNα2 or IFNβ display up to 18 fold increase of STAT1, 25 fold 

increase of CCL2, and 700 fold increase of CXCL10, confirming that these genes 

respond to IFN-I stimulation.  

Tang et al reported miR-146a underexpression in SLE PBMCs [129], while we did 

not observe a decrease or a difference between active and inactive SLE patients for 

miR-146a expression in peripheral blood leukocytes of SLE patients in our cohort. Luo 

et al. [195] hypothesize that a functional variant in the miR-146a promoter may be 

responsible for decreased levels of miR-146a in SLE, so the pri-miR-146a levels should 

be decreased in our population; however, no significant differences in pri-miR-146a 

expression were observed in our population. Furthermore, Tang et al. reported an 

inverse correlation between miR-146a and IFN score in their SLE cohort, while we did 

not observe a significant correlation in our cohort. A significant increase in miR-146a 

was observed only in SLE patients with increasing IFN score between initial and second 

visit [114]. Other possible explanations for the discrepancy between the two data sets 

could be the difference in cell populations and racial composition in our cohort versus 

the one examined by Tang et al and Luo et al [129,195]. As for the THP-1 monocyte cell 

model, IFN-I weakly stimulated miR-146a expression compared to LPS. All these 

results suggest that the role of miR-146a in regulating IFN-I in our cohort of SLE 

patients may be limited. 
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Biomarker Connections 

Previous reports have demonstrated the involvement of ADAR, CCL2, and 

CXCL10 in SLE [98-100,141]. In published literature and in our cohort, a positive 

association with IFN score was observed for ADAR, CCL2, and CXCL10 

[86,141,142,196]. This was observed not only in SLE but in HD as well, potentially 

indicating that these genes are responding normally to IFN even when at levels 

aberrantly elevated. Unlike what reported in previous studies, STAT1 did not correlate 

well with the IFN score in the SLE patient population [131,197]. Instead, low STAT1 

SLE patients and low STAT1 HD expression was associated with IFN score. Patients 

paired by two visits that were ranked by increasing IFN score demonstrate a strong co-

variation with STAT1, but the co-variation of IFN score to increasing STAT1 appeared to 

be weaker. In paired SLE patient visits, decreasing IFN score or STAT1 are 

accompanied by a decrease of the other biomarkers suggesting that STAT1 and IFN-I 

may be driving factors.  

When SLE patient visits are grouped into high and low STAT1, high STAT1 SLE 

patient visits showed significantly higher levels of CCL2 and CXCL10. After grouping by 

high and low STAT1, the high STAT1 patient visits showed a significantly increased 

slope for CCL2/IFN and CXCL10/IFN scores compared to low STAT1 SLE patient visits. 

This enhanced response by CCL2 and CXCL10 to IFN-I in high STAT1 patients may be 

due in part to the role of STAT1  in activation of CCL2 and CXCL10 [198-200]. Hence, 

STAT1 levels appear to be enhancing chemokine response to IFN-I. 

Furthermore, THP1 cells treated with IFNα2, IFNβ, or even LPS demonstrated that 

IFN score, STAT1, CCL2, CXCL10 and miR-146a were up-regulated in a time 

dependent manner. IFNα2 or IFNβ treatment of THP1 cells shows that cells express 
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decreased levels of CCL2 and CXCL10 shortly after reaching their peak expression, 

while LPS treatment displayed a steady increase of CCL2 and CXCL10 with a less rapid 

induction compared to their expression after IFNα2 or IFNβ stimulation. After STAT1 

peak expression in LPS treated THP-1 cells, CCL2 and CXCL10 expression rapidly 

accelerated. On the contrary, IFNα2 and IFNβ treatment of THP1 cells shows that CCL2 

and CXCL10 both started decreasing after reaching their peak expression, while STAT1 

continued to increase with IFNα2 or IFNβ stimulation. These results indicate that CCL2 

and CXCL10 respond differently to TLR4 stimulation compared to IFN signaling. It also 

indicates that CCL2 and CXCL10 response to IFN-I is very rapid but very short 

compared to TLR signaling. Since in the high STAT1 patients, IFN score correlates with 

greater increase of CCL2 and CXCL10 than in low STAT1 patients. The results of TLR-

4 stimulation suggest that at least in the high STAT1 patient population CCL2 and 

CXCL10 are being driven by TLR signaling rather than IFN-I directly since IFN-I 

stimulation caused a rapid increase followed by an equally rapid decrease of CCL2 and 

CXCL10 independent of STAT1 expression. 

It is unclear why STAT1 was elevated to such high levels in some of the SLE 

patients and HD. One possibility may be TLR activation as seen in the LPS stimulations 

but those levels simulated the expression levels seen in the low STAT1 patients. 

Another possibility is the impairment of miR-146a, which is known to target STAT1 

[129]. In the paired SLE patients’ visits, miR-146a might be increased as a response to 

STAT1 increases, but it is unable to downregulate STAT1. One potential reason that 

miR-146a is unable to downregulate STAT1 is due to alternative splicing. STAT1 exists 

as a long form (STAT1a) and short form (STAT1b). According to the TargetScan.com 
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(bioinformatics, miRNA prediction site), STAT1b has a shorter 3’UTR compared to 

STAT1a 3’UTR. The smaller 3’UTR of STAT1b lacks miR-146a binding sites which 

would prevent miR-146a downregulation of STAT1b.  Several HDs also displayed very 

high STAT1 levels, however CCL2 and CXCL10, even though elevated compared to 

low STAT1 HD, were significantly lower than SLE patients. A potential reason may be 

that IFN-I drives CCL2 and CXCL10 expression, and high STAT1 primes the immune 

system to amplify CCL2 and CXCL10 expression when IFN-I is present. Without IFN-I, 

the high STAT1 levels may still prime the immune system but they lack the ignition to 

drive the process forward. The results of this study indicate that STAT1 may be an 

important driver of pathogenesis in SLE, and this needs further analysis in future 

studies. 
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Table 2-1. Demographic data of SLE patients and healthy donors. 
Features  SLE HD1 

Number of cases 103 65 
Number of visits (2 or more) 180 (60) 65 (0) 
Mean age, years (range)  44 (25-68) 33 (19-59) 
Sex (Females/Males/unknown) 90/13/0 31/9/24 
Race (AA/EA/LA/AsA/IrA/unknown)1 35/50/12/3/3/0 10/18/6/3/2/25 
Race by visit (AA/EA/LA/AsA/IrA/unknown)1 64/86/20/7/3/0 10/18/6/3/2/25 
Active/inactive by SLEDAI 49/131 N/A 
Malar Rash 9/94 N/A 
Discoid Lesions 2/101 N/A 
Photosensitivity 8/95 N/A 
Oral Ulcers 7/96 N/A 
Arthritis 17/86 N/A 
Serositis 4/99 N/A 
Pleuritis 5/98 N/A 
Nephritis 49/54 N/A 
Seizures 2/101 N/A 
Psychosis 1/102 N/A 
1 AA, African Americans; AsA, Asian Americans; EA, European Americans; HD, healthy 
donors with no history of autoimmune disease; IrA, interracial Americans; LA, Latino 
Americans; unknown, undisclosed race. 
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Figure 2-1. Correlation of IFN Score, STAT1, ADAR, CCL2, CXCL10, and miR-146a 

levels to SLE disease activity. A-D) IFN Score, STAT1, ADAR, CCL2, and E. 
CXCL10 were significantly elevated in SLE patient visits (active and inactive 
disease activity are indicated as + and - respectively) compared to healthy 
donors (HD). No statistical difference was detected between active and 
inactive SLE for IFN score, ADAR, and CXCL10. F-H) TNFα, pri-miR-146a, 
and miR-146a did not show any significant difference among the groups. 
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Figure 2-2. Correlation of IFN Score, STAT1, ADAR, CCL2, CXCL10, and miR-146a 

levels to anti-dsDNA autoantibodies.  A) SLEDAI scores were significantly 
higher in anti-dsDNA(+) than anti-dsDNA(-) patient visits. B,C) C3 and C4 
were significantly lower in anti-dsDNA(+) patients than anti-dsDNA(-) patients. 
K. SLEDAI scores were significantly higher in anti-dsDNA(+) than anti-
dsDNA(-) patient visits.  D-H) IFN Score, STAT1, ADAR, CCL2, and CXCL10 
were significantly elevated in SLE patient visits compared to HD, but no 
statistical differences were detected between anti-dsDNA(+) and anti-
dsDNA(-) patients for IFN score, ADAR, and CXCL10. I-K) TNFα, pri-miR-
146a, and miR-146a did not show any significant difference among the 
groups.  
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Figure 2-3. Anti-dsDNA level, IFN score, STAT1, CCL2, and CXCL10 in individuals with 

different ethnic background.    A-D) Anti-dsDNA titer was significantly higher 
in SLE patient visits of AA, EA, and LA race compared to HD of the respective 
race . E-L,Q-T) IFN score, STAT1, and CXCL10 were higher (p≤0.040) in AA, 
EA, and AsA patients than HD, while no significant difference was observed 
for LA . M-P) CCL2 was only significantly higher in AA but not in EA, LA, and 
AsA . 
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Figure 2-4. Comparison of SLEDAI, anti-dsDNA titer, IFN score, STAT1, CCL2, and 

CXCL10 in patients with different ethnic background. To examine whether 
difference of race could affect clinical and biomarkers, AA, EA, LA, and AsA 
patient visits were compared to each other. A-F) Overall, AA patient visits 
displayed generally higher SLEDAI, anti-dsDNA titer, IFN score, STAT1, 
CCL2, and CXCL10 than SLE patient visits of any other races. 
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Figure 2-5.  SLE patients with two visits ranked by increasing or decreasing IFN score 

and STAT1. Data from first and second visits for each patient is denoted by 
an individual color line. A) SLE patients ranked by increasing IFN score from 
the first to the second visit showed significant increase in STAT1, CCL2, 
CXCL10, and miR-146a. B) Patients ranked by increasing STAT1 also 
showed significant increase in IFN score, CCL2, CXCL10, and miR-146a. C) 
SLE patients ranked by decreasing IFN score from the first to the second visit 
showed significant decrease only in STAT1 and CXCL10. D) Patients ranked 
by decreasing STAT1 showed significant decrease in IFN score and CXCL10. 
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Figure 2-6.  ADAR, CCL2, and CXCL10 levels correlate with IFN score in both SLE 
patients and healthy donors. A) ADAR, B) CCL2, and C) CXCL10 display 
direct and significant Spearman rank correlation coefficient (ρ) with IFN Score 
for both SLE visits and healthy donors. 
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Figure 2-7.  Bimodal distribution of STAT1 into high and low groups. A) The log10 

transformation of STAT1 shows a bimodal distribution of STAT1 with two 
populations (high and low STAT1 groups) with cut-off at 1.5 Log[relative fold 
change] of STAT1 (Log[STAT1]) for both HD and SLE patient visits.  B) The 
low STAT1 groups displayed significant difference of STAT1 in SLE patient 
visits compared to HD. C) On the other hand, the high STAT1 groups showed 
no significant difference between SLE and HD. D, E) In the low STAT1 group, 
STAT1 levels display a direct correlation to the IFN Score in SLE patient visits 
and healthy donors. 
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Figure 2-8. High levels of CCL2, CXCL10, and miR-146a compared to low STAT1 in 

high STAT1 SLE patients. A-F) IFN score, ADAR, CCL2, CXCL10, pri-miR-
146a, and miR-146a were compared in SLE patient visits and HD which were 
segregated by high and low STAT1 levels demonstrating that high STAT1 
SLE patients expressed higher levels of CCL2, CXCL10, and miR-146a than 
low STAT1 patients. 
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Figure 2-9.  IFN score, CCL2, and CXCL10 in individuals with different ethnic 
background and STAT1 levels.  A-C) IFN score, CCL2, and CXCL10 levels 
were compared segregated based on race and high and low STAT1. A. IFN 
scores were not significantly different between high and low STAT1 groups of 
the same race. In high STAT1 patient visits did not display significant 
differences among the different ethnic groups. There were too few patients in 
AsA high STAT1 group to be included. A) However, in the low STAT1 patient 
visits, IFN scores were higher in AA than EA and LA, EA were higher than LA, 
and LA had the lowest levels. B-C) High STAT1 patient visits displayed higher 
CCL2 and CXCL10 compared to their corresponding low STAT1 groups of 
the same race. Ethnic differences were not observed for AA, EA, and LA in 
the high STAT1 patients; however, in low STAT1 patient visits, similar 
difference appeared to have the same effect on CCL2 and CXCL10 
expression as described above for IFN scores. 
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Figure 2-10.  Effect of high vs low STAT1 expression in ADAR, CCL2, and CXCL10 
correlation with IFN score. A-C)  ADAR, CCL2, and CXCL10 displayed a 
significant linear coefficient of determination (r2) with IFN score for high 
STAT1 (HS, blue, left panels). The low STAT1 (LS, red, left panels) SLE 
patient visits r2 resembled that of the LS HD (black, right panels). B,C) The 
slopes of high STAT1 for CCL2 and CXCL10 were significantly higher than 
those for low STAT1 patient visits (left panels). 
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Figure 2-11.  Ethnicity effect in high and low STAT1 groups. An analysis similar to that 
in Figure 7 was performed, but in addition, patient visits were segregated by 
race and by high and low STAT1. The effects of high and low STAT1 on the 
association of CCL2 and CXCL10 with IFN score did not appear to be 
influenced by A-B) AA, C,D) EA, and E,F) LA ethnicity. 
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Figure 2-12 THP-1 response to IFNα, IFNβ, and LPS over a period of 24 h. THP-1 cells 
were treated with different doses of IFNα, IFNβ, and LPS and lysates were 
harvested at various times from 2 to 24 h for RNA isolation and analyses. 
A,F,K) IFN score and the expression of B,G,L) STAT1, C,H,M) CCL2, D,I,N) 
CXCL10, and E, J,O) miR-146a were evaluated at 0.1 and 1.0 ng/ml of IFNα2 
and IFNβ as well as 1000 ng/ml of LPS. 
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CHAPTER 3 
STAT1 EXPRESSION INDICATIVE OF CCL2 AND CXCL10 RESISTANCE TO 

THERAPEUTIC EFFECTS OF PREDNISONE, MYCOPHENOLATE MOFETIL, AND 
HYDROXYCHLOROQUINE IN SYSTEMIC LUPUS ERYTHEMATOSUS PATIENTS 

Introduction 

Systemic Lupus Erythematosus (SLE) is a systemic autoimmune rheumatic 

disease affecting multiple systems and organs in the body. Several genetic and 

environmental factors have been implicated in SLE etiopathogenesis. Even though type 

I interferon (IFN-I: IFNα and IFNβ) was identified 30 years ago to be elevated in SLE 

patient serum, it is only in recent years their increased expression has been re-

discovered and postulated to play a key role in disease pathogenesis in the majority of 

patients [32-35].  

In addition to IFN-I, STAT1 (signal transducers and activators of transcription 1), 

an interferon inducible gene, is involved in type I, II, and III IFN signaling and is reported 

to be elevated in SLE [170]. Besides STAT1, interferon regulated chemokines also play 

a role in SLE pathogenesis [142]. C-C motif chemokine ligand 2 (CCL2) and C-X-C 

motif chemokine 10 (CXCL10) have been implicated in SLE as good indicators of 

potential flares [141]. The role of CCL2 in diseases such as psoriasis, rheumatoid 

arthritis, and multiple sclerosis has incited additional interest on its role in SLE [156]. 

Both CCL2 and CXCL10 depend upon the Jak/STAT pathway activation for induction by 

interferon [161-163] and these two chemokines were identified as one of the 12 

upregulated proteins in SLE [142]. 

The role of microRNAs (miRNAs) has also been implicated in autoimmunity 

[201,202].  miR-146a was reported to be underexpressed in peripheral blood 

mononuclear cells of Chinese SLE patients [129]. The function of miR-146a is now 
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known to regulate innate immune response and endotoxin tolerance [114,116,118,203]. 

miR-146a has also been reported to be overexpressed in Sjögren’s syndrome [177], 

psoriasis [119,120], and rheumatoid arthritis [121-123].  

Recently, we described high and low STAT1 visits in SLE patients [204]. In the low 

STAT1 population, levels of STAT1 correlated well with IFN score; however in the high 

STAT1 population, they did not. More importantly, high STAT1 patients displayed 

elevated expression of CCL2 and CXCL10, but no significant differences were observed 

for IFN score and TNFα between high and low STAT1. Finally, when the slope of the 

linear regression representing the rate of change of CCL2 or CXCL10 per unit of 

change of IFN score was analyzed, the slopes of CCL2/IFN score and CXCL10/IFN 

score were significantly greater in the high STAT1 patients compared to the low STAT1 

patients indicating that STAT1 potentially enhanced CCL2 and CXCL10 response to 

IFN-I [204].  

The current therapies for SLE primarily aim to relieve symptoms and suppress the 

autoimmune response. Commonly used therapies include prednisone (PDN), 

mycophenolate mofetil (MMF), and hydroxychloroquine (HCQ). PDN is a synthetic 

glucocorticoid that suppresses inflammation by inhibiting NF-кB. It inhibits monocyte 

and neutrophil inflammatory functions as well as B and T cell responses [28]. Synthetic 

glucocorticoid, such as dexamethasone and PDN, can inhibit phosphorylation of STAT1 

and potentially blocks IFN induction by suppressing IFNAR signaling [205]; however it 

has been shown that dexamethasone also upregulates STAT1 transcription. This 

inhibition of STAT1 function while increasing its transcription appears to be 

counterintuitive but may represent a case of cell adapting to compensate for the loss of 
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functional STAT1. Increases in STAT1 levels may lead to undesired consequences 

[206]. MMF is a cytotoxic drug commonly used to prevent organ rejection after 

transplantation and also to treat autoimmune diseases such as SLE. MMF is a 

reversible inhibitor of inosine monophosphate dehydrogenase that blocks the de novo 

synthesis of guanosine nucleotides [25]. The latter is required for growth and 

proliferation of T and B cells, as they lack the scavenger pathway and are unable to 

compensate for the inhibition of de novo synthesis of guanosine. Inhibition of T and B 

cell growth blocks autoimmune response and leads to decrease in autoantibody 

production and T-cell mediated tissue damage. The antimalarial drug HCQ functions by 

increasing the pH of endosomal vesicles. This disrupts antigen processing and inhibiting 

toll-like receptor (TLR) 3, 7, 8, and 9 activity [25-27]; furthermore, HCQ can inhibit 

macrophage production of interleukin-1 and interleukin-6 [25]. Since TLR7/9 have been 

implicated in inciting IFN-I production due to recognition of self RNA/DNA, the blockade 

of these TLR could be attenuating IFN-I production and antigen processing for 

presentation of T cells by antigen presenting cells such as dendritic cells. 

 In this study, we address the effects of commonly used drugs PDN, MMF, and 

HCQ on the expression of various biomarkers, including STAT1, ADAR, CCL2, 

CXCL10, and miR-146a, in our SLE cohort.  

Patients and Methods 

Healthy Donors and SLE patients 

Patient information are as described in accompanied manuscript [204].  In brief, whole 

blood was collected from a total of 103 SLE patients and 65 healthy donors enrolled in 

the University of Florida Center for Autoimmune Diseases registry from 2008-2011. 

Healthy donors were selected based on no history of autoimmune disease, while all 
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SLE patients satisfied the American College of Rheumatology criteria [7]. There were a 

total of 180 SLE visits with sequential samples collected in 60 SLE patients [204]. 

Healthy donors only visited the clinic once; therefore, they represent a single visit. 

Among the total of 180 visits, SLE patients were active in 49 visits according to the 

SLEDAI score >4. All human blood samples were obtained from enrolled individuals 

with the approval of institutional review board at the University of Florida. 

Data Collection 

RNA samples were isolated from peripheral blood leukocytes using Ambion 

LeukoLOCK kit (Ambion, Austin, TX) for each patient visit. LeukoLOCK filters were 

washed twice with 3 ml of PBS and stabilized with 3 ml of RNAlater solution. Stabilized 

filters were stored at -80°C for a minimum of 24 h before collecting total RNA. Total 

RNA including small RNAs was collected using the “Alternative Protocol” (version 0602, 

Ambion) for the extraction of RNA from cells captured on LeukoLOCK filters using TRI 

reagent.  Anti-dsDNA levels, C3 and C4 complement levels, IFN Score, and SLE 

Disease Activity Index (SLEDAI) were obtained as described [204]. 

Data Analysis 

TaqMan realtime PCR assays was used to measure gene expression. The copy 

number of miR-146a was normalized to total loaded RNA whereas mRNA levels were 

normalized to 18S RNA. Copy number of miR-146a was determined using a standard 

curve with synthetic miR-146a (Integrated DNA Technologies Inc., Coralville, IA) [207]. 

Relative expression of mRNA was determined by the ΔΔCT method [184] . SLE patients 

were primarily treated with PDN, MMF, and/or HCQ. Correlations of all therapies during 

each patient visit were analyzed with levels of different SLE biomarkers. No patient in 
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our SLE cohort was treated with Belimumab, a BAFF inhibitor approved by the FDA for 

SLE [31]. 

Analyses were performed using SAS version 9.2 and JMP Genomics version 5 

(SAS, Cary, NC).  Wilcoxon/Kruskal-Wallis test was used to evaluate statistical 

significance between groups. P values less than 0.05 were considered significant. Biplot 

of normal mixtures was used to demonstrate the bimodal nature STAT1 in SLE patient 

and HD visits [208]. Spearman Rho (ρ) coefficient was used to determine monotonic 

associations in the study. Coefficient of determination (r2) was used to determine linear 

correlations. Significance between slopes was evaluated by analysis of covariance 

(ANCOVA). 

Results 

Effects of Therapy on Levels of Biomarkers 

Changes in C3, C4, and anti-dsDNA antibody levels in SLE patient visits, and 

various mRNA biomarkers in peripheral blood leucocytes were examined for possible 

effects of therapy (Figure 3-1). As expected, SLEDAI (Figure 1A) and anti-dsDNA 

autoantibody (Figure 3-11D) levels were significantly lower in treated (Tx) than 

untreated (UTX) patients, while C3 (Figure 3-11B) and C4 (Figure 3-1C) were 

significantly higher in Tx than UTX patients. Overall, anti-dsDNA autoantibody, IFN 

scores, ADAR, STAT1, CCL2, and CXCL10, were significantly lower in healthy donors 

(HD) than either UTX or Tx SLE patient visits (Figure 3-1D-I). However, there were no 

significant differences among the groups for miR-146a (Figure 3-1J) and TNFα (Figure 

3-1L) expression. pri-miR-146a showed significantly higher level only in UTX compared 

to HD. 
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A biplot of STAT1 and the log[STAT1] using the normal mixtures method revealed 

that two groups, the high and low STAT1 populations, in both SLE patients and HD 

(Figure 3-2A,B). Interestingly, while there was no significant difference in STAT1 levels 

between high STAT1 SLE and HD, low STAT1 SLE was significantly higher in STAT1 

than low STAT1 HD (Figure 3-2C). To further elucidate the influence of high and low 

STAT1 populations, UTX and HD from Figure 3-1 were further examined by comparing 

the high (blue) and low (red) STAT1 groups (Figure 3-2D-N). As expected, regardless of 

STAT1 levels, UTX was significantly higher in anti-dsDNA, IFN score, ADAR, CCL2, 

and CXCL10 than HD (Figure 3-2D-F, H,I) while there was no difference in STAT1, 

miR-146a, pri-miR-146a and TNFα (Figure 3-2G,J-N). High STAT1 HD displayed higher 

levels of STAT1, CCL2, and CXCL10 (Figure 3-2G-I) than low STAT1 HD; however for 

the remaining biomarkers, there were no significant differences (Figure 3-2D-F,L-N). 

UTX patient visits were not significantly different by STAT1 levels (Figure 3-2G-D-F,H-

N) with the exception of STAT1 (Figure 3-2G). Due to the lack of significant difference in 

levels of biomarkers between high and low STAT1 UTX patients, UTX were not 

separated in any subsequent analysis.  

Next, various biomarker levels in treated patients with high versus low STAT1 

visits were compared with UTX and HD. Overall two very important outcomes became 

apparent. First, the lack of significant difference between UTX and high STAT1 for 

SLEDAI, IFN score, ADAR, CCL2, and CXCL10 (Figure 3-3A-F, H,I) potentially 

indicating that the pathology of high STAT1 Tx patients resembled that of UTX patients. 

Second, high STAT1 Tx patient visits displayed significantly higher CCL2 and CXCL10 

(Figure 3-3H,I) than low STAT group, which might be indicators of increased 
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pathological activity. miR-146a also showed the same trend however, high STAT1 Tx 

patients have higher levels of miR-146a than UTX (Figure 3-3J). Interestingly, pri-miR-

146a appeared to have an opposite trend (Figure 3-3K). 

Underlying Effects of Individual Therapies 

Since many patients were on more than one medication, we wanted to observe 

the effects of individual drug by simple exclusion of patients not the particular therapy.  

As for PDN (Figure  by excluding patients not receiving PDN from the Tx group, there 

were no statistical significant difference between PDN Tx and UTX with SLEDAI, C3, 

and C4 (Figure 2A-C). However, SLE patients receiving PDN were more likely to be 

inactive (p=0.0071; likelihood ratio: 7.44) than active by SLEDAI score. The remaining 

biomarkers (Figure 3-4D-L) showed similar significant trends as seen in the Tx 

population (Figure 3-1D-L). To appreciate these results, HCQ and MMF were also 

analyzed in the same manner (Figure 3-5,3-6). SLEDAI, C3, and C4 were significantly 

different between HCQ patients and UTX (Figure 3-5A-C); however only SLEDAI and 

C4 were significantly different between MMF and UTX patient visits (Figure 3-6A-C). 

The results for SLEDAI were consistent with SLE patient visits treated with HCQ 

(p=0.0002; likelihood ratio: 13.9) or with MMF (p<0.0001; likelihood ratio: 16.1) were 

more likely to be in inactive states. The remaining biomarkers for HCQ (Figure 3-5D-L) 

and MMF (Figure 3-6D-L) resembled those on the entire population (Figure 3-1D-L) 

reinforcing the hypothesis that the observed differences were results of therapy.  

After establishing the basic role of high and low STAT1, their correlation was further 

explored for each therapy. Beginning with PDN, TNFα was significantly decreased in 

the low STAT1 PDN patient visits relative to UTX and HD; however, high STAT1 PDN 

patient visits were not significantly different (Figure 3-7L). This trend was not observed 
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for either HCQ or MMF patients (Figure 3-8L,3-9L). High and low STAT1 patients under 

PDN therapy (Figure 3-7A-C) did not display any significant differences for SLEDAI, C3, 

and C4 which resembled the earlier results (Figure 3-2A-C). This differed for HCQ and 

MMF where low STAT1 patient visits were significantly lower than UTX patient visits for 

SLEDAI; however higher in C3, and C4 (Figure 3-8A-C,3-9A-C). In PDN, HCQ, and 

MMF patient visits, CCL2 and CXCL10 was significantly elevated in the high STAT1 

population compared to the low STAT1, but significantly different from UTX (Figure 3-

7H,I; 3-8H,I; 3-9H,I). This resembled what was observed earlier in high/low STAT1 Tx 

patients (Figure 3-3H,I)  that high STAT1 patients were shielded from the effects of 

therapy regardless of the therapy used.   

The relationship between miR-146a and pri-miR-146 was particularly revealing 

when the analyses took into account of the difference in high STAT1 versus low STAT1. 

Where miR-146a did not show any significant difference in PDN, HCQ, and MMF 

patient visits (Figure 3-4J,3-5J,3-6J), high versus low STAT1 Tx patient visits as well as 

patients treated with PDN, HCQ, and MMF revealed that high STAT1 patient visits were 

significantly higher in miR-146a than low STAT1 patient visits, UTX, and HD (Figure 3-

7J,3-8J,3-9J). However, the reverse is seen for pri-miR-146a levels were significantly 

lower in high STAT1 patient visits than in low STAT1 patient visits, UTX, and HD for 

high/low STAT1 Tx patient visits (Figure 3-3K) as well as patients treated with PDN, 

HCQ, and MMF (Figure 3-4K,3-5K,3-6K). The reverse trend seen between pri-miR-146a 

and miR-146a was probably due to differences in conversion from primary to mature 

miRNA. 



 

82 

Therapy dosage could vary based on disease manifestation and severity. To 

examine the effects of therapy dosage, the PDN, MMF, and HCQ treated patients were 

separated by dosage (Figure 3-10). Unexpectedly, as dosage increased so did the 

levels of the biomarkers. This might be attributed to the way therapy was administered. 

As patients became more ill or higher active disease activity, prescription of higher 

doses of therapy might be expected. Essentially, therapy dosage might act as a marker 

of disease activity. Interestingly, the high STAT1 patient visits (blue) appeared to show 

higher levels of STAT1, CCL2 and CXCL10 than in low STAT1 patient visits as therapy 

dose increased (Figure 3-10, 3-11).  

Therapeutic Influences on CCL2 and CXCL10 Association with IFN  

The accumulated evidence so far indicated that high levels of STAT1 were 

shielding CCL2 and CXCL10 from the effects of therapy; we tested how STAT1 levels 

affected the association of CCL2 and CXCL10 with IFN score. Since CCL2 and 

CXCL10 are known to be induced by interferon, this would suggest a positive 

covariation where CCL2 and CXCL10 increase as IFN score increases. The slope of 

CCL2/IFN score and CXCL10/IFN score thus represents the association between CCL2 

and CXCL10 with IFN score. By comparing the slope between groups, the effects of 

therapy on the association of CCL2 and CXCL10 with IFN score could be examined. 

For example, when the slope of CCL2/IFN score was greater for UTX than that of a 

particular therapy, it suggested that the decreased association in CCL2/IFN score for 

the treated patients was a result of that particular therapy. 

When the association of CCL2 with IFN score was plotted as shown in Figure 3-

12A, three items were noted. First, both UTX and Tx were monotonic and increased as 

observed from the Spearman rho coefficient (ρ). Second, both UTX and Tx displayed a 
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linear component as described by the coefficient of determination (r2) and UTX has a 

greater linearity than Tx. Third, UTX had a greater slope for CCL2/IFN score than Tx 

potentially indicating that therapy decreased CCL2 responsiveness to IFN-I. In Figure 3-

12B, Tx was segregated into high and low STAT1. Similarly, high STAT1 Tx and low 

STAT1 Tx were monotonic, increasing and linear. High STAT1 Tx displayed a 

significantly higher slope than low STAT1 Tx (Figure 3-12B) and significantly higher 

slope than Tx (Figure 3-12A) indicating that CCL2 responsiveness to IFN-I in high 

STAT1 patients was more similar to that of the UTX patients. Overall similar results 

were observed for PDN, MMF, and HCQ (Figure 3-12C-H). The same analysis was 

performed for CXCL10 (Figure 3-13). The results were similar to those of CCL2 (Figure 

3-12) with the exception for PDN and MMF in the high versus low STAT1 patient visits 

(Figure 3-13D,F). PDN in high STAT1 patient visits was not significantly different than 

low STAT1; in addition, high STAT1 PDN was significantly lower than UTX, PDN which 

might indicate that PDN affected CXCL10 response to IFN-1 (Figure 3-13D). For MMF, 

high STAT1 patient visits had significantly higher slope than low STAT1 patient visits 

(Figure 3-13F); however, high STAT1 MMF was not significantly different in CXCL10 

from MMF patient visits (Figure 3-13E).   

Individual Therapies Effects on CCL2 and CXCL10 

Finally, the effects of all possible therapy combinations (MMF, PDN, HCQ, 

HCQ+MMF, PDN+MMF+HCQ, PDN+MMF, PDN+HCQ, and UTX) on the expression of 

all biomarkers were compared. No significant differences were observed between UTX 

and the various treatments upon IFN score, STAT1, ADAR, pri-miR-146a, and mature 

miR-146a (data not shown). However, CCL2 and CXCL10 displayed significant trends 

(Figure 3-14).  For nearly every treatment, CCL2 was decreased compared to UTX 
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(Figure 3-12A).  In contrast, HD had significantly lower CCL2 levels than HCQ, 

HCQ+MMF, and PDN+MMF while the other therapy groups were not significantly 

different (Figure 3-12A). Lack of significant difference from HD with the added 

significant decrease from UTX patient visits indicated that therapy may be decreasing 

CCL2 to normal levels; however this was not true for high STAT1 patients. High STAT1 

patient visits (blue) were significantly higher in CCL2 than the low STAT1 patients for 

nearly every treatment (Figure 3-12A). The low STAT1 patients appear to be responsive 

to therapy; they were significantly lower than UTX and the majority was not significantly 

different from HD (Figure 3-15A). This was reversed with the high STAT1 patients 

where HD were significantly lower than treated patients and the majority were not 

significantly different from UTX patients (Figure 3-15b). The results for CXCL10 were 

not as consistent as CCL2. UTX patients were significantly higher in CXCL10 than any 

treated patient (Figure 3-14B). Both the treated patient visits, high STAT1 patient visits, 

and the majority low STAT1 patient visits were significantly lower than UTX(Figure 3-

14A,3-16). While the low STAT1 patient visits were significantly lower in CXCL10 than 

UTX, the high STAT1 were not significantly different from UTX (Figure 3-16) potentially 

again indicating that high STAT1 levels shielded CXCL10 from the effects of therapy. 

Discussion 

Our study focused on the analysis of possible effects of therapy on SLE 

biomarkers and their relationship with interferon, CCL2, and CXCL10. Type I IFN and 

interferon signature genes were reported to be elevated both at the mRNA level based 

on data from microarray analyses and even at the protein level in the serum of SLE 

patients [35,54-56]. Not surprisingly, our results reaffirm the elevated expression of 

ADAR, STAT1, CCL2, and CXCL10 in SLE patients [32,33,55,141,142,194]. The 



 

85 

majority of SLE patient visits were receiving therapy at the time of sample collection. 

SLE patient visits using PDN, MMF, and HCQ as well as therapy combinations 

displayed no significant decrease of IFN score, STAT1, ADAR, pri-miR-146a, and 

mature miR-146a.  

PDN is a glucocorticoid that suppresses NF-кB signaling [209]. It is unclear how or 

even if PDN suppresses IFN production. Glucocorticoids have been reported to 

suppress STAT1 phosphorylation (pSTAT1) [205], but depending upon cell type and 

profile, they can also lead to changes in the transcription of STAT1 [206,210]. STAT1 is 

important for CCL2 and CXCL10 induction by interferon [198-200]. Furthermore, the 

decrease in pSTAT1 could explain why CCL2 and CXCL10 decreased in the low STAT1 

patients. The increase in STAT1 expression may be an attempt to compensate for 

decreased pSTAT1 levels and may possibly explain the occurrence of the high STAT1 

patients. This may also be the reason for CCL2 and CXCL10 increase in high STAT1 

patients and why CCL2 and CXCL10 are not as responsive to therapy in the high 

STAT1 patients compared to the low STAT1 patients.  

On the other hand, CCL2 and CXCL10 expression in SLE patients displayed 

significant decrease with therapy. PDN has been previously reported to decrease CCL2 

and CXCL10 expression [211-213]. If PDN reduces pSTAT1 levels, this may explain in 

part the decrease of CCL2 and CXCL10 expression due to the role of STAT1 in 

chemokine signaling [198-200].  In high STAT1 SLE patients, CCL2 and CXCL10 do not 

significantly change from UTX SLE patients, possibly indicating that the elevated levels 

of STAT1 are facilitating pathogenic pattern occurring in the UTX patients. In part, 

STAT1 may be increasing to compensate for inhibition of STAT1 phosphorylation and 
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maintain CCL2 and CXCL10 levels as in the UTX patients. STAT1 has been associated 

with therapy resistance in cancer. STAT1 overexpression protects cancers from DNA 

damaging agents including radiation therapies and chemotherapies in different cancer 

types [135]. Radioresistant nu61 derived from radiosensitve SCC61 tumors displayed 

49 overexpressed genes; of these 49 genes, 31 were ISGs also including STAT1 [136]. 

Furthermore when STAT1 was overexpressed in SCC61 cells, it displayed 

radioresistance [137]. Similarly, human fibroblasts repeatedly exposed to IFN-I 

displayed radio-resistance [138]. In 10 cancer cell lines, STAT1 expression correlated 

with resistance to doxorubicin and topoisomerase-II inhibitors [139]. In addition, 14 

ovarian cancer lines were observed for resistance to platinum compounds where 

STAT1 was associated with resistance to cisplatin and AMD473 [140]. These 

associations between therapy resistance and STAT1 in cancer may explain the 

association of STAT1 levels with higher CCL2 and CXCL10 and the apparent lack of 

therapy sensitivity in high STAT1 patients. 

Increases in CCL2 and CXCL10 have been associated with SLE patients entering 

a state of flare activity [141,142]. We consider reduction of CCL2 and CXCL10 as good 

indicators of successful therapy, while elevation in STAT1 levels may indicate therapy 

resistance. Further work is needed to determine the role that STAT1 plays in therapy, 

but this study gives insight to a potentially new role for STAT1 in SLE. 
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Figure 3-1 The effects of therapies on the levels of various clinical parameters and 
biomarkers in the SLE cohort. A-L). Disease activity, complement levels, anti-
dsDNA antibody levels, IFN Score, ADAR, STAT1, CCL2, CXCL10, miR-
146a, pri-miR-146a, and TNFα in treated (Tx) and untreated (UTX) SLE 
patient visits as well as healthy donors (HD). Average trend lines for high 
STAT1 (blue) and low STAT1 (red) patient visit subsets are shown for 
comparison. All groups were compared among them and only significant p 
values are shown indicating each specific comparison. 
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Figure 3-2 High and low populations of STAT1 in both SLE and healthy donors. A,B) In 
the biplot of STAT1 and the log[STAT1] using the normal mixtures method, 
two populations of STAT1 were observed in HD and SLE patient visits. C) 
Visits with levels above 1.5 log[STAT1] were considered as “high STAT1”, 
which displayed no significant difference between HD and SLE. Visits with 
levels below 1.5 log[STAT1] were classified as “low STAT1”, which showed 
SLE patient visits had significantly higher level than HD. D-N) When analyzing 
different candidate biomarkers, there was no significant difference between 
high and low STAT1 UTX patients, with the exception of STAT1.G-I) 
Comparing high and low STAT1 HD showed significant difference in STAT1, 
CCL2, and CXCL10. D-F,L-N) No significant difference for anti-dsDNA, IFN 
score, ADAR, miR-146a, pri-miR-146a , and TNFα.D-I) Regardless of STAT1 
levels, UTX patients were significantly higher in anti-dsDNA, IFN score, 
ADAR, STAT1, CCL2, CXCL10 than HD. 
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Figure 3-3 Comparison of high and low STAT1 subsets of all treated to untreated SLE 
patient visits. Data from Figure 1 are replotted to examine significant 
differences between the high and low STAT1 subsets. 
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Figure 3-4 The effects of prednisone therapy on levels of the various biomarkers in the 
SLE cohort. Data were analyzed as in Figure 1 except patients not receiving 
prednisone were excluded from the treated patient population. 
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Figure 3-5. The effects of hydroxychloroquine therapy on levels of the various 
biomarkers in the SLE cohort. Data were analyzed as in Figure 1 except 
patients not receiving mycophenolate mofetil were excluded from the treated 
patient population. 
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Figure 3-6. The effects of mycophenolate mofetil therapy on levels of the various 
biomarkers in the SLE cohort. Data were analyzed as in Figure 1 except 
patients not receiving mycophenolate mofetil were excluded from the treated 
patient population. 
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Figure 3-7 Comparison of high and low STAT1 subsets of PDN treated patient visits to 
untreated patient visits. Data from Figure 2 are replotted to examine 
significant differences between the high and low STAT1 subsets. 
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Figure 3-8 Comparison of high and low STAT1 subsets of HCQ treated patient visits to 
untreated patient visits. Data from Figure 3 are replotted to examine 
significant differences between the high and low STAT1 subsets. 
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Figure 3-9 Comparison of high and low STAT1 subsets of MMF treated patient visits to 
untreated patient visits. Data from Figure 4 are replotted to examine 
significant differences between the high and low STAT1 subsets. 
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Figure 3-10. The effects of high and low STAT1 and dosage subsets on expression 
levels of the various biomarkers in the SLE cohort. Effects between doses 
were significant in SLEDAI (A) where SLEDAI scores were higher for PDN 
dose of 20-60 mg/day compared to the 2-18 mg/day dose. 
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Figure 3-11 Comparison of high and low STAT1 subsets segregating into low versus 
high dosing on levels of the various biomarkers in the SLE cohort. Data from 
Figure 5 are replotted to examine significant differences between the high and 
low STAT1 subsets. 
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Figure 3-12. Association between CCL2, IFN score, and therapy. A) The relationship of 
CCL2 versus IFN score presented as a slope was analyzed in untreated 
(UTX, black) and treated SLE patient visits (Tx, green). C,E,G) Similar 
analyses were carried out for PDN-treated, MMF-treated , and HCQ-treated 
patient visits as well as for high STAT1 (blue) and low STAT1 (red) for B) Tx, 
D) PDN-treated, F) MMF-treated, and H) HCQ-treated patient visits.   
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Figure 3-13. Association between CXCL10, IFN score, and therapy. Data were 
analyzed as in Figure 3-12except CCL2 was substituted by CXCL10. 
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Figure 3-14. The effect of combined therapy on the expression of CCL2 and CXCL10 in 
high versus low STAT1 subsets. A) CCL2 levels in HD, UTX, and other 
patient visits under treatment with different combinations of PDN, MMF, and 
HCQ were plotted (black bars). Only significant differences comparing each 
treatment group to either HD or UTX are indicated as black lines with p value 
shown. Data segregating into high STAT1 (blue line) and low STAT1 (red 
line) subsets are also shown and significant. B) CXCL10 data were analyzed 
similarly. 

 

 

Figure 3-15 Separate analyses of high and low STAT1 effects on CCL2 expression in 
various combined therapies. Data from Figure 3-14A are replotted to examine 
significant differences between the high and low STAT1 subsets. 
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Figure 3-16 Separate analyses of high and low STAT1 effects on CXCL10 expression in 
various combined therapies. Data from Figure 3-14B are replotted to examine 
significant differences between the high and low STAT1 subsets. 
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CHAPTER 4 
POSITIVE CORRELATION OF STAT1 AND MIR-146A WITH ANEMIA IN PATIENTS 

WITH SYSTEMIC LUPUS ERYTHEMATOSUS 

Introduction 

Systemic Lupus Erythematosus (SLE) is a chronic systemic autoimmune disease 

with complex clinical manifestations that can affect multiple organs or different organs at 

different periods of activity. Around 50% of SLE patients suffer from anemia [11]. 

Commonly anemia arises from iron deficiency, but several forms of anemia can be 

found in SLE patients, which include anemia of chronic disease, uremic anemia, 

megaloblastic anemia and hemolytic anemia [11]. The most common cause of anemia 

in SLE [11] is anemia of chronic disease, which is result of prolonged inflammation 

leading to the production of hepcidin by the liver [214]. Hepcidin upregulates ferroportin 

causing the sequestration of iron in the bone marrow which leads to impaired 

erythropoiesis. Similarly, uremic anemia is a result of decreased erythropoietin caused 

by accumulation of nitrogenous waste such as urea due to renal failure. Megaloblastic 

anemia is resulted from impaired DNA synthesis due to a deficiency of vitamin B12. 

Hemolytic anemia is caused by the autoantibodies to erythrocytes via complement 

activation and hemolysis.  

Environmental and genetic factors have been implicated in SLE etiopathogenesis. 

Type I interferon (I-IFN) expression has been discovered to play a key role in the 

pathogenesis of SLE [215,216]. Due to the presence of many isoforms of IFNα, one 

common way to evaluate this component is to measure IFN response genes [32,54,55]. 

IFN response genes such as OAS1, MX1, and LY6E can be specific for type I IFN 

signaling, or can respond to multiple types of IFN signaling as STAT1 (signal 

transducers and activators of transcription 1). STAT1 is involved in type I, II, and III IFN 
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signaling and has been observed to be elevated in SLE [170]. In response to type I IFN, 

STAT1 causes interferon receptor (IFNAR) 1 and 2 dimerization, activation and 

phosphorylation of IFNAR by Tyk2 and Jak1, and thus docking and phosphorylation of 

STAT1 and STAT2 (signal transducers and activators of transcription 2) [171]. The 

heterodimer STAT1-STAT2 is then translocated into the nucleus where it can bind 

specific promoters playing a key role in IFN signaling and production [130]. STAT1 is 

also involved in multiple chemokine and cytokine signaling pathways [217,218]. 

Chemokines such as “C-C motif chemokine ligand 2” (CCL2) and “C-X-C motif 

chemokine 10” (CXCL10) have become another important topic of research in SLE in 

recent years [141,142]. CCL2 is a potent recruiter of monocytes, T cells, basophils, and 

dendritic cells to site of infection or tissue damage [170,172]. Roles of CCL2 have been 

implicated in psoriasis, rheumatoid arthritis, and multiple sclerosis [156]. In SLE, CCL2 

was reported to be upregulated in the serum [142]. 

CXCL10, a potent attractor of monocytes, macrophages, T cells, NK cells, and 

dendritic cells to site of tissue damage and infection [157,158], was identified to be 

upregulated in serum of SLE patients [141,142]. Both CCL2 and CXCL10 with CCL19 

were shown to be good indicators of SLE activity [141,142]. 

miR-146a is a small noncoding RNA involved in the regulation of endotoxin 

induced tolerance and cross tolerance [116-118]. miR-146a was reported to be 

underexpressed in PBMCs of Chinese SLE patients resulting in deregulation of STAT1 

and IRF5 that could potentially result to overexpression of IFN [129].   

Our present study observes the interaction among STAT1, CCL2, CXCL10, and 

miR-146a in SLE patients with and without anemia, demonstrating that these 
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biomarkers are overexpressed in anemic SLE patients and that anemia appears to be 

partially dependent on clinical features and lupus nephritis but not with therapy and 

race. This study explores the potential upregulation of STAT1 and miR-146a in SLE and 

the association of anemia with STAT1 and miR-146a.  

Materials and Methods 

Donor and SLE Patient Demographic Data 

All studies have been performed in accordance with the 1964 Declaration of 

Helsinki and its later amendments. All human blood samples were obtained from 

enrolled individuals in the University of Florida Center for Autoimmune Diseases registry 

from 2008-2011 with the approval of institutional review board at the University of 

Florida. Whole blood was collected from a total of 101 SLE patients and 39 healthy 

controls. All persons gave their informed consent prior to their inclusion in the study. 

There were a total of 180 SLE visits including sequential samples collected in 58 SLE 

patients (43 patients with 2 visits, 10 patients with 3 visits, and 5 patients with 4 visits) 

and 41 patients with a single visit. Females to males ratio in SLE were approximately 

6:1 by both individuals (Figure 4-1A) and visits (Figure 4-1B). The ethnic profile of SLE 

patients and healthy controls were segregated into African Americans (AA), Asian 

Americans (AsA), European Americans (EA), Latino Americans (LA), and Multiethnic 

Americans (MA, Figure 4-1C, 2A,B). Average age of SLE patient was 43 year old and 

the average age of HD was 33 years old (Figure 4-1D). SLE patients were active in 

43/180 visits, according to the SLEDAI score greater than 4. SLE patients were 

receiving 0-60 mg/day of prednisone (PDN), 0-400 mg/day of hydroxychloroquine 

(HCQ), and 0-3500 mg/day of mycophenolate mofetil (MMF, Figure 4-2C-E) and many 

of them were on multiple medications (Figure 4-1D).   
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Leukocytes and RNA Purification 

Peripheral blood leukocytes were collected from whole blood using Ambion 

LeukoLOCK kit (Ambion, Austin, TX). LeukoLOCK filters were washed twice with 3 ml of 

PBS and stabilized with 3 ml of RNAlater solution. Stabilized filters were stored at -80°C 

for a minimum of 24 h before collecting total RNA. Total RNA including small RNAs was 

collected using the “Alternative Protocol” (version 0602, Ambion) for the extraction of 

RNA from cells captured on LeukoLOCK filters using TRI reagent. 

MicroRNA and Messenger RNA qRT-PCR 

OAS1, MX1, LY6E, CCL2, CXCL10, and miR-146a levels were analyzed by qRT-

PCR. MiRNA qRT-PCR was performed using the TaqMan MicroRNA Reverse 

Transcription Kit, TaqMan Fast Advance PCR Master Mix, and TaqMan MicroRNA 

primers (Applied Biosystems, Foster City, CA). mRNA qRT-PCR was performed using 

the TaqMan High-Capacity cDNA Reverse Transcription Kit, TaqMan Fast Advance 

PCR Master Mix, and TaqMan mRNA assay primers (Applied Biosystems). All reactions 

were analyzed using StepOne Real-Time PCR System (Applied Biosystems). 

IFN Score and SLE Activity 

The expression of three known type-1 IFN signature genes, MX1, OAS1, and 

LY6E, were z-transformed into Interferon Scores (IFN score) as previously shown 

[32,180]. The SLE Disease Activity Index (SLEDAI) was used to classify patients into 

active or inactive at the time of the visit. SLE patients with a SLEDAI greater than 4 

were considered active and patients with SLEDAI of 4 or less were considered to be 

inactive. 
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Anemia 

Anemia was defined by hemoglobulin level <12 gm/dl for women and <13 gm/dl 

for men. Evaluation of anemia for a few pregnant patients was excluded. Twelve 

patients displayed a change in anemia status between visits. Only one patient of the 51 

anemic patients was diagnosed to have hemolytic anemia.  

Data Analysis 

The copy number of miR-146a was normalized to total RNA loaded whereas 

mRNA levels were normalized to 18S RNA. Copy number of miR-146a was determined 

using a standard curve with synthetic miR-146a (Integrated DNA Technologies Inc., 

Coralville, IA). Relative expression of mRNA was determined by the ΔΔCT method [184] 

where the cycle threshold (CT) values, corresponding to the PCR cycle number at which 

fluorescence emission reaches a threshold above baseline emission, were determined 

for the miRNA or mRNA expression relative to untreated controls. Analyses were 

performed using SAS version 9.2 and JMP Genomics version 5 (SAS, Cary, NC).  

Wilcoxon/Kruskal-Wallis test was used to evaluate significance between groups.  

Wilcoxon Signed Rank test for matched pairs was used to evaluate SLE patients with 

two visits. Fisher’s Exact Test was used to determine significance between groups in 

contingency tables. Data from patients with two visits showing changes in their anemia 

status from one visit to next were compared using paired t test. P values less than 0.05 

were considered significant. 

Results 

Anemia and SLE Biomarkers  

The SLE cohort was segregated into patient visits that were clinically diagnosed 

with anemia (n=52, 28%) and without anemia (n=128, 72%) according to medical 
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records. The IFN scores in anemic SLE patients were elevated compared to non-

anemic SLE patients (p<0.0001) and healthy donors (HD, p<0.0001, Figure 4-3A). Also 

the IFN score of non-anemic SLE patients was higher than HD (p=0.017). Similarly, 

STAT1 (Figure 4.3B), CCL2 (Figure 4-3C), CXCL10 (Figure 4-3D), and miR-146a 

(Figure 4-3E) were significantly elevated in anemic compared to non-anemic SLE 

patients and HD. In addition, STAT1 (p<0.0001), CCL2 (P<0.0001), and CXCL10 

(p<0.0001, Figure 4-3B-D) were elevated in non-anemic patients compared to HD. In 

contrast, primary microRNA-146a (pri-miR-146a) was higher in non-anemic than anemic 

SLE patients and HD (Figure 4-3F). Primary miRNA is converted into the precursor 

miRNA and finally to the mature miRNA. The reverse in expression of pri-miR-146a vs 

miR-146a may be indicative of problems in pri-miR-146a being converted to mature 

miR-146a in SLE patients. Expression of TNFα, which is not an accepted biomarker for 

SLE, was not significantly different among all the groups (data not shown).  

To rule out any potential bias in the contribution of patients with multiple visits, 

miR-146a and STAT1 data using only a single visit per patient were also analyzed 

(Figure 4-4). When data from the first visit of patients with multiple visits were selected 

along with patients with only a single visit, miR-146a, STAT, and SLEDAI were 

significantly elevated in anemic patients compared to non-anemic patients (Figure 4-4A-

C). Similarly, when data from only the second visits were selected instead of the first 

visit, miR-146a, STAT, and SLEDAI were also significantly elevated in anemic patients 

compared to non-anemic patients (Figure 4-4D-F). Finally, when data from visits that 

were anemic were selected over non-anemic in the multiple-visit patients to enrich the 

population for anemia, as seen before, miR-146a, STAT, and SLEDAI were significantly 
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elevated in anemic patients compared to non-anemic patients (Figure 4-4G-I). These 

results demonstrated that considering visits rather than individual patients did not affect 

the observed outcome for anemia. To further understand the effects of anemia, there 

were twelve patients with two visits showing changes in anemia status from one visit to 

the next were further analyzed (Figure 4-5). Anemic patients displayed significant 

increase in miR-146a and STAT1 compared to the visits that they were not anemic 

(Figure 4-5A,B); however, IFN score, CCL2, CXCL10, and SLEDAI did not display 

significant change (data not shown). To our knowledge, the observation that these 

biomarkers are significantly elevated in anemic compared to non-anemic SLE patients 

is a novel finding.  

Relationship of Anemia and SLEDAI 

To examine whether anemia has any relationship with SLE disease activity, 

patient’s visits with and without anemia were compared to visits with 43 active and 135 

inactive SLEDAI statuses of the patients. Active SLE patients were more likely to be 

anemic than non-anemic (anemia (-), likelihood ratio: 5.0, Fisher exact test: p=0.020, 

Figure 4-6A).Additionally anemic SLE patients displayed higher SLEDAI scores than 

non-anemic SLE patients (p=0.0028, Figure 4-6 B).  

To further investigate the interplay between anemia and SLEDAI, the expression 

of IFN score, STAT1, CCL2, CXCL10, miR-146a, and pri-miR-146a was analyzed in 

patients classified into 4 groups by a combination of anemia and SLE activity (SLEDAI 

>4 for SLEDAI active and SLEDAI ≤4 for SLEDAI inactive, Figure 4-6 C-H). In inactive 

SLE visits, IFN score was higher in anemic compared to non-anemic patients (p=0.021) 

while no other groups displayed significant differences (Figure 4-6 C). CCL2 was higher 

in anemic active and inactive SLE (p<0.031) compared to non-anemic inactive SLE 
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visits (Figure 4-6 E). Also, CXCL10 was elevated in anemic inactive SLE compared to 

non-anemic active and inactive SLE visits (p<0.026, Figure 4-6 F). In contrast, STAT1 

was significantly higher in anemic compared to non-anemic patient visits (p<0.025) 

regardless of active or inactive status (Figure 4-6 D). Similarly, miR-146a was 

significantly higher in the anemic SLE compared to non-anemic SLE patient visits 

(p<0.045), regardless of active or inactive status (Figure 4-6 G). Pri-miR-146a was 

significantly lower in anemic active SLE compared to non-anemic active and inactive 

SLE patient visits; in addition, anemic inactive SLE displayed significantly lower pri-miR-

146a than non-anemic active SLE patient visits (Figure 4-6 H). Even when excluding 

multiple visits, similar results were observed for miR-146a and STAT1 (Figure 4-7 5). In 

summary, SLE disease activity and anemia are related; STAT1 and miR-146a were 

exclusively elevated in anemic patients regardless of SLE disease activity.  

Relationship of Anemia and Lupus Nephritis  

Lupus nephritis (LN) is one of the most serious pathological manifestations in SLE. 

Additionally, anemia has been shown to be associated with LN as to be a good 

predicting factor for a nephritis flare [219,220]. To examine the link between anemia and 

LN similar analysis was performed as above. It was not surprising to observe that LN 

patients were more likely to be anemic than non-anemic also in our cohort (likelihood 

ratio: 5.0, Fisher exact test: p=0.024, Figure 4-8A). To further analyze the etiological 

association between anemia and LN, SLEDAI, IFN score, STAT1, CCL2, CXCL10, miR-

146a, and pri-miR-146a expression were compared (Figure 4-8B-H). SLEDAI scores 

were higher in anemic patients with LN than non-anemic SLE patients with (p=0.011) or 

without LN (p=0.028, Figure 4-8B). IFN score was higher in anemic SLE patients 

without LN compared to non-anemic patients with (p=0.0021) or without LN (p=0.049) 
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and also in anemic LN patients compared to non-anemic LN patients (p=0.040, Figure 

4-8C). STAT1 was elevated in anemic patients compared to non-anemic patients 

regardless of LN (p<0.025, Figure 4-8D). CCL2 was elevated in anemic LN patients 

compared to non-anemic SLE patients with (p=0.013) or without LN (p=0.037, Figure 4-

8E). CXCL10 was significantly elevated in anemic LN patients compared to non-anemic 

LN patients (p=0.024), but no other group was significantly different (Figure 4-8F). miR-

146a was higher in anemic patients compared to non-anemic patients regardless of LN 

(Figure 4-8G). Finally, pri-miR-146a was lower in anemic LN patients compared to LN 

patients with (p=0.012) or without anemia (p=0.0002, Figure 4-8H). Additionally, pri-

miR-146a was elevated in non-anemic non-LN patients compared to non-anemic LN 

patients (p=0.014, Figure 4-8H). Similar to what was observed for the analysis of 

anemia and SLEDAI (Figure 4-6), the results shown in Figure 4-8 indicate a link 

between anemia and LN; STAT1 and miR-146a specifically elevated in anemic patients 

regardless of LN.  

Relationship of Anemia and Race 

African Americans (AA) and European Americans (EA) were selected since they 

were the majority of SLE patients (Figure 4-2A). Additionally, AA were significantly more 

likely to be anemic than EA (likelihood ratio: 8.5, p=0.0032, Figure 4-9A).  

AA and EA were separated to compare anemic and non-anemic patients. In AA 

patients, STAT1 (p=0.020) and miR-146a (p=0.019) were elevated in anemic SLE 

patients compared to non-anemic patients, while pri-miR-146a was decreased 

(p=0.018) in anemic patients (Fig. 4A, D, E). Similar results were observed in EA 

patients for STAT1 (p=0.0065), miR-146a (p=0.0099), and pri-miR-146a (p=0.0077, Fig. 
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4G, J, K); in addition, CCL2 (p=0.021) and SLEDAI (p=0.021) were elevated in anemic 

patients (Figure 4-10H, L). 

By segregating our cohort into anemic and non-anemic SLE patients, AA and EA 

were compared. In non-anemic SLE patients, AA expressed significantly elevated IFN 

score (p=0.0012), STAT1 (p=0.0038), CCL2 (p=0.0001), CXCL10 (p=0.0022), and 

SLEDAI (p=0.032) but decreased miR-146a (p=0.029) compared to EA patients (Figure 

4-11A-E, G), but in anemic SLE patients there were no significant differences between 

AA and EA patients (Figure 4-11H-N). Thus, while race plays a role in the expression of 

SLE biomarkers in non-anemic patients, it does not appear to play a significant role in 

SLE patients with anemia. 

Effects of Therapy on Anemia 

The majority of SLE patients were receiving therapy in the form of PDN, HCQ, and 

MMF (Figure 4-2C-E). PDN is a glucocorticoid that suppresses inflammation by blocking 

NF-кB. SLE patients receiving PDN (PDN+) were more likely to be anemic than non-

anemic (likelihood ratio: 9.8, p=0.0015, Figure 4-9B). HCQ is an antimalarial drug that 

increases the pH of the endosomal vesicles interrupting antigen processing and the 

function of TLR3, 7, 8, and 9 as well as inhibiting production of interleukin-1 and -6 by 

macrophages [25-27]. MMF is an immunosuppressant that affects T and B cell growth 

by inhibiting inosine monophosphate dehydrogenase, which is critical enzyme for de 

novo synthesis of guanosine nucleotides [25].  

PDN treated anemic patients displayed higher STAT1 (p=0.025), miR-146a 

(p=0.023), and SLEDAI (p=0.020) but lower pri-miR-146 (p=0.013) than non-anemic 

SLE patients (Figure 4-12A, D-F). In MMF treated SLE patients, anemic patients 

displayed elevated STAT1 (p=0.0002), CCL2 (p=0.0089), CXCL10 (p=0.0029), and 
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miR-146a (p=0.048) but decreased pri-miR-146a (p=0.033) compared to non-anemic 

patients (Figure 4-12G-K). HCQ treated patients displayed similar results as those seen 

in MMF, with the exception of CXCL10 (Figure 4-12M-R). When patients instead of 

visits were analyzed, PDN, MMF, and HCQ were pooled into treated (Tx) grouping.  

Anemic Tx patients displayed significantly higher miR-146a and STAT1 than non-

anemic Tx patients; however anemic untreated (UTX) patients were not significantly 

different from non-anemic UTX patients (Figure 4-13). The lack of statistical significance 

for UTX may be due to the small sample size. However, these results indicated that in 

anemic SLE patients the expression of STAT1 and miR-146a was consistently higher 

than in non-anemic patients and this was not significantly affected by the most common 

therapies for SLE.  

Discussion 

In this study, expression of previously identified SLE biomarkers was examined 

and correlated with demographic and clinical parameters. Anemic SLE patients 

displayed significantly higher levels of these biomarkers vs. non-anemic patients, 

particularly STAT1 and miR-146a, independent of disease activity and association with 

LN. In general, anemia is also considered as a good predictor of SLE flares [221]. 

Anemia can lead to reduced levels of oxygen even resulting in hypoxia in organs [222]. 

Low oxygen conditions associated with anemia can promote neutrophils, monocytes, 

and macrophage survival [223,224], macrophages and dendritic cell pro-inflammatory 

response, and direct activation of monocytes [225-227]. Pro-inflammatory transcription 

factors such as NF-кB, Ets-1, C/EBPα/β, and AP-1 are activated in hypoxic conditions 

[225,226]. Since a link exists between hypoxia, anemia, and inflammation via hepcidin 

[228], it is possible that hypoxia and anemia act as factors that modulate the immune 
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response to enhance inflammation to expedite the clearance of foreign pathogens. Our 

study shows that anemic SLE patients display significantly higher IFN score, STAT1, 

CCL2, CXCL10 and miR-146a levels in anemic patients than non-anemic patients and 

HD. Active SLE patients with LN displayed significantly elevated STAT1 and miR-146a 

exclusively in those with anemia.  Even the role of race did not influence the effects of 

anemia on STAT1 and miR-146a observed in this study. 

In a study using zebra fish models for hematopoiesis, STAT1 was required for 

hematopoiesis and its increase was associated with increase in myeloid lineage but 

decrease in erythroid lineage [229]. In both humans and mice, hepcidin is primarily 

produced by the liver in response to IL-6 [214] but has also been shown to be produced 

in mouse macrophage cell line RAW264.7 when treated with IFNβ or IFNγ [230]. STAT1 

as well as C/EBPβ were shown to be required for hepcidin induction in the RAW264.7 

[230] which may indicate that macrophages contribute to anemia via production of 

hepcidin by IFN stimulation. 

The present study shows that miR-146a can be considered as another biomarker 

consistently elevated in anemic SLE patients. In addition, miR-146a is transcriptionally 

regulated by NF-кB, Ets-1, and PU.1 [114,195,231]. In zebra fish, transcriptional 

regulation of miR-146a by PU.1 has been shown to be critical for macrophage 

development and hematopoiesis and loss of miR-146 led to a loss of macrophages 

[232]. In mice where miR-146a was overexpressed, erythropoiesis and bone marrow 

reconstitution capacity decreased [233]. Activation of NF-кB and Ets-1 under hypoxic 

conditions [225,226,234], may in part explain why miR-146a levels are elevated in 

anemic SLE patients, but it is unclear why elevated levels of miR-146a are not 
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decreasing levels of IFN in SLE. TRAF6 and IRAK1/2 are known targets of miR-146a, 

they are critical for TNFα induction but may not be critical players in the pathogenesis of 

SLE as described in rheumatoid arthritis patients [118,122]. miR-146a has been 

reported to target STAT1, but miR-146a was also shown to be reduced in SLE patients 

in the same study which is not the case in our study and may be due to differences 

between ethnic groups and differences between PBMCs vs mononuclear cells [129]. In 

SLE patients, there may be a loss of function of miR-146a that becomes unable to 

regulate STAT1. Furthermore, STAT1 has two isoforms (STAT1a and STAT1b). 

STAT1a is the long isoform which according to Targetscan is predicted to be targeted 

by miR-146a while the short form STAT1b is not predicted to be regulated by miR-146a. 

STAT1b is the same isoform that was shown to decrease erythropoiesis in zebra fish 

[229]. The elevated expression of STAT1 and miR-146a in anemia represents a novel 

observation in SLE that requires further investigation.   

 

 



 

115 

 

Figure 4-1.  Gender and Therapy by visits. A,B) The composition of gender by individual 
and by visit were plotted for both HD and SLE patients. C) Similarly, the 
ethnic composition of both HD and SLE patient were plotted by visit. D) The 
therapy regimen per visit were plotted. E) SLE patients were significantly 
older than the HD. 
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Figure 4-2. Demographic data of SLE patients and healthy donors.  A,B) Patients and 
healthy donors were composed of African Americans (AA), Asian Americans 
(AsA), European Americans (EA), Latin Americans (LA), and Multiethnic 
Americans (MA). C) Of the 78 patients receiving prednisone (PDN), the 
median dose was 12.5 mg/day and 102 patients did not receive any PDN. D) 
For (E), For hydroxychloroquine (HCQ), 124 patients were receiving a median 
dose of 400 mg.day and 56 patients were not receiving any HCQ. E) For 
mycopheloate moefetil (MMF), 71 patients were receiving a median dose of 
3000 mg/day and 109 patients were not receiving MMF. 
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Figure 4-3.  Relationship between anemia and biomarker expression in SLE. A-D) IFN 
score, STAT1, CCL2 and CXCL10 in both SLE patients with and without 
anemia displayed significantly higher expression than in healthy donors (HD), 
and they were also significantly higher in SLE patients with than without 
anemia. E) miR-146a in anemic SLE patients is significantly higher than in 
non-anemic SLE patients and HD. F) pri-miR-146a is significantly higher in 
non-anemic SLE patients than in anemic SLE patients and HD. 
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Figure 4-4. The relationships of miR-146a, STAT1, and SLEDAI in non-anemic versus 
anemic patients were essentially unchanged considering different methods of 
selecting only a single visit for patients with multiple visits. A-C) Data from the 
first visit of the 58 patients with multiple visits were analyzed together with the 
43 patients with single visits. D-F) Similar to the above except the data from 
first visit was substituted by data from the second visit of the 59 patients with 
multiple visits. G-I) For the 58 patients with multiple visits, data from visits 
positive for anemia were selected for analysis. Nonanemic patients that 
remained nonanemic from one visit to the next did not show significant 
change in miR-146a and STAT1.   
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Figure 4-5. Changes of anemia status were correlated with miR-146a and STAT1 
mRNA levels. Twelve patients with two visits where their anemia status 
changed from non-anemic to anemic were compared with paired t test. A,B) 
Both miR-146a and STAT1 displayed significant increase when the patients 
changed from non-anemic to anemic status. 
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Figure 4-6.  Differential expression of IFN score, STAT1, CCL2, CXCL10, miR-146a, 
and pri-miR-146a in active versus inactive patients with anemia. A) A 
contingency plot to compare active and inactive patients against anemic and 
non-anemic patients revealed that anemic patients were more likely 
(likelihood ratio: 5.0) to be active patients. B) SLEDAI scores were 
significantly elevated in anemic  patients. C) Anemic inactive patients 
displayed significantly higher IFN score compared to inactive non-anemic 
patients. D) Anemic patients display higher STAT1 scores compared to non-
anemic patients regardless of SLEDAI. E) For CCL2 expression, anemic 
active and inactive patients were higher than non-anemic inactive patients. F) 
CXCL10 was higher in anemic inactive patients compared to non-anemic 
active and inactive patients. G) miR-146a was higher in anemic patients 
compared to non-anemic SLE patients, regardless of SLEDAI status. H) Pri-
miR-146a was higher in non-anemic active SLE patients compared to anemic 
active and inactive patients. Non-anemic inactive SLE patients also displayed 
higher pri-miR-146a than anemic active SLE patients. 
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Figure 4-7. The relationships of miR-146a and STAT1 versus SLEDAI and anemia. 
miR-146a and STAT1 were analyzed with data from one visit for each patient 
and of those with multiple visits only anemia-positive visits were included. A) 
Only anemic inactive patients displayed significantly higher miR-146a than 
non-anemic inactive patients. B) STAT1 was significantly lower in healthy 
controls than any of the four groups of patients. In addition, non-anemic 
inactive patients were lower than anemic active and anemic inactive patients. 
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Figure 4-8.  The interactions of anemia and lupus nephritis on SLE biomarkers. A) A 
contingency plot to compare patients with and without lupus nephritis (LN) 
against anemic and non-anemic SLE patients revealed that anemic patients 
were more likely to have LN. B) SLEDAI scores were elevated in anemic LN 
patients compared to non-anemic SLE patients with and without LN. C) IFN 
score was higher in anemic patients without LN compared to non-anemic 
patients with or without LN. IFN scores in anemic LN patients were 
significantly higher than non-anemic LN patients. D) Anemic patients display 
higher STAT1 levels compared to non-anemic patients with or without LN. E) 
Anemic LN patients expressed higher CCL2 than non-anemic patients with or 
without LN. F) CXCL10 was higher in anemic LN patients compared to non-
anemic patients without LN. G) miR-146a was higher in anemic patients 
compared to non-anemic patients regardless of LN. H) Pri-miR-146a was 
higher in non-anemic patients without LN compared to non-anemic LN and 
anemic patients without LN. Anemic patients without LN also displayed a 
higher pri-miR-146a level than anemic patients with LN. 
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Figure 4-9.  African Americans SLE patients were more likely anemic and SLE patients 
with anemia were more likely under prednisone therapy.  A) A contingency 
plot of African Americans (AA) and European Americans (EA) to compare 
anemic and non-anemic SLE patients showed that anemic patients are more 
likely to be AA than EA. B) A contingency plot of patients receiving and not 
receiving PDN showed that anemic patients were more likely to be receiving 
PDN than non-anemic patients.  
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Figure 4-10.  The relationship of race and anemia on STAT1, CCL2, CXCL10, miR-
146a, and pri-miR-146a. A,D,E) Anemic African American (AA) SLE patients 
displayed significantly higher STAT1 and miR-146a levels compared to non-
anemic SLE patients, but pri-miR-146a was elevated in non-anemic 
compared to the anemic patients. B,C,F) CCL2, CXCL10, and SLEDAI were 
not significantly different between anemic and non-anemic AA patients. 
G,H,J-L) European American SLE patients (EA) display significantly higher 
STAT1, CCL2, miR-146a, and SLEDAI in anemic cases, but the reverse was 
observed for pri-miR-146a. C,I) CXCL10 was not significantly different 
between anemic and non-anemic for either AA or EA. 
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Figure 4-11.  IFN score, STAT1, CCL2, CXCL10, miR-146a, and pri-miR-146a 
expression in African American vs European American SLE patients with and 
without anemia. A-E,G) In non-anemic SLE patients, African Americans (AA) 
display significantly higher IFN score, STAT1, CCL2, CXCL10, miR-146a, and 
SLEDAI score than European Americans (EA). F) No significant difference 
was observed for pri-miR-146a between non-anemic AA and EA. H-N) In 
anemic SLE patients no significant differences were observed between AA 
and EA for all biomarkers examined. 
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Figure 4-12.  STAT1, CCL2, CXCL10, miR-146a, and pri-miR-146a in anemic vs non-
anemic SLE patients on different treatment. In PDN, MMF, and HCQ 
treatments, levels of STAT1 (A,G,H)  and miR-146a (D,J,P) were significantly 
elevated in anemic compared to non-anemic SLE patients, but pri-miR-146a 
(E,K,Q) was significantly decreased in anemic versus non-anemic SLE 
patients. CCL2 and CXCL10 were not significantly different in patients treated 
with PDN (B,C), but were significantly elevated in anemic patient receiving 
MMF (H,I), and only CCL2 was elevated in HCQ (N). SLEDAI scores were 
significantly higher in PDN (F) patients with anemia but no significant 
difference was observed for MMF (L) and HCQ (R) treated patients.  
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Figure 4-13. The relationships of miR-146a and STAT1 versus anemia and therapy 
were analyzed including only data from one visit for each patient and of those 
with multiple visits only anemia-positive visits were included. A,B) SLE 
patients were separated into treated (Tx) and untreated (UTX) patients with 
and without anemia. Only anemic Tx patients displayed significantly higher 
miR-146a and STAT1 than non-anemic Tx patients. 

 

 

 

  



 

128 

CHAPTER 5 
DISCUSSION AND FUTURE DIRECTIONS 

Although environmental and genetic factors have been implicated in SLE, the 

precise etiology remains an unknown. Currently, both the adaptive and innate immunity 

are believed to play a role in the autoimmune condition. This now spans from 

abnormalities of B and T lymphocytes to the involvement of TLRs and IFN-I in SLE. 

The work presented in the previous chapters exploit the interconnectivity among 

IFN-I, STAT1, CCL2, and CXCL10 as well as miR-146a. Though the adaptive and 

innate immunity are looked at as separate paradigms, the reality is that they are heavily 

interconnected. STAT1 plays a key role in how IFN-I upregulates CCL2 and CXCL10. 

STAT1 also plays a role on how therapy affects CCL2 and CXCL10 expression. Finally, 

STAT1 and miR-146a seem to work together in anemia in SLE. In spite of these nover 

High and Low STAT Populations 

For the validation of relatively newer biomarkers in our patient cohort, the focus 

was on IFN score, STAT1, ADAR, CCL2, CXCL10, and miR-146a compared to 

established clinical markers, including SLEDAI, anti-dsDNA, C3, and C4. Our results 

show that IFN score, ADAR, STAT1, CCL2, and CXCL10 levels were significantly 

elevated in the SLE patients as compared to healthy donors. This is consistent with the 

current literature that many of these biomarkers are upregulated in SLE 

[32,33,55,141,142,194]. However, STAT1 displayed unique property not previously 

described in the literature where two populations of STAT1 exist. The high STAT1 

population of patients displayed higher levels of CCL2 and CXCL10 as well as 

decreased response to therapy.  Furthermore, THP1 cells treated with IFNα or IFNβ 
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reaffirm the finding in patients that interferon induces upregulation of STAT1, CCL2 and 

CXCL10 comparable to those found in low STAT1 patients   

 However, STAT1 appeared to be more intriguing than the other markers due to 

the capacity to stratify patients and healthy donors into the two high and low STAT1 

populations based upon their expression of STAT1. The population of STAT1 that 

proximate what would be considered as near normal levels which we refer to as low 

STAT1, and population that is 10 to 100 fold higher which we refer to as high STAT1 

population. The discovery of these two populations of STAT1 evolved from attempting 

to explain why STAT1 was not correlating with IFN score in a linear manner. One 

possible explanation was that STAT1 did not exhibit a Gaussian distribution and was 

skewed causing a nonlinear or even non-monotonic relationship between STAT1 and 

IFN score. Indeed, the distribution appeared to be heavily skewed, but the distribution of 

the log[STAT1] revealed possibly two populations of STAT1, and further confirmed by k-

clustering. The low population of STAT1 maintained a linear relationship with IFN score; 

however, the high STAT1 population demonstrated a non-monotonic relationship which 

displayed no co-variation with IFN score.  

 The high STAT1 population displayed several interesting features. High STAT1 

in both HD and SLE expressed higher levels of ADAR, CCL2 and CXCL10 compared to 

their respective low STAT1 HD and SLE. In the SLE patients, the high STAT1 patients 

appear to express more CCL2 and CXCL10 per change of IFN score compared to the 

low STAT1 patients. This phenomenon was observed by comparing the means of the 

slopes between high and low STAT1 CCL2 as well as CXCL10. Whether a direct or 

indirect effect of STAT1, it is not possible to say unless protein levels of STAT1 and 
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pSTAT1 were measured and correlated to expression levels of CCL2 as well as 

CXCL10; even then, it may not be totally conclusive. Even the association between IFN 

score with CCL2 and CXCL10 may not be a direct effect since both of these 

chemokines can be activated via NF-kB as well as others. However, there is some sort 

of relationship with increased STAT1 levels which do not correlates with IFN score, but 

somehow enhance the relationship between IFN score and CCL2 as well as CXCL10.  

 More puzzling than the relationship among STAT1, CCL2, CXCL10, and IFN 

score, is why STAT1 was elevated in some of the patients. From the data of the paired, 

STAT1 can be observed going from high to low from one visit to the next. Most likely, 

this high STAT1 is not from some allele defect. One short coming that may be 

considered is that the total blood lymphocytes were collected. For instance, it is 

common for neutrophils population to expand in SLE patients. The high levels of STAT1 

could be an anomaly due to a change in cell population. This may be true, but since the 

high STAT1levels were also observed in healthy donors who are known not to have any 

autoimmune disorder due to screening, the change in cell population would seem very 

unlikely to also occur in healthy individuals. High STAT1 levels did not seem to be race 

dependent. What drives STAT1 levels to such extremely high levels is unclear but 

appear to influence CCL2 and CXCL10 expression. CCL2 and CXCL10 with elevated in 

high STAT1 patients; furthermore, both were also elevated in the high STAT1 healthy 

donors. It is unclear why STAT1 was elevated in the healthy donors even though their 

IFN score were in the normal range, but it appears that this elevated STAT1 may on its 

own not be pathogenic. However in the presence of IFN-I, CCL2 and CXCL10 

enhanced co-variation with IFN score in high STAT1 patients than in low STAT1 
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patients. We hypothesize that high STAT1 may enhance CCL2 and CXCL10 response 

to IFN-1 and may act as indicator of increased activity. In addition STAT1, may play a 

role in how patients respond to therapy. 

High STAT1 Negates Therapy 

 STAT1 levels appear to play a role in how therapy affects CCL2 and CXCL10 

levels. CCL2 and CXCL10 were decreased in treated patients compared to untreated 

patients. When the treated patients were separated into high and low STAT1 patients, 

CCL2 and CXCL10 were significantly higher in the high STAT1 patients compared to 

the low STAT1 patients. When untreated patients were separated in to high and low 

STAT1, there was no significant difference in CCL2 and CXCL10 levels. CCL2 and 

CXCL10 were higher in the high STAT1 healthy donors than the low STAT1 healthy 

donors; however, the high STAT1 healthy donors are still lower than the low STAT1 

SLE patients. This most likely indicates that there is some sort of mechanism in healthy 

donors that inhibits CCL2 and CXCL10 to increase out of control. The missing factor 

may be interferon. Since the healthy donors display normal levels of interferon, CCL2 

and CXCL10 are not upregulated, but in patients, CCL2 and CXCL10 continue to climb 

in response to interferon and more so in the patients that have high levels of STAT1. 

 This was observed when the slopes of CCL2/IFN score and CXCL10/IFN score 

were compared. In CCL2 and CXCL10, the slope of high STAT1 treated patients 

resembled that of the untreated patients while the low STAT1 slopes of the treated 

where much lower. This leads to the interesting possibility that high STAT1 patients are 

not affected as much by therapy due to how they resemble untreated patients.  Could 

high STAT1 levels indicate how well a patient will respond to therapy? When 

considering the results of the therapy dose, something somewhat unexpected occurs. If 
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dose increases, we would expect the expression of CCL2 and CXCL10 to decrease or 

at least stay the same; however, this is not what happens. As dose increases, CCL2 

and CXCL10 appear to increase as well. The reason is that higher doses of therapy are 

prescribed to patients who are severely ill. The more ill the patient, the higher the dose 

and possibly more medications are given. Indicating that dose was an indicator of 

disease activity. It is interesting to see the trends of the low and high STAT1 patients by 

dose. It appears that the high STAT1 patients express more CCL2 and CXCL10 as the 

dose of the therapies increase; however, the low STAT1 patients do not change as 

much. This may indicate that high STAT1 may be indicator of increased activity or 

prelude to increase activity in patients. In either case, high levels of STAT1 appear to 

facilitate CCL2 and CXCL10 upregulation; therefore, circumventing the effects of 

therapy. How STAT1 circumvents CCL2 and CXCL10 being downregulated by therapy 

is unclear. It is possible that the high levels of STAT1 enhance interferon's upregulation 

of CCL2 and CXCL10 that the therapy is unable to compensate and which leads to 

increase of dosage in response of the patient becoming more ill.  

STAT1 and MicroRNA-146a Promote Anemia 

 One symptom of increased or prolonged activity of SLE is anemia. Anemia 

comes in many flavors ranging for hemolytic anemia to therapy induced anemia. Due to 

lack of clear classifications, anemia could not be stratified into different categories. For 

practical purposes, anemia would was kept as a single category. Even if each type of 

anemia was known, sample size would have become a critical issue. Sample size 

limitations are a common problem with SLE due to the heterogeneity of the disease.  

 The anemic patients appear to have higher IFN score, STAT1, CCL2, CXCL10, 

and miR-146a than patients without anemia. Prevailing paradigm is that anemia in SLE 
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primary arises from prolong disease activity.  When observing the role of SLEDAI and 

lupus nephritis, there was an association between how many patients were anemic 

compared to how many were active or had lupus nephritis; however, this did not seem 

to reflect upon IFN score, CCL2, and CXCL10 no clear indication that activity or lupus 

nephrites influenced anemia, but both STAT1 and miR-146a were elevated in anemic 

patients regardless of SLEDAI and lupus nephritis. This seems to be true when carried 

with race and therapy.  

 Again STAT1 seems to appear to have some role in anemia. STAT1 an 

important signaling molecule and transcription factor for interferon that is also inducible 

by interferon has also been implicated in anemia. In a zebra fish model for 

hematopoiesis, STAT1 expression, in particular isoform STAT1b, which both isoforms 

(long form STAT1a and short form STAT1b) are conserve with between humans and 

zebra fish, was required for hematopoiesis and that increase in STAT1b was associated 

with increase in myeloid lineage but a decrease in erythroid lineage [229]. Furthermore 

in mouse RAW264.7 macrophage cells, STAT1 and IFN-B induced hepcidin expression. 

Potentially in SLE patients, STAT1 is reducing hematopoiesis and in addition induce 

hepcidin in monocytes/macrophages. In part, this is what confirmed in Fanconi anemia. 

Fanconi gene FANCC has been shown to bind STAT1 and causing it to be 

phosphorylated in the bone marrow leading to a depletion of haemopoietic progenitors.  

 Anemia is a serious complication of SLE, but what if anemia is can exacerbate 

SLE? All the biomarkers were overexpressed in the anemic SLE patients which may be 

an indicator that anemia is making the patient more ill.  STAT1 appears to be 

associated with disease activity in this study. Anemia has previously been demonstrated 
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to be a good predictor of activity for patients [221] which may indicate that anemia is 

occurring before increase in SLE activity. Additionally, low oxygen conditions such as 

hypoxia promote neutrophils, monocytes, and macrophage survival [223,224]. 

Furthermore, hypoxia enhances macrophages and dendritic cell pro-inflammatory 

response and directly activates monocytes [225,226,235]. Pro-inflammatory 

transcription factors such as NF-кβ, Ets-1, C/EBPα/β, and AP-1 are activated hypoxic 

conditions [225,226]. Hypoxia activation of monocytes, NF-кβ and Ets-1 may explain the 

elevated levels of miR-146a. The increase of miR-146a may promote anemia by 

decreasing erythropoiesis. Since a link existed between hypoxia, anemia, and 

inflammation via hepcidin [228], it is possible that, hypoxia and anemia are part of the 

immune response to enhance inflammation to resolve systemic infection.  Whether 

anemia exacerbates SLE pathogenesis is unclear. It is interesting to note that both 

anemia and SLE have higher occurrences in women than males. Could there be a 

common link such as STAT1 and miR-146a? Could anemia lead to increased activity in 

SLE by enhancing inflammation? Whether anemia exacerbates SLE pathogenesis and 

STAT as well as miR-146a will require further studies to resolve their role.  

STAT1 Enhances Pathogenesis  

 STAT1 may be the key factor connecting the elevated biomarker expression, lack 

of downregulation of CCL2 and CXCL10 by therapy, and the association of anemia. The 

relationships among IFN-I, STAT1, CCL2, CXCL10, and miR-146a that were mapped 

with Ingenuity Pathway Analysis based upon the known published literature (Figure 5-1, 

blue lines).  STAT1 directly involved with CCL2 and CXCL10 (Figure 5-1, blue solid 

lines) as well as indirectly with IFN-I (Figure 5-1, blue dotted lines). As seen by our data 

and the literature, IFN-1, CCL2, and CXCL10 are involved in the pathogenesis of SLE. 
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STAT1 is at the apex of the pathway and as our data indicates directly related to SLE 

(Figure 5-1, orange).  

 Based upon our findings, we purpose the following model (Figure 5-2). Several 

genetic and environmental factors have been implicated (Figure 5-2). There is strong 

evidence that toll-like receptors (TLRs) are involved in the activation of IFN-I which in 

turn upregulates STAT1 expression (Figure 5-2). Our own data, demonstrated that TLR-

4 activation by LPS could lead to upregulation of IFN-I and of STAT1. Therefore, TLRs 

could activate STAT1 directly or indirectly (Figure 5-2).  STAT1 has two potential 

pathogenic avenues by which it can affect a patient. One the increase of STAT1 can 

induce anemia (Figure 5-2). The second STAT1 enables and enhances CCL2 and 

CXCL10 production which in turn ignite inflammation at the source of the autoimmune 

response (Figure 5-2). Inflammation itself can induce anemia by upregulation of such 

factors as hepcidin or as we purpose via miR-146a (Figure 5-2). The combination of 

STAT1 and miR-146a causes the decrease erythropoiesis which promotes anemia and 

an increase of hematopoiesis. . Anemia leads to decrease of oxygen and possibly 

hypoxia at the site of inflammation which potentially prime if not cause self-activation of 

lymphocytes; therefore, we hypothesize that anemia promotes and enhances 

inflammation in SLE (Figure 5-2).  

 Therapy led to a decrease of CCL2 and CXCL10 (Figure 5-2). Similarly, we had 

observed that PDN led to a decrease in TNF. However, therapy did not appear to 

significantly impact IFN score or STAT1. This leads us to conclude that therapy could 

be impacting inflammation rather than IFN-I production (Figure 5-2). This is exemplified 

in high STAT1 patients. High STAT1 patients appeared to be resistant to therapy 
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(Figure 5-2). In high STAT1 patients, therapy is unable to affect CCL2 and CXCL10 

because STAT1 levels are somehow compensating or overcoming the effects of 

therapy allows CCL2 and CXCL10 expression to increase as interferon increases. 

Taken together, we present a model that may explain in part how therapy functions in 

SLE patients. Furthermore, this model yields incite that interferon role in SLE may be 

assisted and enhanced by STAT1. This enhancement comes in the form of increased 

production of CCL2 and CXCL10, decreased effectiveness of therapy to regulate CCL2 

and CXCL10, and finally by leading to the development of anemia which in itself may 

play a role in enhancing inflammation.  

Future Objectives 

 Complexity of SLE with the added nuance of a patients manifesting different 

manifestation of SLE from one flare to the next requires a study to have sufficient 

number of patients to accurately observe outcomes. In the current study we observed 

the expression of STAT1 in SLE patients. To better understand the role of STAT1, the 

subsequent study would observe not only the expression but as well protein levels and 

phosphorylated levels of STAT1. Since two isoforms of STAT1 exist and the short form 

(STAT1b) possibly plays a role in anemia, both isoforms of STAT1 should also be 

observed. However since STAT1b is identical to the portion of STAT1a (long form), it is 

not possible to directly observe STAT1b expression of protein level. An assay either for 

expression or protein would have implore probes specific for a homologous region for 

both STAT1a and STAT1b as well as region specifically for STAT1a that is not found in 

STAT1b. By taking a ration of [STAT1a+STAT1b]:[STAT1a], the level of STAT1b could 

be inferred. Furthermore, CCL2 and CXCL10 will also be observed to determine their 
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relationship with STAT1. In addition to observing expression of CCL2 and CXCL10, 

protein levels in the serum will also observed.  

 Another important objective will be to understand how STAT1 levels influence the 

patients’ response to therapy. If as in some cancers STAT1 confers drug resistance, 

this would be a very important aspect for how therapy is used in patients. In addition to 

collecting the medication patients are receiving, other aspects relating to disease such 

autoantibody titiers, SLEDAI, other clinical information will be collected. CCL2 and 

CXCL10 expression and protein levels will be correlated to STAT1 levels and use of 

therapy to understand their relationships.  

 In addition to observing STAT1, other issues need to be addressed. The current 

study observed total peripheral blood leukocytes. Even though this is a somewhat 

common practice, it overlooks the potential contribution of individual cell types as well 

the possible skewing that may result from cell population differences due to activity. For 

instance, it is common for neutrophils to expand in SLE patients especially those that 

are active. Due to limitations of the amount of blood that can be collected, the study 

would focus on cell types that are relatively abundant such monocytes and neutrophils. 

A pilot study will be needed to determine if sufficient number of B and T cells can be 

collected for analysis.   

 The future study will also need to address sample size to be collected. The 

current study collected 102 SLE patients with 181 visits. The analysis focused on visits 

rather than individual patients due to statistic limitations. The contribution of patients 

with multiple visits is a disconcerting due to potential bias contribution of a patient. In the 

future study at least 180 patients will be required based on the results of the current 
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study.  In addition, a longitudinal study to follow patients over multiple visits would be 

another objective. Most patients’ visits are every 3 to 6 months assuming that they 

donate at every other visit, it potentially will 3 years to collect 3 consecutive visits. 

Multiple visits will be important to understand how STAT1, CCL2, CXCL10, and IFN-I 

change over time as well as to be able to take into account how therapy over time may 

change the expression of these markers. An emphasis on cataloging each patient’s 

anemia status as well as anemia type and duration would be another of the main 

objectives. This will be critical to validate the current study’s observations for STAT1 

and miR-146a elevations in anemic patients.  A particular interest will to identify patients 

that receive treatments to improve their anemia particularly if resolving anemia would 

cause decreases in CCL2, CXCL10, and TNFα. 

 The objectives above should address the weaknesses in the current study and 

expand the knowledge base by observing the role of STAT1 in multiple aspects such 

isoform levels and phosphorylation status in SLE in multiple cell types. In addition to 

determining if STAT1 levels confer drug resistance or reduced response to therapy 

would be an important contribution to the treatment of SLE. It is important to note that 

there is not cure for SLE and that all current therapies focus on the treatment of the 

symptoms which essentially allowing a patient to better cope with SLE and experience 

life as close to normal as possible.  
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Figure 5-1  Relationship of STAT1, CCL2, CXCL10, miR-146a, and IFN-1 with SLE. The 
relationships among STAT1, CCL2, CXCL10, miR-146a, and IFN-1 were 
mapped with Ingenuity Pathway Analysis based upon known literature. Solid 
blue lines represent direct relationships while dotted blue lines represent 
indirect relationships. Orange line represents the contribution of the current 
study.  
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Figure 5-2  STAT1 role in SLE.  The summary of the current work demonstrates the 
relationships that were identified in our study and how they are influencing 
pathogenesis of SLE.   
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